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LUDWIG-MAXIMILIANS-UNIVERSITAT MUNCHEN

Abstract

Faculty of physics
Working group of Prof. Dr. Weinfurter

Master of Science

Multipartite entanglement detection and efficiency of state characterisation
by Nico Klein

Certifying entanglement in a multi-qubit state can be a very demanding task. Up to now, all
methods either required a lot of experimental and computational effort or were suitable only
for a few specific types of states and could not be constructed for other states. In this thesis, a
novel, constructive method to design non-linear genuine multipartite entanglement witnesses
is introduced. The witnesses can be tailored to detect entanglement in a certain kind of
states and it is often sufficient to use data obtained in only two measurement settings. The
applicability of this method is proven by the experimental verification of genuine fourpartite
entanglement of GHZ and cluster states, superpositions of those, and for the four-qubit Dicke
and singlet state. Furthermore, this thesis illuminates the topic of quantum state tomography.
Monte-Carlo simulations are used to numerically investigate the scaling of reconstruction
fidelity with respect to the number of measurements. A postselection method based on the
linear estimate is introduced and used to develop an intuitive understanding of the processes,
effects and outcomes of popular methods to reconstruct a quantum state.
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1. Introduction

Since its birth with Planck’s derivation of the radiation law in the early 20" century [1],
quantum mechanics has fascinated scientists all over the world. Counter intuitive phenom-
ena observed in quantum mechanical systems stand in stark contrast with our everyday
experience. Especially the uncertainty principle [2], which states that some properties of
a quantum system are complementary such that exactly measuring one of them “destroys”
the information about the other, and entanglement [3], where actions on one part of an
entangled quantum system seem to influence the other, even though they are far apart (a
phenomenon described by Einstein as “spooky action at a distance” [4]), triggered and still
trigger animated discussions.

These inherently quantum mechanical features have since been used to overcome classical
barriers. Quantum cryptography [5-7], quantum teleportation [8], quantum metrology [9],
and quantum computation and simulation [10-12] are all examples where certain tasks can-
not be performed by classical counterparts, or not with as high efficiencies. Most of these
advances rely on two-level systems, also called qubits in correspondence to the classical bit,
and entanglement between multiple qubits. As system sizes increase, the classification and
detection of multipartite entanglement becomes harder. Even with entanglement between all
parties, there are still different classes of entanglement, e.g. the GHZ and W-types [13] for
tripartite entanglement.

Various physical systems, such as photons, atoms, ions or defects in solid state systems
have been used to implement qubits, all with different advantages and restrictions. The ex-
perimentally realised number of coupled qubits increases rapidly, but completely analysing
these systems via quantum state tomography requires an exponentially large number of mea-
surements on a whole ensemble of the same state. It is therefore crucial to develop and
understand efficient schemes to extract information about the system, e.g. whether and how
much entanglement is present in it.

This thesis focuses, after introducing fundamental concepts and methods of quantum me-
chanics (Chapter 2), on a new method to efficiently detect genuine multipartite entanglement
(Chapter 3). In Chapter 4, an intuitive understanding of current methods in quantum state
tomography will be developed.

In the next chapter, “Fundamentals”, important concepts and notations concerning qubits
and entanglement are introduced. Different established entanglement measures will be pre-
sented. Furthermore, some prominent quantum states used later on are introduced. After
that, the basics of photon processing like the generation of polarisation entangled photons
and important optical components will be described, as well as methods to analyse these
photons for state tomography.

Equipped with the necessary tools, Chapter 3, “Multipartite entanglement detection with
minimal effort”, derives a constructive method to design non-linear entanglement witnesses.



1. Introduction

Based on correlation complementarity, our criteria allow to detect genuine multipartite en-
tanglement in arbitrarily large systems with data of measurements in only two settings for
prominent quantum states. To test the method experimentally, four-qubit GHZ and clus-
ter states are prepared and analysed in an optical setup. Data of Dicke and singlet states
obtained in previous experiments also emphasise the usability of the derived criteria.

The topic of full quantum state tomography is discussed in Chapter 4 “Numerical investiga-
tion of Heisenberg scaling in quantum state tomography”. Tomographies on simulated data
are used to analyse the results for a single qubit. Postselection criteria which are based on
properties of the linearly estimated quantum state, are used to investigate different effects
(that can lead to Heisenberg scaling) of pure and mixed states, which had not been examined
so far. Moreover, the developed tools are extended to two qubit product and entangled states.



2. Fundamentals

In this chapter, some fundamental notions and properties of quantum mechanical systems are
being defined and illustrated. Amongst others, the terms qubit, mized state and entanglement
are introduced and shortly depicted. The basics of state reconstruction as well as often used
optical components are also described. For varied formulations from a slightly different point
of view, see Ref. [14-16].

2.1. Qubits

Analogously to a classical bit, which can have values 0 or 1, the quantum bit [17], in short
qubit, can be in the states |0) or |1). These states can for example be the ground state and an
excited state of an atom, the spin-orientation of an electron or the polarisation of a photon.
Unlike the classical bit, a qubit can also be in a superposition of |0) and [1),

) = a[0) + B[1) (2.1)
where « and [ are complex numbers.

Since quantum states have to be normalised (a? + 82 = 1) and a global phase cannot be
observed, a pure qubit can be expressed as

0 ; 0
|t) = cos 3 |0) + €' sin 5 1) (2.2)

so that [¢) only depends on the real variables § € [0, 7] and ¢ € [0, 27]. These variables can
be interpreted as angles such that they describe a point on the surface of a three-dimensional
sphere, the so called Bloch sphere (Figure 2.1). Every physically different two-dimensional
quantum state is uniquely related to a point on the Bloch sphere. This point is described by
the Bloch vector
sin 6 cos @
r=71|sinfsing | . (2.3)

cosf

All of these states are elements of the Hilbert space H, with the basis {|0),|1)} often used
as the computational basis. Of course, all sets of two orthonormal states can be used as a
basis, whereas the three most important ones are given by the eigenvectors of the three Pauli

matrices
0 1 0 —i 1 0
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Figure 2.1.: Illustration of the Bloch sphere. Each point on the surface corresponds to a pure
one qubit state |¢), according to Eq. (2.2). Conventionally, the states |0) and |1) are arranged at

z =1 and z = —1 respectively. Analogously, one finds the states |P) and |M) at x =1 and z = —1.

The points within the sphere correspond to physical states, too. These states are called mized states.

The states |0) and |1) are then the eigenvectors of o,

w50 ()

(2 2)0)- ) -

The eigenvectors

1P) === (0)+ 1)
M) == (10) — 1)
of o, and
1
1R) == (0} +11)
L) == (10) =i 1)

of o, ensue accordingly.

(2.5)

(2.6)

(2.9)

(2.10)

When the polarisation of a photon is described with this formalism, it is consensus to use
|0) = |H) and |1) = |V) for the horizontal and vertical polarisation. |P) and |M) then refer to
a linear diagonal polarisation and |R), |L) to right and left circular polarisation, respectively.
Since the focus of this thesis lies predominantly on photons, this nomenclature will be used

throughout.
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2.2. Mixed states

The states [1)) considered up to now are called pure states, because it describes the be-
haviour of, e.g., a particle exactly (within quantum mechanical probabilities). In an actual
experiment, there will be an ensemble of particles all prepared the same way, but, due to
imperfections of the source, they are not necessarily all in the same pure state. In that case,
a mixed state is needed to describe an arbitrary single particle out of the ensemble. If it could
be in different pure states |1,) with some classical probabilities p,, it is described by the so
called density matriz

p= Zpu thw) (Y] (2.11)

which has to fulfill
Tr(p) =1 (normalisation) (2.12)
Wlplh) =0 V) eH (positivity) (2.13)

to represent a physically meaningful state. From the above conditions, it follows that p must
be Hermitian

p=p. (2.14)

The density matrix of a d-dimensional Hilbert space can be expressed as a d X d matrix in a
basis of the Hilbert space. For qubits, and because of the Hermiticity of the density matrix,
it can be expressed by the Pauli matrices

1 1
p= B (Lo + Typop + Tyoy + Ts0.) = B ;}Tsds (2.15)
where the coefficients Ty denote the respective expectation values Ty, = (05), oo denotes

the identity 1), and {1,2,3} and {z,y, z} are used synonymously. In this expansion, the
positivity condition Eq. (2.13) imposes a bound

T2+T)+T2<1 (2.16)

on the squared expectation values of the Pauli matrices. Note that T,,T;,T, correspond to
the 3 elements of the Bloch vector Eq. (2.3), with its absolute value |r| equal to 1 for pure
states and smaller than 1 for mixed states. Therefore, in the Bloch picture, mixed states lie
within the Bloch sphere.

2.2.1. Purity

When dealing with mixed states, the purity P is a measure for the mixedness of a state.
Defined as

Plo) =T (o) = 30 (2.17)

the purity can have values between 1 (for pure states) and 1/d (for the d-dimensional maxi-
mally mixed state p = 1(% /d).



2. Fundamentals

2.3. Multiple qubits

If we now consider a system with more than a single qubit, the state of this system has to be
described in a higher dimensional Hilbert space. Assuming that the qubits are distinguishable
in some degree of freedom (e.g. spatial), the Hilbert space Hcomp of the composite system is
described by

Heomp = H1 QH2 @ -+ - @ Hp (2.18)

the tensor product between n single qubit systems. A basis for Hcomp can then be obtained
the same way:

|\HH...HH) = |H), ® |H), ® ---® |H), |, ®|H),
|\HH...HV)=|H),® |H),®---®|H), ,@|V),
VV .. VV) =V, @[V ®|V), ,&V) . (2.19)

If a pure state can be expressed as the tensor product of single qubit states
n
W}>c0mp = ‘¢>1®®‘¢>n:®‘¢>] ) (220)
j=1

it is called fully separable or product state. If such a decomposition is not possible for a certain
state it is called non-separable or entangled.

In order to also describe mixed multi-qubit states, the density matrix formalism is generalised.
Just like Eq. (2.15) in the single qubit case, one can express the density matrix of a multi-qubit
state as a linear combination of tensor products of Pauli matrices,

1 3 n
P= o Yo T, Qo (2.21)
j=1

51,50 =0

with weights 7" again the expectation values

n
Ts =T, .5, =Tr (p®asj) (2.22)
j=1

and the indices s; € {0,1,2,3} for all j = 1,--- ,n. T is often called correlation tensor, while
its single elements T are named correlations.

2.4. Entanglement

Entanglement is a strictly quantum feature that can emerge in multi-qubit systems, when it
is not possible to assign a separate wave function to each single qubit, as described above.
This leads to some very interesting properties not present in classical physics, which are best
described with an example. Let us take the state

1

¢4) = 12(\H>A®IH>B+!V>A®!V>B) = = (HH)+[VV)), (2.23)

Sl

2
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which is one of the Bell states (for details see Section 2.5.1).

First, if we perform a measurement on only one of the two qubits, we get random results for
every basis. This is best seen by using the density matrix formalism and partially tracing
out one system to obtain the state of the other,

1 1
Tra (164) (0 = D2 (ila 164) (0] lida = 5 (1H)g (Hlp + V)5 (VIp) = 5 15
i={H,V}
(2.24)
the maximally mixed state.

Second, the state exhibits correlations between the two quantum particles in more than one
basis. One can see straight away the correlations in the computational basis: If we measure
the first qubit to be in state |[H) 4 (|V)4), we will automatically measure the second qubit in
the same state. But this is also true for other bases,
1 1 1
il — (|PP)+ |MM)) =
7 75 (PP} + [MDD)

as can easily be calculated by means of Eq. (2.7)-Eq. (2.10).

(JHH)+|VV)) = (|[RL) + |LR)) , (2.25)

Sl

2

These correlations occur at arbitrarily large distances with a speed at least a few orders of
magnitude above the speed of light [18] and cannot be explained classically. They led to
interesting discussions about the foundations of quantum mechanics, most notably the EPR-
Paradox [4], followed by the derivation of the Bell inequalities [19, 20] and the experimental
verification of these [21, 22].

2.4.1. Types of entanglement

Different classes of entanglement occur when considering more than two qubits. In case of
three qubits, A, B and C, there is not only the option that a pure state is fully separable,
namely [¢) = |[¢4) ® [¥B) ® |[¢¢c) (often also written as A|B|C) or entangled (ABC'), but
it is also possible that the state is biseparable (e.g. [) = |[4) ® |¢Ype) for A|BC) and
there are in fact two different kinds of tripartite entanglement, the GHZ-type and the W-
type [13]. All these possibilities are depicted in Figure 2.2. This classification, as well
as generalisations to more qubits, is based on equivalence under stochastic local operations
and classical communication (SLOCC). Further information on the subject can be found in

Ref. [16, 23).

Genuine multipartite entanglement

Genuine multipartite entanglement (or true multipartite entanglement) is a special form of
entanglement with entanglement between all parties. Additionally, a decomposition into
states that are separable with respect to some partitions must not be possible. For example,
a state

p=aps® ppc + Bpap @ pc (2.26)
would not be genuinely multipartite entangled. Please note that some entanglement witnesses

(see Section 2.4.3) or the negativity (see Section 2.4.2) could still certify entanglement (if ppc
and psp are both entangled).
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three — partite
" entangled
@ @ @ biseparable

separable

Figure 2.2.: Types of entanglement in pure states. In the three qubit case, there are dif-
ferent classes of entanglement — tripartite entangled states, subdivided into GHZ-type and W-type
entanglement, biseparable states with entanglement between only two parties, and fully separable
states.

2.4.2. Entanglement measures

Even though the definition of separability Eq. (2.20) is straightforward, it is experimentally
and computationally very difficult to confirm entanglement for arbitrary quantum states.
But for experimentalists, it is of course vital to confirm that the prepared state is indeed
entangled and, if possible, to quantify the present entanglement. There are three broadly
accepted conditions an entanglement measure should fulfil:

® E(psep) =0 (vanishes for separable states)
e E (ALoccpALoce) < E(p) (does not increase using LOCC)
e E(Ap1+ (1 —=X)p2) < AE(p1) + (1 —X)E(p2) (is convex)

Here, just a short overview over different entanglement measures is given; for a more detailed
description see Ref. [3, 16, 24].

Entropy and entanglement of formation

As seen before, one part of a Bell state appears as white noise if observed individually, while
tracing out one qubit of a pure separable state results in a pure residual state. This property
can be quantified for an entanglement measure called entropy,

Es (paB) = S (Tra (pas)) = S (Trp (paB)) (2.27)

with the von Neumann entropy S(p) = —Tr(plogy(p)). The biggest problem with this
approach is that it works only for pure states (the mixedness in the residual state can result
from entanglement but also from mixedness of the whole state). A generalisation to mixed
states can be done and is called entanglement of formation Ep. It is calculated by minimising
over all possible decompositions of the mixed state

Ep(p) = Infy s oy 2 Pifs (i) (2.28)
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but this minimisation is quite arduous. Fortunately, an explicit form

14+ /1=C2%(p) 02(/))> (2.20)
5 , .

Erp(p) =h (

can be found [25] with the concurrence C' = max (0,vA1 — VA2 — VA3 — VA1), defined by
the eigenvalues \; of the state p, and the binary entropy function h(z) = —xlogyz — (1 —

x)logy (1l — x).

Negativity

The negativity is an entanglement measure originating in the Peres-Horodecki criterion [26].
It uses a positive map, e.g. transposition of the density matrix. If a positive map is acting
on a part of a separable state, the resulting state will be physical, but if it is acting on a part
of an entangled state, this is not necessarily so. Therefore, two states are entangled if the
partially transposed density matrix has a negative eigenvalue. This is a necessary criterion
for all states, but sufficient only for qubit-qubit and qubit-qutrit systems. The negativity as
a measure can then be defined as

1

ENZQXi:(

Ar

-7 (2.30)

where \! are the eigenvalues of the partially transposed density matrix.

One problem with this entanglement measure is that it does not reliably detect entangle-
ment in any dimension, as well as that the entanglement ordering is somewhat different to
the entanglement of formation measure. Also, both measures introduced until now use the
complete density matrix, whose determination requires an exponentially increasing (with the
system size) measurement effort.

2.4.3. Entanglement witnesses

Another method to certify entanglement are linear entanglement witnesses. Such a witness
is described by an operator W such that

Tr (Wp) =0 (2.31)

defines a hyperplane in the convex space of mixed states, see Figure 2.3. One now has to
choose W in a way that Tr (WWpsep) > 0 for all separable states. Therefore, from

Tr (Wp) <0 (2.32)

it follows that p is an entangled state. This uses only the expectation value of W, which is
experimentally easier to determine than the complete density matrix.

There are always entangled states that are not detected by a witness, but it is normally not
a problem to tailor a witness to detect entanglement around a certain target state. A big
advantage of witnesses is that one does not have to perform a complete tomography as for the
previous methods — the experimental and computational effort can be reduced tremendously.
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W >0 W <0

suboptimal witness

Figure 2.3.: Schematic of an entanglement witness. The hyperplane defined by the witness
(black line) separates the state space into two parts. One of these parts (where Tr (WWp) > 0) contains
all separable states (green), such that entanglement is proven for Tr (Wp) < 0. Entangled states
lying in the light blue region are not detected by the witness. The red dashed line shows another,
suboptimal witness verifying entanglement for less states.

There is a generic way to define a fidelity based witness Wy, to detect entanglement in the
vicinity of a pure state |¢):

Wy = al —[¢) (¥] (2.33)

with @ = supy,_ | (¢sep| ¥) | for the optimal witness [16]. There is also a connection between
the value of a witness and the strength of entanglement, as seen in [27, 28].

2.5. Relevant states and their properties

Apart from the important one-qubit eigenstates of the Pauli matrices defined in Section 2.1,
there are a number of important multi-qubit states. This section concentrates on some
prominent states appearing in this thesis and examines their properties.

2.5.1. Bell states

Named after J.S.Bell because of their relation to the Bell inequalities [19], Bell states are
maximally entangled 2-qubit states. The four Bell states

1
|p4) = 7 (|HH) +|VV)),
1
6) = 5 (HH) = VV))
1
[94) = 5 (HV) + V) and
o) = —— (EV) — V) (2.34)

S

2
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2.5. Relevant states and their properties

make up a basis of the 2-qubit state space (like the computational basis Eq. (2.19)). The
Bell states are transformed into each other by unitary transformations on only one qubit,

[04) =1 ®02)|¢-) =A@ o) [Yy) =1(1®0:)[¢-) , (2.35)

meaning that such a local transformation has an effect on the whole bipartite state. This
indicates entanglement, as well as the behaviour when tracing out one of the qubits and
correlations in multiple bases (already seen in Section 2.4).

2.5.2. Greenberger-Horne-Zeilinger states

A generalisation of the |¢4)-Bell state for three and more qubits is the Greenberger-Horne-
Zeilinger (GHZ) state [29]

1
V2

Like the Bell states, the GHZ state loses its entanglement when partially tracing out one of
the qubits,

IGHZ) = — (|HH -- - H) + [VV ---V)) . (2.36)

'nApHLg:Tm(;QHH:~Hy+vanv»«HHH.Hvavnwno
:%(\H---H)<H---H|+\V~--V><V~--V!), (2.37)

resulting in a mixed state of reduced dimension.

Because of their correspondence to the Bell states and Bell inequalities [30], GHZ states are
often referred to as maximally entangled. However, this classification depends strongly on
the used measure. E.g., using the negativity (see Section 2.4.2) results in a value of only 0.5
for the 4-qubit GHZ state but reaches over 0.8 for a Dicke state.

2.5.3. Graph states

Graph states are multipartite entangled states that can be represented by a mathematical
graph. In this context, qubits are depicted as vertices of the graph while its edges correspond
to interactions between qubits, see Figure 2.4. For example, the already introduced GHZ
state is a star-like graph state. Another important class of graph states are the cluster states.

2.5.4. Cluster states

Special cases of graph states where the vertices are connected in linear fashion are called
cluster states [31]. This is for example the case for n one-dimensionally arranged qubits, each
having only next-neighbour interactions. The 4-qubit Cluster state

\Q>:%ﬂHHHH%HHHVV%HVVHH%ﬂVVVV» (2.38)

is depicted in Figure 2.4. Cluster states are useful for one-way quantum computing [32], and
show high entanglement persistency, meaning that one can measure (in the 4-qubit cluster
state) up to two qubits without losing the entanglement [33].

11



2. Fundamentals

N A

a) separable state b) Bell state ~ ¢) GHZ, state d) Cluster, states

Figure 2.4.: Different graph states. Qubits are represented as vertices of a graph while interactions
between them are depicted as the edges of the graph. Separable states (a), Bell states (b) and GHZ
states (c) were already introduced and can be represented by graphs. (d) shows representations of
the cluster state.

2.5.5. Dicke states

Dicke states [34] are permutationally invariant, i.e. they are fully symmetric under exchange
of any qubits. The Dicke state ‘Dg\c})> is the N-qubit symmetric state with e excitations, such

that e qubits are in an excited state and N — e in the respective ground state. For example,
the four-qubit Dicke state with two excitations

D) o [HHVV) + [HVHV) + [HVVH) + |VHHV) + [VHVH) + |VVHH)  (2.39)

is a superposition of all permutations of |[HHVV). As the cluster states, Dicke states show
a relatively high entanglement persistency [35].

2.6. Photon processing

To experimentally prepare, manipulate and observe entanglement in photonic quantum states,
one needs to employ several different optical components. First of all, a source of entangled
photons is introduced in this section, followed by polarisation controlling devices, beam split-
ters and photo detectors.

2.6.1. Spontaneous parametric down conversion

The process of spontaneous parametric down conversion (SPDC) is based on nonlinear optics.
An electromagnetic field E induces a polarisation

3 3 3 3 3 3
1 2 3
P=c (S XVE+Y Y AAEEAY Y A EEE + - (2.40)
=1 j=1k=1 J=1k=11=1

in a dielectric crystal (e.g. made of beta barium borate or BBO in short), where ¢ is
the permittivity for vacuum and x() are the susceptibilities. Since higher orders of y are
very small, one needs high pump powers and therefore strong fields to notice their effects.
SPDC uses a second order effect called three-wave mizing, where a single pump photon 7w,
can decay into two photons called signal hws and idler hw;, respectively. Obviously, in the
particle picture conservation of momentum

hk, = hk, + hk; (2.41)

12



2.6. Photon processing

single mode fiber

signal hwy D
Pump beam M\
heop = |
; /N\) l
idler hwj D

crossed BBO

Figure 2.5.: SPDC Type I. Pumping the two crossed BBO crystals results in two emission cones.
Entangled photon pairs have to be gathered at diametrically opposed sides of the cones, and such
that they could have come from either crystal. That way, a created photon pair is in a superposition
of originating from the first crystal and the second crystal, resulting in the superposition of |HH)
and |VV). Coupling into a single mode fiber can be used for spatial mode filtering.

and energy
Iwy = hws + hw; (2.42)

have to apply. In the wave picture, these relations are called phase-matching and frequency-
matching condition, respectively. Since the photons should be distinguished only spatially and
by their polarisation, they have to be indistinguishable otherwise. To achieve this, we collect
only photons with about half the frequency of the pump beam. Momentum conservation
then ensures that the two photons are emitted symmetrically around the pump beam. It
is commonly differentiated between Type I and Type II SPDC, where the created photons
are parallelly and orthogonally polarised to each other, respectively. In both cases, the
polarisation of the incoming pump photon is aligned to the optical axis of the nonlinear
crystal, but the crystals have to be cut differently [16, 36]. Type II SPDC is not explained
further since only Type I SPDC is used in this thesis.

Type | SPDC In Type I SPDC, signal and idler photons are both ordinarily polarised,
i.e. orthogonal to the optical axis of the crystal and to the pump beam. Depending on the
orientation, only the product states |HH) or |V'V) are produced and emitted into a cone. To
create polarisation entanglement, two crossed crystals with overlapping emission cones are
needed, see Figure 2.5. It is important that the photons cannot be distinguished spatially,
therefore the two individual crystals have to be very thin [37]. Pumping with photons in a
state % (|H) + € |V)) (e.g. |+) with ¢ = 0), the entangled state

Wspocr) = —= (IVV) + € |HH)) (2.43)

SPDC1 \/5 .

(e.g. |p4+) with ¢ = 0) is created. More theory and a detailed description of the crystals and
their orientation can be found in Ref. [36].

13



2. Fundamentals

2.6.2. Yttrium-Vanadate crystals

Yttrium Vanadate crystals (YVOy) are used to control the phase between horizontal and
vertical polarisation. These birefringent crystals are rotatable around their optical axis,
applying the transformation

icos (%) + sin (%) 0 )

Uyvo, () = ( 0 i cos (£) — sin (£)

=1icos <§) oo + sin (g) o (2.44)

Since cos(6/2) +isin(p/2) = exp(ip/2), the transformation
Cwn (10

Uyvo, () = —e#/? - (2.45)
0 e

corresponds to a relative phase shift of ¢.

2.6.3. Waveplates

Waveplates are also birefringent and therefore have different refraction indices for the ordinary
(polarised perpendicular to the optical axis) and the extraordinary (polarised parallel to
the optical axis) beam, resulting in a differing retardation and therefore leading to a phase
difference between these modes. If this phase difference corresponds to Ay = 7, one speaks
of a half-wave plate (HWP), in case of Ay = 7/2 of a quarter-wave plate (QWP). With the
rotation angle of the waveplate 8, the transformation matrices are given by

_ [cos(20) sin(20)
Unwp () = (sin (20) —cos (29)>

= sin (20) o, + cos (20) o, (2.46)

for the half-wave plate and by

[ cos*(0) —isin?(0) (1 +1i)sin(f) cos(h)
Uqwe(9) = ((1 + 1) sin(f) cos(#) —icos?(6) + sin2(9)>
= % (1 —i)og +2(1 + 1) sin(0) cos(0)o, + (1 + i) cos(20)c,) (2.47)

for the quarter-wave plate. For example, the state |H) can be transformed

Unwp(m/8) |H) = |P) (2.48)
Uqwp(m/4) |H) = e /4 |R) (2.49)

to the orthogonal states |P) or |R).
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2.7. Tomographic state reconstruction

B

Figure 2.6.: Schematic of a beam splitter. A beam splitter with its two input modes A and B
and its two output modes a and b.

2.6.4. Beam splitters

Another very important optical component is the beam splitter, used to couple two input
modes, A and B, with two output modes a and b. Most often, this is employed to split
a single beam into two or to overlap two incoming beams, see Figure 2.6. Whether light
incoming at A is transmitted to a or reflected to b generally depends on the polarisation.

The transmittivities Ty and Ty and reflectivities Ry and Ry characterise the beam splitter.
Important special cases are the 50 : 50 beam splitter, where TEI = T‘% = R%I = R%/ =
0.5 (the probability to transmit (to reflect) a photon is exactly one half, independent of
polarisation), and the polarising beam splitter, where Ty = Ry = 1 and Ty = Ry = 0
(horizontally polarised photons are always transmitted and vertically polarised photons are
always reflected).

2.7. Tomographic state reconstruction

To determine the full density matrix of an experimentally prepared state, it is necessary to
perform measurements in different bases and combine the results accordingly. Commonly, a
procedure like that is referred to as quantum state tomography (QST). This section focuses
first on a linear inversion scheme, then explains the nonlinear method of maximum likelihood
estimation.

2.7.1. Measurements

Measurements of the polarisation of photons are performed by a polarisation analysis (PA)
setup as shown in Figure 2.7. A polarising beam splitter spatially separates different polari-
sations and leads them to single photon detectors (e.g. avalanche photo diodes, short APDs)
to be detected. The basis can be changed by rotating the half- and quarter-wave plates in
front of the beam splitter — rotating the polarisation of the photon is equivalent to actually
rotating the measurement basis. With this approach, two measurements are performed simul-
taneously, e.g. horizontally and vertically polarised photons can be detected with the same
angles of the wave plates. For the measurement of diagonally polarised photons, a half-wave
plate at 22.5° rotates the polarisation by 45°

Uawr(O)Uinwe (5 ) 1P) = 1) (250)
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2. Fundamentals

APD 1

QWP

“D/arno

HWP PBS

Figure 2.7.: Setup of polarisation analysis (PA). Incoming photons are first directed through
a pair of half- and quarter-wave plates to change the measurement basis. A polarising beam splitter
spatially separates the photons into two output modes, where they are collected into multi mode
fibers guiding them to single photon detectors.

such that a click in APD 0 corresponds to a projection onto |P) and a click in APD 1
corresponds to a projection onto |[M). All angle settings for measuring the important single
qubit states Eq. (2.5)-Eq. (2.10) are listed in Table 2.1. In a typical experiment, the source
produces a stream of identically prepared photons, so that one can count the detection events
¢} in the APD i occurring during a given time for every setting s € {1,2,3} = {z,y, z}.

Table 2.1.: Settings of the wave plates for polarisation analysis. A click in a given APD
while having the wave plates set at certain angles corresponds to a projection onto a specific state.
For every setting, the experiment runs for a fixed time and the number of counts in each APD can
be measured. From a single setting, multiple count rates can be measured leading to the expectation
value of one of the Pauli matrices.

Projection onto | Angle of HWP  Angle of QWP | Click in Measured quantity
H 0° 0° | APDO | ¢§
’ > o o 0 } T3=T.= <UZ>
V) 0 0 APD 1 | ¢f
P 22.5° 0°| APDO | ¢}
7 O o e
| M) 22.5 0 APD 1 | ¢f
R 0° 45° | APDO | ¢}
|L) 0 45 APD 1 | ¢

Performing all of these 6 measurements corresponds to an overcomplete tomography since it
is sufficient to determine 3 parameters to fully describe a single qubit state. A tomography
scheme with only 4 (the fourth measurement is needed to exclude the influence of the total
photon flux) projection measurements (projection onto |H), |V'), |P) and |R)) is presented in
[38]. Nevertheless, since the setup described above can detect orthogonally polarised photons
simultaneously, it is more convenient (and usually leads to better results [39]) to perform
such an overcomplete tomography scheme.

This scheme can be generalised to n spatially separated qubits encoded on the polarisational
degree of freedom straightforwardly. Omne polarisation analysis setup is needed for every
photon, and the 3 settings given in Table 2.1 have to be combined in every possible way,
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2.7. Tomographic state reconstruction

resulting in 3" measurement settings. Instead of only single counts c;, n-fold coincidences

c;1°n are recorded, making it possible to perform 2" measurements simultaneously.

i1ein

Using the count rates, the respective frequencies

S1°*Sn

cit
i = i (2.51)
i1+in Nsl---sn
can be determined with total counts Ng,...s, = >2;, .. ; ¢l 7" of setting s = (s1,--- , sn).

2.7.2. Linear inversion

For state reconstruction by linear inversion (LIN), the expression Eq. (2.21) for the density

matrix
1

n
P=n Z Ty ..., ) 05, (2.52)
j=1

81, ,8n,=0
is used with the correlation tensor T'. Full correlations can be calculated directly
1

Ty = O gl in) fE5 (2.53)

i1, in=0

from the observed frequencies, where g = (—l)zj " is a parity function determining the sign
of the contributions. Non-full correlations can be determined from multiple settings, e.g. Tp,
could be calculated by using results from measuring either in the setting xz, yz or zz, because
the measurement result on the first qubit just has to be neglected. Consequently, Tps,...s,
can be calculated using e.g. the setting S = xss - - sp,

T0$2"'Sn = Z g/(.',U, crty Sny ila e 7Zn)fi82znsn 5 (254)
11, i =0

with a different parity function ¢’ = (—1)¥, where

Z ( S5, + 5sj,y + 553 z) ij (255)

Jj=1

counts only relevant results of nonzero settings s;. To reduce the variance of these non-
full correlations, one takes the mean over all possible ways to compute it. Using this and
substituting the correlation tensor in Eq. (2.52), a general expression for the density matrix

e S Y @ (e 1) 220

S1, ySn=111,",ip=0 7j=1

is obtained. For a more detailed derivation, refer to [16].

In the special case of a single qubit, the density matrix is obtained by means of Eq. (2.15)

p= 2(]12+T0'x+TO'y+TO'Z = ZTO’S (2.57)
with
Th=1": T Cg_czf. _Cg_czl,,. T_Cg—CT (258)
0 — 3 x_CO—FCw’ y_CO—FCy’ 7;_66_1_0i .

for the correlation tensor elements.
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2.7.3. Maximum likelihood estimation

Since the measured quantities and frequencies are inherently subject to statistical fluctua-
tions, the density matrix obtained by linear inversion is not necessarily physical, i.e. it can
show negative eigenvalues. In the single qubit case, theoretically reachable, linearly recon-
structed states lie in a cube containing the Bloch sphere of physical states. To restrict the
results to these physical states, a fit algorithm is needed. A widely used method is the maz-
imum likelihood estimation (MLE), calculating the physical state most likely to produce the
measurement results. To quantify the likelihood, one first considers the probability

pplils) = Tr(pPy) (2.59)

for a single measurement result ¢ = (i1, - - - ,4,) (on all qubits 1,--- ,n) in a setting s, given a
certain state p. P; denotes the projection operator corresponding to the measurement result,
e.g. Pi§ =|VH)(VH|. The likelihood function for all measurement results

N
Z(p) = 1] po(islss) (2.60)
j=1

is then just the product of all probabilities for the single events. Of course, one can group
equal terms,

Z(p) = polils) , (2.61)

where the product now runs over all results in all settings. To obtain the state p, this
likelihood function needs to be maximised

p = argmax .Z(p) (2.62)
p>0

where p > 0 ensures physicality. Since it is computationally easier, provides better scaling
and is possible because of the monotony of the logarithm, the log-likelihood

Zi(p) =log Z(p) =Y _ c;logp,(ils) (2.63)
2,8
is often minimised instead of maximising Eq. (2.61).

2.7.4. Distances and metrics on Hilbert spaces

After the quantum mechanical state has been reconstructed, it is often important for an
experimentalist to know how close the prepared state is to a given target state. Therefore,
metrics and distances on the Hilbert space have to be defined. A metric D has to fulfil:

e D(p1,p2) >0 (non-negativity)

e D(p1,p2) =0 < p1 = p2 (Leibniz’ Law)

e D(p1,p2) = D(p2,p1) (symmetric in arguments)
® D(p1,p2) < D(p1,p3) + D(p3, p2)  (triangle inequality)
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2.7. Tomographic state reconstruction

Fidelity

Most experimentalists use the fidelity F as a measure for state preparation and reconstruction
quality. For pure states, it is defined as the overlap

F (ltb1) , [2)) = (] o) (2.64)

between two states |11) and |i2). Also based on the transition probability between two
states, the Uhlmann-Fidelity [40, 41]

2
F(pr,p2) = <TT VPTP2\//71) (2.65)

can be defined for mixed states. The fidelity is not a metric (does not fulfill triangle inequality
and Leibniz’ Law), but the Bures metric

Dg(p1,p2) = \/2 = 2y/F(p1,p2) (2.66)

uses the fidelity as a parameter.

Hilbert-Schmidt distance

The Hilbert-Schmidt distance is also one of the more prominent measures for closeness of

states. Calculated by
Dus(p1,p2) = \/Tr(p1 — p2)? (2.67)

it already fulfills the requirements of a metric.
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3. Multipartite entanglement detection with
minimal effort

As one has already seen in Section 2.4, detecting entanglement can be a very demanding task
especially for systems with a high number of qubits. Usually, it is even more difficult to certify
genuine multipartite entanglement (see Section 2.4.1). Full quantum state tomography (QST)
is of course possible, but, for an n-qubit state, requires determining 4™ — 1 parameters, i.e.
the experimental effort scales exponentially with n. Procedures for QST needing less effort
have been developed [42, 43], but one has to assume certain features of the underlying state,
such as permutational invariance [44-46]. Other strategies to certify genuine multipartite
entanglement focus on features like the ability to violate a Bell inequality more strongly [47],
a sufficiently large component of a correlation tensor [48], or use a multipartite entanglement
witness [49, 50]. But, up to now, all methods are either suitable for only a few specific states
and can not be constructed for other states, or they still require a lot of experimental and
computational effort.

In this chapter, a systematic method to construct non-linear multipartite entanglement wit-
nesses (tailored to certain states) will be introduced. It is often sufficient to use data ob-
tainable in only two measurement settings, corresponding to minimal experimental effort.
These witnesses are then used to experimentally certify genuine fourpartite entanglement of
the GHZ and cluster type, superpositions of those, and for the four-qubit Dicke and singlet
state.

3.1. Theoretical background

This section will highlight the fundamental theory underlying the generation of entangle-
ment witnesses for many qubits. The concepts of correlation complementarity and cut-
anticommutativity will be introduced and used on the considered states. Parts of the theory
are also presented in [51, 52].

3.1.1. Correlation complementarity

The idea to construct nonlinear entanglement witnesses is based on the complementarity
of expectation values of anticommuting operators. For simplicity, correlations T = T, ...s,
are used, as they correspond to the expectation values of tensor products of Pauli matrices
0s = @j_1 0s; (with the shorthand notation s = (s1---sy), where s is an element of 7 =
{0---00,0---01,---,3---33}), see Eq. (2.22).
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3. Multipartite entanglement detection with minimal effort

The eigenvalues of these tensor products o5 are =1 and therefore their expectation values are
constrained to the interval [—1,1]. Consequently, the correlations have to fulfill

T2 <1. (3.1)

Together with the physicality condition on a density matrix p, various bounds for the summed
squares of correlations can be deduced. For example, with a set of j pairwise commuting
operators {os : s € C C Z} defined by the set of indices C one can find a common eigenstate
and thus the bound
Y TP< (3:2)
seC
holds for all states. For a set of pairwise anticommuting operators {os : s € A C Z} defined
by A one can find an eigenstate to only one operator of the set at a time, and the bound
decreases to
Y TE<1. (3.3)
seA
Exemplarily, consider the single qubit Pauli operators o, o, and o.. As they are anticom-
muting, the bound
T2+ T, +T7<1 (3.4)

is imposed on their expectation values T,,T, and T, corresponding to the condition of phys-
icality Eq. (2.16).

3.1.2. Cut-anticommutativity

The concept of complementarity valid for the expectation values of anticommuting operators
can be employed to detect genuine multipartite entanglement if it is generalised to cut-
anticommutativity. Two operators Ay ® By and Ay ® Bs are called cut-anticommuting for
the given bipartition A|B (speak: A-cut-B), in short A|B-anticommuting, if they locally
anticommute on part A or on part B:

{Al ® B, Ay ® BQ}A|B =0 < {Al,Ag} =0V {Bl,BQ} =0 (35)

with {A;, As} = A1 As + A2A; denoting the anticommutator.

Then, using a set A4 p defining only operators that mutually commute, but A|B-anticommute,
namely operators fulfilling

{0817 082}A|B =0 A [0'3170'32} =0, (3.6)

Eq. (3.2) is valid for a general (entangled) state while a state separable with respect to the
bipartition A|B has to fulfil an inequality like Eq. (3.3):

T; + T, <sgp 1, (3.7)

A|B
where <ggp denotes that the inequality is valid for states separable to the bipartition A|B.
AlB
This means that the sum of squared expectation values T2 of operators that pairwise com-
mute, but cut-anticommute for a given bipartition A|B can be used as a witness to rule out
separability along that cut. If that is done for every cut, all possible biseparations can be
disproven, consequentially proving genuine multipartite entanglement. It is often possible to
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use the same two correlation measurements for all possible bipartitions, keeping experimental
effort at a minimum. Keep in mind that non-full correlations, i.e. correlations with indices
equal to 0, can be obtained from the measurement of a possible respective full correlation
(with each 0 replaced by either 1, 2 or 3), see Eq. (2.54). In some cases, one can even create
a single combined criterion capable of disproving separability along all cuts at once.

Commutativity of tensor products of Pauli matrices

Since we are using tensor products of Pauli matrices o5 = @}_; 0s;, please note that two such
operators commute when they differ at even number of positions, excluding pairs involving
the unit operator og, and anticommute otherwise [52]. For example, the operators 3333 and
o1111 commute, but A|BC D-anticommute.

3.1.3. Fourpartite non-linear entanglement witnesses for the GHZ state

The process of designing witnesses will now be explained and illustrated with an example.
This section will first concentrate on the derivation of multiple witnesses for the fourpartite
GHZ state and then explain the differences for a single criterion.

The fourpartite GHZ state features 15 non-trivial correlations, all equal to +1, making it an
ideal example to show the application of our entanglement criteria. All non-zero correlations
are depicted in Table 3.1.

First, two correlation measurements o, and o, with k) = (kikoksks), ki € {1,2,3}
have to be selected while keeping in mind that these measurements not only determine the
value of the full correlations Ty ) and T2, but can also be used to calculate some non-
full correlations. o, and o2 have to be chosen such that the emerging set of accessible
correlations {05 : s € S C I}

e contains, for each bipartition, at least two operators that commute but cut-anticommute
for the respective cut

e has corresponding squared correlation tensor elements 72 as large as possible.

In case of the GHZ-state, one measurement is set apart from the others: By measuring
in the zzzz-basis, i.e. the operator o333z, 7 non-zero elements of the correlation tensor
can be inferred. These 7 correlations are highlighted in blue in Table 3.1. The second
correlation measurement can be picked at random out of the remaining 8 correlations because

Table 3.1.: All non-vanishing correlations of the four qubit GHZ state. The correlations
coloured in blue can be inferred from the setting os333 and those coloured in red can be deduced
from o1221. Taken from [51].

Too00 1 Tooss 1 To303 1 Toss30 1
T35003 1 T35030 1 T3300 1 T3333 1
Tor112 | —1 To191 | —1 Too1n | —1 Ta222 1
T 1 Tii22 | —1 Ti912 | —1 Ti221 | —1
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the corresponding operators are equivalent for our purposes. Here, 01921 (measuring in the
basis zyyx) was chosen, leading to the correlation 71221 printed in red. With these two
measurements, we now have access to the set

{os:8 €8 C I} = {00033,00303, 70330, 03003, 730305 03300, 73333, 01221 } (3.8)
of 8 pairwise commuting operators while, for every cut, there are some that cut-anticommute.

For every possible cut, we only use the operators from the set that cut-anticommute for the
given cut. For example, the operators og3o3, 00330, 03003 and o330 AB|C D-anticommute
with o19291. Any one of the first operators together with the last one can be used to make up

a witness like .

Wikien = 5 (T32030 + T12221> < sEP 5 (3.9)

ABjcp 2

with the normalisation factor of 1/2. An entangled state (like the GHZ state) can then
achieve a maximal value of 1, while a state separable to the cut AB|CD is restricted to 1/2.
However, depending on the actual experiment and statistical noise, some correlations will be
larger than others. Because four operators are AB|C D-anticommuting with 1221, we use
their averaged squared expectation values and thus obtain the normalised witness

1 /1 1

GHZ 2 2 2 2 2

WiBicp = < <T0303 + To330 + 13003 + T3030> + T1221> < SEP 7 - (3.10)
2 \4 AB|CD 2

As those four operators mutually AB|C D-commute, their contribution has lower weight in

the optimal witness, as a state separable to the cut AB|CD can achieve high absolute values

either for To303, T0330, 13003, and T3p30 or for T1291.

An interesting quantity for the comparison of entanglement witnesses is the noise robustness
R, i.e. the maximal amount of white noise that can be admixed to a pure entangled state,
while the witness still detects the state to be entangled. In the case when used correlations
are equal +1, the noise robustness is directly related to the threshold 7 = 1/2,

R=1—\FT=1—\2 (3.11)

since the white noise directly decreases the squared correlations.

The witnesses for the 6 remaining cuts

1 1
G
WA|%ZC‘D = <T3003 + Tio30 + Ti00 + T3333> +Tioo1 ) < sEP =, (3.12)
2 AlBCD 2
GHYZ 1 /1 1
Whgiacp = o\ <T0303 + T30 + Tam00 + T3333> + Thy SB?ECP')D 3 (3.13)
GHZ 1 /1 2 2 2 1
Weiasp = 5 (T 0033 T To330 + L3030 + T3333> + Tt SEP & (3.14)
2 \4 C\ABD 2
GHZ 1 /1 2 2 2 1
Wpiase = 5 7 <T 0033 T To303 + L3003 + T3333> + P01 ) < sEP =, (3.15)
2\4 D|ABC 2
GHZ L/1 1
Wiciep = 5 | 3 <T0033 + To30 + Tios + T3300) + Ty ) < sep = and (3.16)
2 \4 AC|BD 2
GHZ L1/ o 2 2 2 2 1
Wibisc = o\ <T0033 + 1303 + T3030 + T3300) + 1101 SASDI%EC 5 (3.17)

can be derived analogously and look very similar. Please note that all 7 criteria are based on
the same data obtainable in only two measurement settings.
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Figure 3.1.: (Cut-) Anticommutativity graph for the GHZ witness. All blue vertices are
weighted with « since they originate from the same measurement basis and behave similarly for the
different cuts. The red vertex has weight §. There are no edges in the anticommutativity graph a),
as all operators in the set {os : s € S C Z} mutually commute. Thus, the value ¢ = 1 can be assigned
to all vertices, resulting in a graph score G = Ta+ . In case of AB|C D-anticommutativity, there
are two possibilities, b) and c), as 1221 AB|CD-anticommutes with four other operators (dashed

lines). These lead to the graph scores GSACD =3a + [ and Gf}BWD = Ta, indicating the optimal

weights 4o = [5.

3.1.4. Constructing a single witness for all bipartitions

The increased computational effort needed to evaluate different witnesses for all possible
bipartitions can be reduced by combining all criteria into a single witness. While this com-
bined criterion is slightly less sensitive, it is very easy to apply, since the violation of a
single threshold is enough to prove genuine multipartite entanglement. In order to determine
the optimal single criterion, so-called anti-commutativity graphs are used. Such a graph is
drawn for standard anticommutativity as well as for every cut-anticommutativity relation,
see Figure 3.1.

First, all of the operators determined in the previous section {os : s € S C Z} are represented
by vertices of the graph. Weights v; are assigned to each vertex (labeled by 4), initially free
parameters that will later be used to optimize the witness. Then, connect vertices of (cut-
Janticommuting operators, these are the edges of the graph. Now, values cz(»d) € {0,1} can be
assigned to the vertices, but two 1’s cannot be connected directly by a line. There is more
than one possible way to do this, so the different distributions are labeled by d. We calculate
a maximal graph score

Gleut) = mcfliXZ cgd)vi , (3.18)

1

still depending on the weights v;. After the graph scores for the anticommutativity graph G
and all cut-anticommutativity graphs C;’;dj ) (label the different cuts with j) are known, the
optimal weights

oo
{vi} = ar% Tin ma # (3.19)

can be determined by minimising the maximal ratio C:’g»d) /G.

Then, the general normalised optimal witness

6

W=z

(3.20)

Q&

2
> T? <pisep
sES
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3. Multipartite entanglement detection with minimal effort

is obtained. Please refer to Figure 3.2 for a flowchart as an overview of the procedure.

In case of the GHZ state, it is possible to assign equal weights a to the 7 vertices representing
operators derived from o3333 because they behave symmetrically for the different cuts (o1291
cut-anticommutes for 4 different biseparations and commutes for the remaining 3 with each
of them). The vertex representing o991 is weighted with 8. In the anticommutativity graph
(Figure 3.1 a)), there are no edges and we can assign ¢ = 1 to all vertices, resulting in a graph

score
G=Ta+0. (3.21)

For the cut-anticommutativity graphs, there are always some unconnected vertices that can
have ¢ = 1. Additionally, one can either assign a “1” to o1291 or to the other remaining
operators (Figure 3.1 b) and c¢)). The different cut-anticommutativity graph scores are then

Gg.l) =3a+p
(2 _
G =Ta (3.22)
for all seven cuts j. The best noise robustness
e
min max —— 3.23

is achieved when these two values are equal, 3a + 8 = Ta, so = 4« is the best choice (see
Figure 3.3 for illustration). With that, the optimal single witness for the GHZ state

1 7

G

WO — 11 (To2033 + Tos0s + Toss0 + Ta003 + Tsos0 + Tis00 + Tisss + 4T12221) <SEP 1
(3.24)

is established.

3.1.5. Witnesses for other prominent states

The scheme introduced above can be used to derive witnesses for other prominent quantum
states, including the cluster, Dicke, singlet and W state.

Cluster state Table 3.2 shows the list of all non-trivial correlations for the cluster state
ICy) x (|(HHHH)+ |HHVV) —|VVHH) + |[VVVV)) . (3.25)

Thereof, the bases zzxx and xxzz were chosen for measurements. 6 non-zero correlations can
be deduced from them, and there are corresponding cut-anticommuting operators for every
cut, so this choice is viable for the construction of non-linear witnesses. Let us again take a
look at cut AB|C'D as an example. For this cut, o311 and 03911 cut-anticommute with o139
and 01103, 0, for a separable state, only the first or the last two operators can be large. This
results in the normalised criterion

W51413|CD — 2 (1 (T02311 + T32011) + % (T12130 + T12103)> < sEp % (3.26)

2\2 AB|CD

with Wﬁ‘jg‘CD = 1 for the ideal cluster state. Criteria for 1-vs-3 separability look very
similar, but for the bipartitions B = {AC|BD, AD|BC'Y}, there is a difference. In these cases,
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target state -

Choose a bipartition

!

Use all operators of
the set that commute,
but cut-anticommute

for the bipartition'

repeat
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commuting operators
and normalise
to get criterion

!

Violate all inequalities
to prove genuine mul-
tipartite entanglement

Choose two correla-
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O (1) and Ok(2)
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of accessible non-
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particular considering
non-full correlations)

i

are both
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fulfilled?

Which
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Draw a weighted anti-
commutativity graph
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Distribute values
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gle combined witness

l
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genuine multipar-
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repeat for all bipartitions

Figure 3.2.: Flowchart for witness construction. This scheme gives an overview of the process
to construct either separate criteria for every bipartition or the combined witness to prove genuine
multipartite entanglement. For details, please refer to the text. (*) the conditions mentioned here are
(1) the set has to contain, for every bipartition, operators that commute, but cut-anticommute and

(2) the respective squared correlations have to be large. (1) when there are operators with different

squared expectation values, choose those with the largest for best noise robustness.
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3. Multipartite entanglement detection with minimal effort
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Figure 3.3.: Illustration of optimisation of weights. The best noise robustness is achieved when
the maximal graph score achievable by separable states (from the cut-anticommutativity graphs) is
small in comparison to the score obtainable by an entangled state (from the anticommutativity
graph). Here, the two possibilities to obtain high scores with separable states are shown. The blue
line shows the ratio (3a + 3)/(7a + ), the shows . For each line, there is
at least one separable state achieving that value. We are therefore looking for the minimum of the
highest line, which is obtained at the intersection.

all operators cut-anticommute with two other operators, making up a closed circle. Thus,
only 3 out of 6 correlations can be large for a state separable to these partitions, leading to

1 1
6 (To2033 + Tos11 + Tion1 + Thios + Thizo + T32300) SSgP B (3.27)

Wg' =

For the cluster state, a single witness
e Lo 2 2 2 2 2 2
W = 6 (T0033 + To311 + T3011 + Ti103 + Ti130 + T3300) <BISEP 3 (3.28)
can also be derived by combining the criteria for all possible cuts, in the same way as for the
GHZ-witness. The weights of all correlations are equal because the corresponding operators

behave symmetrically for the different cuts. Note that the combined criterion looks just like
the one for AC|BD and AD|BC, but has a higher threshold.

Dicke state The four-qubit Dicke state with two excitations,
)fo)> x |HHVV) + |HVHV) + [HVVH) + |VHHV) + |VHVH) + |VVHH) , (3.29)

has only three correlations equal to 41, namely 77111, 12202 and T3333. Fortunately, 01111
allows to deduce also non-full correlations (Tpp11 and permutations) with values +2/3, such

Table 3.2.: The non-vanishing correlations of the cluster state. The correlations in blue
can be inferred from the expectation values of o133, those in red from o3311 [51].

Toooo 1 Too33 1 To311 1 Tos22 | —1
Ti103 | -1 T1130 | —1 Ti912 | —1 Ti991 | —1
To112 | —1 To121 | —1 T2203 1 Taoz0 | 1
T5011 1 T3022 | —1 T3300 1 T3333 1
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3.1. Theoretical background

that entanglement witnesses using measurements in the bases zxzxz and yyyy are possible.
1-vs-3 separability {1 : 3} (e.g. A|BCD) can be ruled out by violation of

1 1
WHh.av = = (TA11 + Thos ) <sep = 3.30
{13} = 5 ( it 2222) SSEP 5 (3.30)
with )/VDL3 = 1 for the Dicke state. Please note that averaging over additional correlations

as done for the GHZ and cluster state would lead to a weaker criterion, since these additional
correlations are smaller (£2/3) here. 2-vs-2 separability is checked by

WP oo = = (2 (120 + T2 + T + T2 Tho ) < L 3.31
ABlcp = 5 | 7 (L1010 + L1001 + Lo110 T Lo101) + L2222 ) = SEP 2 (3.31)

AB|CD
for the cut AB|C'D. Note that even the ideal Dicke state obtains only WEBWD =1/8(4-
4/9+4) =13/18 ~ 0.72 in this case! Separability along the two remaining cuts can be ruled

out by permuting the indices in the above equation. Although a combined criterion would
be theoretically possible for the Dicke state,

WP = 11*1 (T12111 + 5011 + Tor01 + To110 + Tioro + Tioor + Tioo + 4T22222> <BISEP 1% ;
(3.32)

its noise robustness is quite low because of the low absolute values of the correlations (the ideal
Dicke state only obtains WP = 23/33 ~ 0.697, slightly more than the required 7/11 ~ 0.636).

It would therefore be very difficult to experimentally violate the inequality.

Singlet state The set of correlations determinable by measuring in the xzzz and yyyy basis
for the Dicke state are similar for the four qubit singlet state

U)o |[HHVV) + |VVHH) — = ((HVHV) + |HVVH) + |VHHV) + [VHVH)) . (3.33)

1

2
Therefore, the criteria W{‘I’Lg} = Wﬁtg} and Wi’BwD = WEBWD can still be used, while the
remaining two

1/1 1

WZC|BD =5 ( (T12001 + T02110) + T22222) < SEP (3.34)
2\2 AC|BD 2
1/1 1

W;IXID\BC =35 ( <T12010 + T02101> + T22222) < SEP 5 (3.35)
2\2 AD|BC 2

have to be slightly modified (correlations Tpo11 and Tij00 are left out because they only
reach a value of 1/3 for the singlet state). Also because of these low absolute values for the
correlations, it is not possible to design a single witness for all cuts still detecting the singlet
state. With the method introduced above, the witness

1

7
Wy = 11 (T12111 + Too11 + Toior + Toi10 + Tioro + Tioor + Thaoo + 4T22222> SBISEP 77
(3.36)

would be obtained (if we take the low correlations into account again), but its value for the
singlet state is exactly 7/11, making the inequality impossible to violate with the ideal singlet
state. Leaving out the two low correlations makes matters worse, as

1
7
obtains only 43/63 for the singlet state, falling short by 2/63.

5
Wﬁy = (T12111 + TO2101 + T02110 + T12010 + T12001 + 2T22222) SBISEP ? (337)
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3. Multipartite entanglement detection with minimal effort

W state For the fourpartite W state,
\W4) <« [HHHV) + |HHVH) + |HVHH) + |VHHH) , (3.38)

the witnesses have even lower noise robustness, but still, it is possible to design them using
only two measurement settings. Except for T3333 = —1, correlations are at most +1/2. Using
the bases xxxx and zzzz, the criteria

1/1 1
WKTBCD =5 < (T12001 + Tio1o + T12100) + T32333) < SEP (3.39)
2\3 A|BCD 2
and L1 .
WXEMD =5 ( (To2101 + T110 + Thoor + TlOlO) + T32333> < sEp 5 (3.40)
2 \4 AB|CD 2

follow, while the other criteria for 1-vs-3 separations can be obtained by permuting indices in
Eq. (3.39) and separability along AC|BD and AD|BC' can be ruled out with permutations
of Eq. (3.40). Again, because of the low correlation values, it is not possible to design a
combined witness that can prove multipartite entanglement for the W state.

3.1.6. Extension to more qubits

The combined two-measurement witnesses for GHZ and cluster state can also be formulated
for the general case of N qubits. For the GHZ state, it is based on the correlations T3333. .3,
T0033...3, 10303...3, - - -, 133...300, and, e.g., Tho11.. 1 and is optimal when 752111 has 2N-2 times
the weight of the other correlations. Genuine multipartite entanglement can be detected by
violating

oN-1 1

2
GHZ
W SmsEr N N T ks (341)

with the limiting threshold of 2/3 for large systems.

For the N-qubit cluster state, measurements of 0131313 and o03131..31 are sufficient. As
in the four-qubit case, weights are equal for optimal noise robustness, genuine multipartite
entanglement can be identified by violation of

2N/271+2N/2_2 3
N —
W SBISER T oNE 1) Noked

(3.42)

with the threshold converging to 3/4. For details, refer to Ref. [51].

3.2. Experimental implementation

In this section, the focus lies on the experimental demonstration of the usability of the derived
entanglement witnesses for a family of superpositions between four qubit GHZ and cluster
states. First, the target states are prepared, then, to prove full experimental control, com-
plete state tomographies of the states are performed. These also include the measurements
necessary to infer the values of the nonlinear entanglement witnesses.
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Figure 3.4.: Optical setup for state preparation. Pumped by a continuous wave laser diode,
two crossed type I cut BBO crystals create entangled photon pairs by spontaneous parametric down
conversion. The emitted pairs are spectrally filtered by interference filters (F) and coupled into single
mode fibers (SM) for spatial filtering. A half-wave plate (HWP) in one output mode allows to rotate
the prepared states before the Hilbert space is enlarged by coupling to a spatial degree of freedom
with polarising beam splitters (PBS).

3.2.1. State preparation

For a high state fidelity, high count rate, and the ability to superpose GHZ and cluster states,
two qubits are encoded on the polarisation degree of freedom and the other two on the path
degree of freedom. This is achieved by using polarising beam splitters to couple the spatial
degree of freedom of both photons to their polarisations.

The photon source

The two polarisation entangled photons are obtained from a spontaneous parametric down
conversion (SPDC) source, as explained in Section 2.6.1. In our case, we use a pair of crossed
type I cut S-Barium-Borate (BBO) crystals. The crystals are pumped at a central wavelength
of 402nm with approximately 60 mW power and 45° linearly polarised light created by a
continuous wave laser diode. An additional YVOy4 in front of the BBOs enables to set a
phase ¢, resulting in the state

[wseoc () = == (1FTH) + VD)) (3.43)

The emitted photons are spectrally filtered by interference filters with a bandwidth of 5nm,
while spatial filtering is achieved by coupling them into single mode fibers. As seen in
Figure 3.4, an HWP at angle 0, put in one of the output modes, rotates the polarisation of
one of the photons to any linear polarisation. Hence, states of the form

[ronrce (2:6)) =¢1§ (18) (cos(20) | H) + sin(20) V)
+e'% V) (sin(20) | H) - cos(20) |V')) ) (3.44)

can be prepared.
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3. Multipartite entanglement detection with minimal effort

Enlarging the Hilbert space

Polarising beam splitters allow to couple to the path degree of freedom. Consequently, the
Hilbert space is enlarged to contain the intended four qubit states. More precisely, photons
in the incoming mode A (see Figure 2.6) are transformed as

\H) — |Ha) (3.45)
V) = |Vb) (3.46)

such that the family

Wty (2, 0)) :\2 (cos(26) | HaHa) + sin(20) | HaV'b)
+ €' sin(20) [VbHa) — €' cos(20) [VbVb) ) (3.47)

is obtained.
By setting the YVOy crystal in the source according to ¢ = 7, the GHZ states

[Vgamily (7,0)) = |[Yanz) = ! (|[HaHa) + |[VbVb)) (3.48)

2

S

1

iamiy (7.7 ) ) = i) = s (HaVt) + |VbHa) (3.49)

Sl

and the cluster state

™

Vtamily (m 8>> — ) = %(!HQH@ +|HaVb) — [VbHa) + [VEVB)) (3.50)

can be prepared just by rotating the HWP to § = 0, 7/4 and 7/8, respectively. Obviously,
superpositions of GHZ and cluster states can be prepared by intermediate values of 6.

3.2.2. State analysis

In order to characterise the prepared states, QST is performed, proving full control of the
experimental apparatus. Therefore, the different spatial modes have to be overlapped again
such that their phase difference can be determined — an interferometric setup is needed, which
is followed by polarisation analyses and coincidence detection.

Interferometers

It is crucial to keep the interferometers stable during the experiment. A Sagnac configuration
as shown in Figure 3.5 allows for high phase stability without the need for active stabilisation
schemes.

The wave plates in the interferometer are necessary for state tomography and, counter-
intuitively, measure the polarisation degree of freedom of the photons. The required angle
settings will be discussed later in Section 3.2.2. The two YVOy4 crystals with their optical axes
crossed are used to compensate any unwanted polarisation dependent phase shift. Although
all optical components were mounted carefully to avoid birefringence due to mechanical stress,
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Figure 3.5.: One of the interferometers. To determine the phase between the two spatial modes,
an interferometric setup is needed. To avoid active stabilisation schemes, a self stabilising Sagnac
loop is used. Please note that the polarising beam splitter (PBS) is first used to enlarge the Hilbert
space and then again to overlap the modes; it is part of the state preparation as well as the state
analysis. YVO, crystals are used to compensate polarisation dependent phase shifts (e.g. Goos-
Hénchen effect), and glass plates G and ¢ shift the phases between the two interferometer modes a
and b. A combination of half- (HWP) and quarter-wave plates (QWP) sets the measurement basis
for the polarisation degree of freedom. After the modes are overlapped again, they are coupled into
single mode fibers leading to polarisation analysis setups PA (see Figure 2.7)

the internal reflection at the prism still evokes such a phase shift (Goos-Hénchen effect).
Finally, the phase between the two interferometer modes can be set by the glass plates. One of
them is motorized, enabling easy correction of thermal length fluctuations and varying wave-
plate thicknesses. The other glass plate of the same thickness balances the interferometer.
Together, they have to be aligned such that relative phases (arising e.g. from reflections,
imperfections of the mirrors and wave plates) between the modes of the interferometer are
compensated. Details on how to set up the interferometer and how to determine the angle
for the glass plate can be found in Appendix A.

Polarisation analysis and detection

After overlapping the interferometer modes again at the polarising beam splitter, the polar-
isation of each output photon has to be analysed. This can be done by a setup as explained
in Section 2.7.1. The main advantage of using a polarising beam splitter instead of a po-
lariser is that both outputs can be detected simultaneously with two different detectors, which
leads to higher count rates. In our experiment, we use fiber coupled single photon counters
from Perkin Elmer (SPCM), connected to a coincidence logic with a window of 10ns. Since
the detectors are not perfect, they show different detection efficiencies. This effect can be
compensated by measuring and calculating efficiencies, which are then used to correct later
measurement results accordingly. In our case, we also account for different coupling efficien-
cies for each angle setting of the components in the interferometers, resulting in 12 efficiencies
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3. Multipartite entanglement detection with minimal effort
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Figure 3.6.: Complete experimental setup. The complete setup consists of the photon source,
two interferometers Alice and Bob, and four polarisation analyses, in total. The detectors in each
Alice and Bob are labeled “HA”, “VA”, “HB” and “VB”, respectively, after the output modes “A”
and “B” of the interferometer and the “H” and “V” output of the analysis PBS.

for each Alice and Bob. Further details on how these numbers are obtained can be found in
Appendix A.2.

Altogether, the setup consists of the SPDC source with the additional waveplate, two Sagnac
interferometers, 4 polarisation analyses and 8 detectors detecting twofold coincidences. The
complete setup is shown in Figure 3.6.

Measurement bases and settings

We choose to measure in the eigenbases of all combinations of local Pauli bases because this
yields the required correlations for the two-measurement witnesses as described in the theory
part (Section 3.1.1). For simplicity, let us first look at a single interferometer with its suc-
ceeding polarisation analyses. To measure, for example, in the zx basis in this system means
we have to measure projections onto the eigenstates of o1, namely |P(a + b)), |P(a — b)),
|M(a + b)) and |M(a — b)), where a shorthand notation

1

[Plat+b)) =7 (H)+ V) ® \2 (la) +10))

(|Ha) + |Va) + |Hb) + |Vb)) (3.51)

[
S

N | —

is used. If we want to measure |P(a + b)) with a click in the detector “HA”, the waveplates
in the interferometer have to be set such that one has constructive interference at output “A”
and destructive interference at output B. This means that in path a of the interferometer,
the |P) has to be rotated to e¥! |[H) and in path b it has to be rotated to e¥2|V) (with
arbitrary phases ¢). With both HWPs at 7/8 and the QWP at 0 (please note that angles
are measured as seen from beam a; therefore the angles for calculating beam b have to be
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inverted), it is
i
mode a : UQWP (0) UHWP (8) ’P) = ‘H> (3.52)
mode b : Uqwe (0) Unwp (—Q) IP) =i|V) (3.53)

so that the state |H) +1|V) = |R) is in output A and nothing in B. Then, the QWP in the
analysis PA has to be set to /4,

™

Uqwp <4> Unwp (0) |R) = el |H) (3.54)

such that the right polarised photon will be detected in the H A-detector (with a phase ¢ of
no importance). Conveniently, the other eigenstates |P(a — b)), |M(a + b)) and |M(a — b))
can be measured simultaneously in the detectors VA, HB and V B, respectively, with the
QWP in analysis PAp set to —m/4. For example, the state |M(a — b)) transforms

m .
mode a : UQWP (0) UHWP (8) |M> = —1 ’V> (3.55)
7r
mode b : Uowe (0) Ut (—8> M) = | H) (3.56)
to —|H) —i|V) = —|R) (take into account the sign of path b!) in output B of the beam

splitter. This state will result in a click in detector V B if the corresponding QWP is set to
—/4.

Angles for the other bases can be derived analogously and are listed in Table 3.3.

For measuring the whole state, all combinations of the 9 measurement settings for both
interferometers have to be considered, resulting in 81 different angle settings. Only twofold
coincidences (each between one detector on Alice’s side and one on Bob’s side) are considered
now, resulting in 16 projectors measured simultaneously in each setting. Therefore, in total
81 x 16 = 1296 different projection measurements are performed.

3.2.3. Experimental results

For the actual experimental demonstration of the applicability of non-linear witnesses (after
making sure all phases are compensated (Appendix A.1) and measuring the efficiencies (Ap-
pendix A.2)), 13 states of the family Eq. (3.47) were prepared by rotating the half-wave plate
from 6 = 0 to /4 in 13 equal steps. With a coincidence rate of approximately 100s~! and
a measurement time of 40s per basis setting (resulting in 3700 — 4400 counts per setting),
it took about 12h to perform QST for the whole family. The same data are used to obtain
the values of all derived witnesses. In addition, with data from experiments described in
Ref. [53, 54], the criteria for the Dicke ’Df)> and singlet state |¥4) are tested.
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Table 3.3.: Angle settings for different bases. The angles of the waveplates of the interferometer
(HWP1r,1, QWP 1z, HWPir 2) and of the two polarisation analyses (HWPA, QWP ,; HWPg, QWPyg)
to perform the given projections. “HA”, “VA”, “HB”, “VB” denote the detectors for the transmitted
(“H”) and reflected light (“V”) of the PBS of the polarisation analyses in the output modes A and
B, respectively. For example, an event of the detector “HA” while measuring in the basis 011 (z2)
corresponds to a successful projection onto the state |P(a + b)). Please note that all angles are
referenced with respect to mode a which means that for calculating the transformations induced for
light in mode b a minus sign has to be added. Taken from [51].

Basis | Interferometer H Polarisation analyses H Projectors

HWPr; QWP HWPro | HWP, QWP, HWPg QWPg| HA VA HB VB
o1 (zx) z 0 z 0 z 0 —% | P(atb) P(a-b) M(a+b) M(a-b)
o12 (wy) z 0 z -z 0 -z 0 |P(a+ib) P(a-ib) M(a+ib) M(a-ib)
o13 (x2) 3 0 3 0 0 T 0 Pa Pb Ma Mb
021 (yx) 0 1 0 0 -7 0 1 R(a+b) Rf(a-b) L(a+b) L(a-b)
92 (yy) 0 I 0 g 0 3 0 R(a+ib) R(a-ib) L(a+ib) L(a-ib)
o3 (yz) 0 1 0 0 0 1 0 Ra Rb La Lb
o1 (zx) 0 0 a 0 1 0 —% | H(a+b) H(a-b) V(at+b) V(a-b)
032 (2y) 0 0 1 -3 0 -3 0 H(a+ib) H(a-ib) V(a+ib) V(a-ib)
o33 (22) 0 0 1 0 0 T 0 Ha Hb Va Vb

Complete state tomography

The fidelity F (see Section 2.7.4) is used as a measure for the quality of the prepared state.
With F = 0.958 4+ 0.004 for the GHZ state and F = 0.962 &+ 0.003 for the cluster state, high
agreement with the theoretically expected states is seen. Fidelities for the other states can be
found in Table 3.4. The real parts of density matrices of GHZ, cluster and GHZ’ are depicted
in Figure 3.7, while the imaginary parts are vanishingly small.

Evaluation of nonlinear entanglement witnesses

Let us start with the evaluation of the measured correlations of the GHZ state. From measure-
ments in the bases zzzz and xyyx, the correlations T3333 = 0.982+0.003, 13300 = 0.99310.002,

Figure 3.7.: Experimental density matrices. Real parts of the experimental density matrices of
(a) the GHZ state (0 = 0, ¢ = 7), (b) the cluster state (§ = §, ¢ = ), and (c) the GHZ' state
(0 =%, ¢=m). From [51].
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3.2. Experimental implementation

Thoz3z = 0.988 £ 0.002, T3003 = 0.963 £ 0.004, Tp330 = 0.969 £ 0.004, T3030 = 0.972 £ 0.004,

Toz03 = 0.960 £ 0.005 and Ti221 = —0.925 + 0.006 could be obtained. That leads to

WSHiep = 0.894 £ 0.007 SASBPEED
Witisp = 0.906 =+ 0.006 SASC%ED
Wb e = 0.906 =+ 0.006 SASD]?EC
WS p = 0.906 = 0.006 SA.SEE’D
Wi p = 0.904 £ 0.006 SB%DD
W5 = 0.906 £ 0.006 SC?EED
WiKie = 0.901 + 0.006 SD?EEC

NI = N = N = N = NN =N =

)

(3.57)
(3.58)
(3.59)
(3.60)
(3.61)
(3.62)

(3.63)

certifying genuine multipartite entanglement with more than 56 standard deviations. In this
case, also the single combined non-linear entanglement witness

disproves separability with a significance of over 55 standard deviations.

7
WO = 0,916 + 0.005 <prser 17

(3.64)

For the cluster state, measurements in the bases zzxx and xzzz deliver the correlations
T3300 = 0.987 £ 0.002, T30911 = 0.986 £ 0.003, Tpz11 = 0.974 + 0.003, T1130 = —0.945 £ 0.006,
Ti103 = —0.934 £ 0.006 and Tpo33 = 0.989 4+ 0.002, allowing to infer values for the respective

criteria

Wikiop = 0.922 + 0.006 < ser
Wit sp = 0.940 + 0.004 < s
Wi e = 0.940 + 0.004 < ser
Wilpep = 0.928 +0.006 < sep
Wi acp = 0.922 +0.006 S
Weiapp = 0.948 +0.004 < s
Wi ape = 0.943 + 0.004 < sop

N —= N N N = N = N = N

(3.65)
(3.66)
(3.67)
(3.68)
(3.69)
(3.70)

(3.71)

Here, genuine multipartite entanglement is proven with over 70 standard deviations. For the
cluster state, the combined criterion looks exactly like the ones for cuts AC|BD and AD|BC,

but with a threshold of 2/3 to account for all possible cuts. Therefore, with

2
WC = 0.940 + 0.004 <pisep 3

9

(3.72)

37



3. Multipartite entanglement detection with minimal effort

biseparability is excluded with over 68 standard deviations.

All other states of the family are analysed only with respect to the two combined criteria,
since the difference in sensitivity is not very large. The results are summarised in Table 3.4.
All prepared states of the family can be shown to be genuinely fourpartite entangled by at
least one of the criteria. While WSHZ proves entanglement for almost all states of the family,
WC4 is more suited for states near the cluster state. As shown in Figure 3.8, the regions
where the criteria are above their respective thresholds overlap. Thus, some states can be
detected to be genuinely fourpartite entangled by both witnesses.

Table 3.4.: Characterisation of 13 members states of the family. The states are given

by Eq. (3.47) with ¢ = 7. The fidelities with the respective target states were determined from

the experimental density matrices as obtained via quantum state tomography. The values for the

combined entanglement criteria W

GHZ

and W%, however, were inferred from two measurement

settings only. For all prepared states, genuine fourpartite entanglement can be proven by at least

one of the two criteria. Successful entanglement detection of the respective criterion is indicated by
bold letters. Taken from [51].

Name 0 Fidelity F WEHZ <pigpp 111 W <pisgp %
GHZ 0 0.958 £ 0.004 0.916 + 0.005 0.333 £ 0.002
z 0.959 £ 0.004 0.894 + 0.006 0.387 £ 0.005
X 0.958 = 0.004 0.828 + 0.007 0.509 £ 0.007
& 0.965 £ 0.003 0.740 + 0.007 0.685 + 0.007
s 0.963 £ 0.003 0.644 + 0.006 0.835 + 0.006
e 0.963 £ 0.003 0.603 £ 0.004 0.918 + 0.005
Cluster % 0.962 = 0.003 0.590 = 0.004 0.940 + 0.004
= 0.959 + 0.004 0.608 + 0.006 0.886 + 0.007
z 0.959 £ 0.004 0.679 + 0.008 0.761 + 0.008
s 0.958 £ 0.003 0.746 + 0.007 0.640 £ 0.008
e 0.960 = 0.004 0.820 + 0.007 0.497 £ 0.007
Lz 0.963 £ 0.004 0.890 + 0.006 0.375 £ 0.004
GHZ' T 0.967 £ 0.004 0.927 + 0.005 0.330 £ 0.002

With the experimental data from [53], all the witnesses for the Dicke state
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W5y = 0.819 £ 0.013 <spp % (3.73)
Wigicp = 0.627 £ 0.013 < sep % (3.74)
Wheisp = 0.620 £ 0.013 SASCPEED % (3.75)
Wipise = 0.625 £ 0.013 < ser_ % (3.76)



3.3. Conclusion

angle hwp in °
0 10 20 30 40

GHz Cluster GHZzZ'

Figure 3.8.: Performance of combined entanglement witnesses. The entanglement criterion
for the GHZ state enables to detect most states of the family to be genuinely fourpartite entangled
(red) whereas the criterion for the cluster state detects states around 6 = 22.5° to be genuinely four-
partite entangled (blue). States of the grey shaded areas can be detected to be genuinely fourpartite
entangled by means of both criteria. The solid lines are obtained by a single fit with a phase 6 and
fidelity F as parameters. Taken from [51].

are violated with over 9 standard deviations. Because of the low absolute value of the non-full
correlations, the combined criterion

7
WP =0.600 + 0.012 <pisgp 1 (3.77)

fails to prove entanglement for the obtained data.

Experimental data of the singlet state |W4) [54] lead to

W5y = 0.804 £ 0.019 <spp % (3.78)
Wipiep = 0.608 £ 0.017 < sep_ % (3.79)
Wicipp = 0.594 +0.021 < sep_ % (3.80)
Wipipe = 0.622 +0.021 < sep_ % (3.81)

and prove fourpartite entanglement by more than 4 standard deviations.

3.3. Conclusion

The introduced novel scheme to systematically construct non-linear entanglement witnesses
based on data obtained in only two measurement settings proved to be successful for promi-
nent states, theoretically as well as experimentally. Such a minimal multipartite entanglement
detection may become a handy diagnostic tool, because it is fast and simple. It is also applica-
ble for larger systems, as it is based on the simple principle of entanglement complementarity.
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3. Multipartite entanglement detection with minimal effort

For isolated cases like the GHZ or the cluster state there are other minimal methods to certify
entanglement [55], but up to date there was no general constructive scheme applicable to such
a wide range of states.

An interesting open question is how the problem of low noise robustness for low absolute
correlation values of some states can be tackled. Further research could e.g. reveal the
implications of relaxing the minimality condition, namely allowing three or more measurement
settings to contribute.
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4. Numerical investigation of Heisenberg
scaling in quantum state tomography

In order to fully define the properties of a given quantum system, it is inevitable to perform a
full quantum state tomography (QST). This is a demanding task, since 4" — 1 real parameters
have to be determined by measuring identically prepared quantum states, where n denotes
the number of qubits. Since state preparation and measurement can take a long time in
some systems, it is crucial to find methods that provide good scaling in terms of state fidelity
with the number of performed measurements N,,. For random states, the infidelity scales
with 1/y/N;, (normal scaling) while the limit of 1/N,, (Heisenberg scaling) can be obtained
for special cases. It was seen before that, in case of maximum likelihood estimation (MLE,
Section 2.7.3), the scaling of fidelity with the number of counts per basis is significantly better
and can reach the Heisenberg limit if one of the measurement axes is aligned with the target
state [39]. This was also used for adaptive tomography of single qubit systems [56].

In this chapter, Monte-Carlo simulations are used to numerically investigate the scaling of
tomographic state reconstruction fidelity with respect to the number of detections. Both
linear inversion (LIN, Section 2.7.2) and MLE are examined, since the process of LIN is
very easy to understand and sometimes preferred over non-linear methods such as MLE.
On the other hand, MLE is a popular method to obtain physical density matrices from the
sometimes unphysical linear results. The focus lies on single qubit states since even for this
simple quantum mechanical system the convergence behaviour is not completely understood
and most basic concepts established there can be generalised to more complex systems. An
intuitive understanding of the processes, effects, and outcomes of quantum state tomography
is developed and extended to multi-qubit systems.

4.1. Simulation algorithm

Every simulation starts by selecting a target state p;. This is the state that is used to obtain
the simulated measurement data, the state that could be prepared in an actual experiment.
Then, for different numbers of counts per setting N, the measurement outcomes are deter-
mined statistically. From these data, the linearly reconstructed state prn and the maximum
likelihood estimate pypE are obtained. These states, as well as the fidelity to the target state
are saved for later analysis. The whole process then has to be repeated sufficiently often to
obtain a suitable sample size. Here, mostly M = 300 samples are simulated.

4.1.1. Target states

Because we want to study the scaling of reconstruction fidelity for differently oriented states
in relation to the measurement basis, qubits rotated from |H) in direction of |P) are used,
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4. Numerical investigation of Heisenberg scaling in quantum state tomography

i.e.

o= (S, e (0 w

with ¢ = 0 and 6 € [0, 7]. In case of two qubit target states, the tensor product of unity with
the rotation matrix is applied to either a product or a maximally entangled two qubit state,

]w§sep)> — 1P QU|HH) . (4.2)
i) = 1@ g Ulg-) (43)

Additionally, white noise can be admixed

pt = ple) (Ye] + (1 —p) pwn (4.4)

to get a mixed state. The state amplitude p is related to the fidelity between p; and the
corresponding pure state )

F (pt, [¢r)) :p+2in(1—p) 7 (4.5)

where the second term comes from the overlap of the white noise with the target state, and
to the purity

1
Plp) =p*+ 5, (1-7?) (4.6)
where n is the number of qubits.

Because we use states with ¢ = 0, all the single qubit states in this chapter can be represented
by a point on a two-dimensional unit circle, the projection of the Bloch sphere onto the T,-T,
plane, see Figure 4.1. 6 corresponds to the angular coordinate, while the radial distance is
equal to the mixing factor p.

Figure 4.1.: Target states on a projection of the Bloch sphere. All target states used in
this chapter lie in the T,-T, plane, because ¢ is set to 0. Their position is given by the angle 6 and
the radial distance p.
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4.2. Results for one qubit

4.1.2. Simulated tomography

Starting with the target state, an overcomplete tomography scheme with 3" measurement
settings s = (s1,- -+, 8,) with s; € {z,y, 2z} = {1, 2,3} as explained in Section 2.7 is simulated.
Alternatively, one could consider a minimal measurement scheme as proposed by Ref. [57],
with only 2" settings to consider. First, for each basis setting s, the probabilities

p; = Re (Tr (pP})) (4.7)

for all 2" measurement outcomes ¢ = (i1, - - , i) with ¢; € {0,1} (with P? the projector onto
the corresponding basis state) are calculated. Since the scaling behaviour is investigated in
dependence to the (fixed) total number of counts N per measurement basis, a multinomial

distribution
N!

(with the condition Y ;¢ = N on the sum of counts per basis) is used to randomise the
number ¢; of successful projections onto P; for the simulated tomography. After repeating
this separately for every basis setting, all the frequencies f? = ¢f/N can be determined
and subsequently, a reconstructed density matrix pe. is derived via linear inversion (LIN,
Section 2.7.2) and maximum likelihood (MLE, Section 2.7.3) estimation. These states can
now be analysed regarding their fidelity to the theoretical target state and their purity. Please
note that in case of LIN, the obtained density matrix does, in some cases, not represent a
physical state, which can lead to fidelities and purities bigger than one. Nevertheless, the
absolute infidelity |1 — F| is still useful for a comparison of the results.

D (cf; N, pj) = 11 (p§) (4.8)

In case of a single qubit n = 1, there are only three measurement bases s € {z,y,z} with
two possible outcomes i € {0,1} each. The multinomial distribution simplifies to a binomial
distribution

S (.S .8 s 8 N! s\¢l (.-8\C] N s\¢o s\N—c§
D? (g, 13 N, 95, P) = —7=7 (06)° (p1) = ( s) ()0 (1 —pg)™ % (4.9)

S| S

because of the conditions on the sums of counts cf + ¢f = N and, equivalently, probabilities
pg + p] = 1. This binomial distribution has a standard deviation of

o = \/Np3(1 - p3) (4.10)

and is therefore strongly peaked for a target state with a probability of an outcome near to
one, corresponding to states near one of the measurement axes. Since state reconstruction
linearly uses elements of the correlation tensor Ty = (c¢f — ¢j)/N (see Section 2.7.2), the
standard deviation of the outcomes is expected to scale with vN/N = 1/v/N.

4.2. Results for one qubit

For a beginning, the results for one qubit found in Ref. [39, 56] are regained with the sim-
ulation procedure explained above in our frame of reference. For that purpose, the target
states

[¥) = U0, 9) |H) (4.11)
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4. Numerical investigation of Heisenberg scaling in quantum state tomography

with 6 € {0,1.5°,45°} and ¢ = 0 are used to simulate tomographies with N = 100 to N = 10°
counts per basis. To get reasonable high statistics, M = 300 simulations are performed for
each combination of state and counts. To analyse the performance, the mean and the standard
deviation of the absolute infidelity |1 — F| obtained from both LIN and MLE are calculated
and displayed in a double logarithmic plot, see Figure 4.2

10 10
2
10 "¢
1077}
™ T 107}
| |
= 107 =
2 3
© © 10t
-6
10 -
107°
10780 ‘2 ‘4 ‘6 ‘5 10760 ‘2 ‘4 ‘6 ‘8
10 10 10 10 10 10 10 10 10 10
Counts N Counts N
(a) Maximum likelihood estimation (b) Liner inversion

Figure 4.2.: Scaling behaviour of infidelity. The mean of the absolute infidelity |1— | is depicted
with respect to the number of counts per basis, for differently rotated target states - in cyan, the
non-rotated state (# = 07), in magenta, a slightly rotated state ( = 1.5°), and in indigo, a state far
away from the measurement axes (§ = 45°). For MLE (a), the slopes of linear fits (lines) in the plot
are —1.00 + 0.01, —0.60 4+ 0.03, and —0.50 + 0.01, respectively. For LIN, they are —0.48 + 0.01 and
—0.50 4+ 0.01 for 6 =1.5° and 45°. Data for the non-rotated state are missing, since the fidelity for
the (unphysical) linearly reconstructed density matrix is always exactly equal to one in this case’.

It is clearly visible that it is advantageous to align one measurement basis to the state (as is
the case for the non-rotated state), leading to Heisenberg scaling N* = 1/N (with the scaling
exponent «) if the result is obtained by MLE. Small deviations from this optimal orientation
already lead to high losses in the scaling behaviour, such that for a state far away from the
measurement axis the scaling decreases to N® = 1/v/N. When using LIN, the scaling is
independent of the measurement axis.

4.2.1. Diverging distributions and a postselection criterion

For a closer investigation of this phenomenon, a histogram of the fidelities of all state recon-
structions at N = 10° (Figure 4.3) is helpful. While we observe a single-peaked distribution
for the non-rotated target state, the distribution for # = 45° is split into two parts. This can
be explained by looking at the states giving rise to this fidelity distribution in a projection of
the Bloch sphere onto the T,-T, plane, see Figure 4.4. Without fitting, using just the linear
inversion method, roughly half of the reconstructed states will lie outside the physical state
space (they will be called initially unphysical from here on) for a pure target state far away
from the measurement axes. In contrast, states lying inside the state space even with LIN are
called initially physical. Running the maximum likelihood algorithm does not change these
already physical states, but maps the unphysical ones onto the border of the Bloch sphere,
improving their fidelity. Please note that these fitted density matrices represent physical
states now, but will still be called initially unphysical in the context of distinguishing them
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4.2. Results for one qubit

from the states that were already physical before fitting. Distinguishing these two classes of
states leads to the separation seen in the histogram of Figure 4.3 (b). Without MLE fitting
(¢), there is no difference between physical and unphysical states.

100 100 100
[0} (0] o
2 2 g
£ 50 £ 50 E 50
=] =] o
8 8 g
o ) o
0 0 0
-8 -6 -4 -2 -8 -6 -4 -2 -8 6 -4 -2
Iog10(abs(1—F)) Iog10(abs(1—F)) log (abks(1-F))
(a) MLE, 6§ = 0°, N = 10° (b) MLE, 6 = 45°, N = 10° (c) LIN, 6 = 45°, N = 10°

Figure 4.3.: Histogram of infidelities. While the histogram of 300 infidelities obtained from
simulated tomographies with 10° counts per basis using MLE shows a single-peaked distribution for
a non-rotated target state (a), it is split into two parts for a state rotated by 6 = 45° (b). As it
turns out, the two parts emerge from density matrices that correspond to initially physical (blue)
and initially unphysical (red) states, respectively, when reconstructed linearly without fitting. After
fitting, all states are of course physically valid, but evidently the fitting algorithm improves the result.
Without fitting (LIN, (c)), the distributions of initially physical and initially unphysical states do
not split.

Because of that splitting, it is not sufficient to average over all simulations and use the
standard deviation as an error. Instead, a postselection is performed and the two classes
of states are analysed separately. Figure 4.5 shows the infidelities for different numbers of
measurements, determined using MLE but postselected on account of the physicality of the
linear estimate. The averages within the groups as well as their standard deviations are
shown, together with the average over all simulations for comparison. Please note that these
averages are not calculated in logarithmic scale, leading to a seemingly increased importance
of states with higher infidelity in the logarithmic plot.

The postselection reveals that only part of the result scales worse when the target state is
far away from a measurement axis. Initially physical states, that are not affected by MLE,
scale with 1/ VN, while the fitting algorithm uses knowledge about the border of the state
space to provide scaling of 1/N for initially unphysical states. In the case of a state perfectly
aligned with a measurement axis, almost all reconstructed states are initially unphysical and
benefit from fitting, therefore leading to a Heisenberg 1/N scaling for all states.

This postselection analysis can be used to learn even more about state tomography and
scaling behaviour. First, the focus will lie on pure states, then mixed target states will be
investigated.
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4. Numerical investigation of Heisenberg scaling in quantum state tomography
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(a) LIN (without fitting) (b) MLE (after fitting)

Figure 4.4.: Section of the Bloch sphere with reconstructed states. This section of the

projection of the Bloch sphere onto the Ty-T.-plane (as in Figure 4.1) shows the position of the
linearly reconstructed states (a) and their fitted counterparts (b) in relation to the target state
(green dot ). The initially physical states (blue triangles <) are not changed by the MLE algorithm,
while the initially unphysical (red triangle 1) states are mapped onto the border (black line). Note
that the reconstructed states can, of course, have a non-zero 7, component because of statistics,

and that this component is not visible in the projection. Here, N = 100000 counts per basis were
simulated for a pure target state with 6 = 45°.
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(a) MLE, 6 = 0° (b) MLE, 6 = 45°

Figure 4.5.: Scaling of infidelity with postselection. The infidelities of all simulation results
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with MLE for (a) a target state aligned with the measurement axis and (b) a target state far away
from them are shown. Initially unphysical states are marked by red triangles >, initially physical
states by blue triangles <. Averages and fits to them are illustrated by circles o and lines, while
green denotes the average over all data. In (a), there are only initially unphysical states, scaling
with e = 1.00 + 0.01. For (b), approximately half of the states are initially unphysical, still scaling
with a = 0.96 = 0.03, while the other half scales with a = 0.50 £ 0.01, resulting in a scaling of
a = 0.50 £ 0.01 for the average over all states (not calculated in the logarithmic scale displayed in
the plot, leading to a seemingly heightened importance of the states with higher infidelity).



4.2. Results for one qubit

4.2.2. Pure states

An interesting case is, for example, tomography of an only slightly rotated state (e.g. due to
small misalignment of the measurement apparatus relative to the target state). The scaling
of state tomography for such a target state is illustrated in Figure 4.6 both for LIN as well
as after fitting with MLE.
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I ™
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Counts N Counts N
(a) MLE, 6 = 0.6° (b) LIN, 6 = 0.6°

Figure 4.6.: Slightly rotated target state. As in previous figures, initially unphysical states are
marked by red triangles >, initially physical states by blue triangles <, averages and linear fits to
them by circles o and lines, respectively, while green denotes the average over all data. The initially
physical states remain the same for both MLE (a) and LIN (b), and they scale with o = 0.96 £ 0.04
for small N < 30000 and with o = 0.54 4+ 0.03 for large N 2= 30000. The initially unphysical states
scale with @ = 0.93 £ 0.01 for MLE and with o = 0.47 4+ 0.01 for LIN, as before. This leads to a
bend in the mean fidelities of all states in case of MLE: First, they scale with o = 0.93 £ 0.05, then
with o = 0.55 + 0.02. Without fitting (LIN), they scale with ov = 0.47 + 0.01 for all N.

Again, the initially unphysical states scale with only 1/ VN for LIN and with 1 /N for MLE.
But, additionally, there are also initially physical states; their number increases with the
number of counts until approximately half the reconstructed states are physical. Note that
these states are the same for LIN and MLE, as they are not changed by the fitting algorithm.
Their infidelity to the target state, however, scales differently for small (1 — F o 1/N) and
large (1 — F o 1/v/N) numbers of counts per basis.

Influence of discreteness

This effect can be explained by the discrete results of state tomography. For small N, there
are only a few possible outcomes, the spacing between those is relatively large. Figure 4.7
shows the projection of the Bloch sphere, with the 11 x 11 grid of possible reconstructed
states in the T,-T,-plane for N = 10 counts per basis. The distance between two possible
outcomes is proportional to 1/N, but, as already seen in Section 4.1.2, the distribution of
T. has a standard deviation scaling with 1/ V/N. Thus, for small N and especially for small
initial values of the standard deviations, the distance between outcomes is much bigger than
the spreading of results, therefore reducing the number of observed outcomes to only one or
two values of T3.

47



4. Numerical investigation of Heisenberg scaling in quantum state tomography

O 0 O O 0o O O o o
O 0 O O 0o 0O o o o

Figure 4.7.: Possible outcomes for state tomography with 10 counts per basis. The
11 x 11 grid of statistically possible linearly reconstructed states in the T3-T,-plane for 10 counts
per basis. Each point is given by Ts = (¢ — ¢1)/N, with ¢§ + ¢] = N for s € {z, z}. Physical states
lying inside the sphere are marked by blue circles o, while the unphysical states are red. For the
target states with 6 € {0°,30°,45°}, marked by green dots e, the standard deviation of the binomial
distribution (Eq. (4.10)) is shown by green ellipses.

= 0.9997¢ = 0.9997¢
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-0.01 0 T0.01 0.02 0.03 -0.01 0 T0.01 0.02 0.03
(a) N = 17800 (b) N = 31600

Figure 4.8.: Bloch representation of reconstructed states with slightly rotated target
state. A small section of the Bloch sphere is shown. Please note the different scaling of the axes
due to the high asymmetry of the distribution. In the T, direction, discretisation plays an important
role, since the distance between possible outcomes is large in comparison to the spreading of the
theoretical binomial distribution. The target state is depicted by a green dot e),initially physical
states by blue triangles <) and initially unphysical states by red triangles 1.
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4.2. Results for one qubit

Since the bend in Figure 4.6 (a) is situated around N = 30000 for # = 0.6°, we examine
the distribution of reconstructed states on the Bloch sphere for close-by N. The two cases
N = 17800 and N = 31600 are shown in Figure 4.8. It becomes clear that for N smaller than
17800, the most significant effect on the scaling of reconstruction fidelity of initially physical
states is not the width of the binomial distribution, but the distance between the target
state and the second row of possible results, since that is the first row containing physical
results. Not before this second row is nearer to the target state than the first one, the fidelity
of initially physical states will scale with the distance between the rows and therefore with
1/N. To support this conjecture, Figure 4.9 shows the position of the bend with respect to
the angle 6 characterising the target state compared to a theoretical line marking the above
mentioned point where the target state lies halfway between the two first rows of possible
outcomes,

N -2
N
The positions of the bends fit quite well to the theoretical line, but deviations from the line
seem to grow systematically with the rotation angle #. This is presumably caused by the
binomial distribution becoming less narrow and spanning more rows of possible outcomes.

1 =2—2cosf . (4.12)

Counts N

angle 6

Figure 4.9.: Position of bend in scaling of initially physical states. For differently rotated
target states, the position of the bend in the scaling of the initially physical states is shown, as
obtained by simulation (blue circles o). Additionally, the red line is calculated by setting the distance
between possible reconstructed states equal to double the distance of the target state to the T, = 1
line, see Eq. (4.12). Deviations from the line seem to grow systematically towards larger angles 6,
which is probably due to influences of the binomial distribution becoming more important.

Flattening of scaling in fitted reconstructed states

An additional phenomenon becomes visible at very high numbers of counts per basis. The
fitted initially unphysical states do not scale as good as for lower numbers of counts, as if
there would be a maximum fidelity of approximately 1 — 1078, see Figure 4.10.

At first glance, numerical reasons in the simulation procedure seem likely, e.g. insufficient
precision of variables. But a recalculation with increased precision yields the same results,
and for other target states, see e.g. Figure 4.10 (b), lower infidelities up to 10719 are reached.
The reason for this flattening is therefore still unknown.
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(a) MLE, 6 = 0° (b) MLE, 0 = 45°

Figure 4.10.: Flattening of scaling of initially unphysical states. For target states far away
from one of the measurement axes (b), there seems to be a maximally reachable fidelity of about
1—1078, the initially unphysical states (red) exhibit a scaling behaviour of o = —0.96 +0.03 for low
numbers of counts, but o = 0.0 + 0.2 at high count rates. Numerical reasons seem likely at first, but
a recalculation with increased precision yields the same result and, for target states aligned with a
measurement axis (a), lower infidelities are possible. Here, the reconstructed states’ fidelities scale
with & = —1.00 £ 0.01 for the whole range of count rates, reaching infidelities of 107°. Thus, a
convincing explanation has not yet been found.

4.2.3. Mixed states

Even if one often aims for a pure state, in an actual experiment noise and imperfections will
lead to a mixed state in the experiment. Thus, one also has to consider such states as target
states. To analyse the effect of a little added noise, target states with a fidelity of F; = 99.9%
to the corresponding pure state are investigated. With the help of discerning between states
that lie outside the Bloch sphere before fitting and those that lie inside, the effects of the
border of the state space can be studied.

Effects of the state space border

It was already shown in Ref. [56, 58, 59] that, measured by infidelity, quantum state tomog-
raphy scales with 1/N for target states deep inside the Bloch sphere. This can be seen with
a Taylor expansion of the infidelity (in terms of the target state p;’s eigenbasis {|i)}) [56]

(il A l5)°
(il pli) + (il p13)

1

L= Flp.pted) =73

0]

+0(A%), (4.13)

with the error matrix A = pre. — p;. Typically, errors scale as |A| o< 1/v/N. Thus, the
infidelity scales with |A|*> & 1/N, except when an eigenvalue (i|p|i) is nearly 0. In that
case, namely when the state is almost pure (in comparison to the width of the distribution
of reconstructed states), the infidelity becomes linear in A and therefore proportional to
1/v/N [56]. This is also seen in our simulations, see Figure 4.11, and happens for all mixed
target states.

Additionally, there are no initially unphysical states when the number of counts is high
enough for the distribution of reconstructed states to lie completely in the interior of the
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(a) Fi = 99.9%, MLE, 6 = 0° (b) Fr = 99.9%, MLE, 6 = 45°

Figure 4.11.: Scaling for mixed states with MLE. For mixed target states aligned with a
measurement axis (a), the transition from initially unphysical reconstruction results to almost only
initially physical states happens at quite small count numbers, because the variance of the distribution
in T, direction is very small. The initially physical states scale with a = —0.98 & 0.02 for all count
rates, while the initially unphysical states scale with @ = —0.57 4+ 0.09 for low counts and level out
with o = —0.1740.06 before disappearing completely. If all ST results are considered, this leads to
a scaling of o = —0.57 £ 0.09 and o = —1.02 + 0.01, respectively. For target states with 6 = 45° (b)
the bend happens at far larger count numbers, but is also there. Here, the exponents a for small and
large N are —0.7140.02 and —1.1+£0.1, —0.7+£0.1 and —0.04+0.02, —0.54 +0.02 and —1.12+0.06,
respectively.

Bloch sphere. At lower count rates, the fidelity of these states levels out at F = 1 — 1073,
simply because all MLE results lie on the border of the Bloch sphere and therefore cannot
be nearer to the target state than that.

Uhlmann fidelity

The situation when reconstructing the state just linearly (LIN) without fitting is plotted in
Figure 4.12. A very peculiar effect is seen for target states strongly differing from eigenstates
of the measurement basis: The limit of 1 — 1072 for fidelities of unphysical states is not valid
anymore, and the mean fidelities of these states actually get worse after a certain number of
counts.

But, at closer investigation, it becomes clear that this is due to the used measure, the Uhlmann
infidelity, which is not defined for unphysical states lying outside the Bloch sphere. Figure 4.13
(a) shows the infidelity of states over the Bloch sphere to a pure target state. Here, only
the length of the projection onto the direction of the target state matters, states outside
the Bloch sphere can achieve infidelities below 0. This is not a problem, since we used the
absolute value of the infidelity, such that a minimum was achieved only in a line containing
the target state. However, when measuring the fidelity in comparison to a mixed target
state (Figure 4.13 (b)), the situation changes. For an only slightly mixed target state, in a
small region outside the Bloch sphere (Figure 4.13 (c)), infidelity is higher at the border and
decreases to 0 with increased distance, such that there are multiple regions with minimal
infidelity. One contains the target state, but the other lies outside the Bloch sphere.
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Figure 4.12.: Scaling for mixed states with LIN. The initially physical states are of course the
same as in Figure 4.11, and scale with (a) @ = —0.98 +0.02 and (b) —0.71 £+ 0.02 and —1.1 £0.1.
But the initially unphysical states exhibit a quite different behaviour: While not scaling at all
(o =0.00£0.04) for @ = 0°, their infidelity actually “turns around” and gets worse with o = 0.4+0.4

(for mediocre count rates) after starting out with o = —0.59 4 0.04 (for low count rates) for § = 45°.
This causes the average infidelity of all reconstructed states to (a) scale poorly with ov = —0.24+0.10
for low counts and very good («v = —1.02+0.01) for high counts and (b) to scale with v = —0.6740.03
and oo = —1.09 £+ 0.10, respectively, for a misaligned target state.

-2
Tx
0.495 05 0.505

(a) Pure target state

(b) Mixed target state (c) Slightly mixed, section
Figure 4.13.: Illustration of Uhlmann infidelity. The Uhlmann infidelity with respect to a pure
(a) or mixed (b,c) target state (marked by a black cross x). (a) and (b) show the whole Bloch sphere

and use the same color code. (c), however, shows only a small section of the sphere, the color code
is therefore different.
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4.3. Extension to more qubits

Therefore, if the distribution of reconstructed states becomes so small, that the outermost
initially unphysical states can not fall in this second region with minimal infidelity anymore,
the infidelity of these states increases with the number of counts, as seen in the simulations.

4.3. Extension to more qubits

When trying to extend the postselection criterion to multi-qubit states, it is important to
know that it gets increasingly unlikely to obtain an initially physical state by linear inversion,
due to the increasing dimensionality of the Hilbert space. In the case of the pure two-qubit
target states used here,

‘¢§Sep)> ~1® @ U |HH) and (4.14)
i) =1@eUls.) (4.15)

(with the rotation operator U defined above) it is almost impossible because one of the
qubits is aligned with a measurement axis. Therefore, it is not meaningful to discern between
“initially physical” and “initially unphysical” states anymore, as before. Nevertheless, sim-
ulations still show diverging distributions. This section shows how it is possible to discern
states of these distributions for product and entangled states, and analyses which of the single
qubit effects are still there.

4.3.1. Product states

With the target state being a product state, there is still a meaningful choice for a discrimi-
nating criterion, namely partial physicality: If a state is unphysical, but partially tracing out
one of the qubits results in a physical single qubit state, we call the whole state partially
physical. For example, if the target state is a pure product state with § = 45° (i.e. the first
qubit is still aligned with the o,-axis while the second qubit is rotated by 45° in direction of
0z), tracing out the second qubit of a simulated and reconstructed state will almost always
result in an initially unphysical state, as the remaining qubit is aligned with a measurement
axis. In contrast, tracing out the first qubit yields initially physical results approximately
half the time.

And indeed, as seen in Figure 4.14 and Figure 4.15, this criterion works to discern the states
belonging to the two different distributions. We now distinguish three classes of states:
Those that are initially physical, those that are only partially physical and those that are
not partially physical (initially entirely unphysical) states after linear reconstruction. Here,
only two classes are present, as there are no states that are completely physical. With that,
there is actually an astonishing similarity to the single qubit case: Initially unphysical states
exhibit infidelities of the same order of magnitude whether the state is rotated or not and
scale with o = —1, while the (partially) physical states show results with increased infidelity
for a rotated target state. Only the widths of the distribution differ from the single qubit case,
the distribution of initially unphysical states is narrower, while the distribution of partially
physical states is a bit broader.

An interesting fundamental difference between the single qubit and the product state is that
the fitting algorithm used for MLE does intrinsically not change an already physical state in
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(b) MLE, 6 = 45°, N = 10°

Figure 4.14.: Histogram of infidelities for a two-qubit product state. As above, simulated
tomographies with 10% counts per basis using MLE result in a single-peaked distribution for a non-
rotated target state (a), but a split distribution for a state rotated by § = 45° (b). As in the previous
chapter, initially unphysical states are colored red, while the partially physical states are lilac.
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Figure 4.15.: Scaling for pure product states with MLE. Like for a single qubit, the infidelities
of reconstructed states scale with & = —1.00%0.01 for a non-rotated state (a) because all of them are
initially unphysical. Also just like in the single qubit case, there are two diverging distributions for
rotated target states (b). Initially unphysical states are depicted by red triangles >, while partially
physical states are represented by lilac triangles A. They scale with a = —0.99 + 0.02 (and « =
—0.20 £ 0.09 for higher numbers of counts) and o = —0.51 £ 0.01, respectively, resulting in a scaling
of v = —0.52 + 0.01 for the mean over all states, depicted in green circles o.
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4.3. Extension to more qubits

the single qubit case, while here, all states are fitted to the Bloch border since none of them is
already completely physical. The fact that there is still an observable difference between the
distributions points to different classes of fitting behaviour for multi-qubit initially unphysical
states.

Figure 4.15 also shows the flattening of the initially unphysical states as in the single qubit
case, which remains without explanation yet. The discreteness effect can also be seen for
slightly rotated target states (0 = 0.6°), see Figure 4.16. The effect is even more clear when
the partially physical states have been fitted by MLE.

107 107

107 107
T g
. 6 - a6
5 10 s 10
e} Qo
© ©

107 107°

107} 107°

10> 10° 10* 10°  10° 10 10°  10°  10*  10°  10° 10
Counts N Counts N
(a) MLE, 6 = 0.6° (b) LIN, 6 = 0.6°

Figure 4.16.: Discreteness in product states. The effect of discreteness explained in the previous
section is also seen for slightly rotated pure product states. For MLE (a), initially unphysical states
scale with a = —0.96 £ 0.01, while partially physical states scale with o« = —1.00 4 0.06 for low count
rates and with @ = —0.56 + 0.03 for high count rates. When reconstructed linearly (b), initially
unphysical states scale only with @« = —0.47 £+ 0.01. In contrast to the single qubit case, fitting
changes the infidelities of the partially physical states, such that these scale differently for LIN:
a = —0.90 4+ 0.07 for low numbers of counts and o« = —0.50 4= 0.04 for higher numbers.

Mixed product states

The situation changes for mixed product states because initially physical states are possible
now and will occur for large enough numbers of counts. Simulation results for target states
with a fidelity of F = 99.9% to the corresponding pure state with # = 0° and 6 = 45°,
reconstructed with MLE, are shown in Figure 4.17.

Compliant with Ref. [60], the transition from only partially physical to physical reconstruction
results happens in a quite small range of numbers of counts. A flattening of the infidelity
curve can be seen, as in the single qubit case, only that it occurs for partially physical states
and leads to a flat scaling of the infidelity of all states. When performing an experiment,
that means that almost no improvement is seen when using N = 10% counts instead of only
N = 10%, even though measuring N = 10° counts per basis is potentially a hundredfold the
effort!

It is also very interesting that, for mediocre numbers of counts per basis, the fidelity is worse
for states fitted to the state space border by MLE compared to the linearly reconstructed
states, see Figure 4.18. Additionally, the effect due to the (not well defined for unphysical
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Figure 4.17.: Mixed product states reconstructed using MLE. For a non-rotated target state
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(a), there are still initially unphysical results for low counts, scaling poorly with & = —0.4 +0.1. For
mediocre count numbers, there are only partially physical states, first scaling with o = —0.42+0.05,
then flattening to & = —0.08 £ 0.03. At high count rates, initially physical states take over, scaling
with @ = —0.11 £ 0.09 first and, when the distribution enters the state space completely, with
a = —1.07£0.09. All this combined leads to a tripartite scaling behaviour of all simulation results:
First scaling with o« = —0.50 + 0.02, the infidelities level out to o = —0.13 £ 0.05, and join the
initially physical states with o = —1.04 + 0.09 at very high count rates.

Similarly, for the rotated target state (b), the initially unphysical states scale with o = —0.4 + 0.2,
the partially physical states with « = —0.66 + 0.10 at first, then with o = —0.29 4+ 0.03. Again,
initially physical states take over at high count rates, scaling with o = —0.58 & 0.07 first and with
a = —1.0140.04 later. Here, that leads to a combined scaling of o = —0.57+0.02, v = —0.28+0.03,
and o = —1.15 -+ 0.09, respectively.



4.3. Extension to more qubits

states) Uhlmann fidelity as seen in Section 4.2.3 reappears here. Interestingly, that bend
happens before the initially physical states can take over completely and can lead to a short
worsening of the average infidelity with increasing numbers of counts. But, of course, the
states still get better, it is important to keep in mind that this measure is faulty here.

107} 107
107 107}
Y o
_\8/ 6 _\8/ 6
® 107} ® 107}

107} 107°

10° 10° 10* 10° 10° 10 10° 10° 10° 10* 10° 10° 10" 10°
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(a) LIN, 0 = 0° (b) LIN, 6 = 45°

Figure 4.18.: Mixed product states reconstructed using LIN. For the non-rotated target
state (a), infidelities of partially physical states start to scale with & = —0.44 £ 0.04, but then rise
again with o = 0.2 + 0.2. Similarly, for a state far away from the measurement axes (b), infidelities

scale with @ = —0.50 + 0.02 and o = 0.15 £ 0.10, respectively. Here, this can also give rise to
a worsening in the combined infidelity curve. For § = 0° (a), it scales with o = —0.52 £ 0.03,
o =0.1+0.3,and o = —1.1 + 0.4, for low, medium and high numbers of counts, respectively, and
for 6 = 45° (b) with o — —0.57 £ 0.02, 0 = —0.1 £ 0.2 and o = — 1.2+ 0.3,

4.3.2. Maximally entangled states

The postselection criterion introduced for two-qubit product states does not work for entan-
gled states, because a partial trace always leads to a state near the maximally mixed state,
which will almost always be initially physical. Nevertheless, two diverging infidelity distri-
butions are still clearly visible in tomographies of simulated measurement data for a target
state with 8 = 45° and reconstructing the state using MLE, see Figure 4.19.

It is possible to distinguish states belonging to these two distributions by checking the eigen-
values of the linearly reconstructed states. A state is physical if all eigenvalues are positive.
Unphysical density matrices have negative eigenvalues, which may also lead to an eigenvalue
bigger than 1, since the sum of eigenvalues still has to be equal to 1. Here, we call a state
semi physical, when it is unphysical, but the highest eigenvalue is still smaller than 1 (before
a potential fit with MLE). With that criterion, the diverging distributions can be described
very well, see also Figure 4.20. Please note that this criterion could, theoretically, be em-
ployed to discern product states as well. Unfortunately though, it does not work in practice,
as there are partially physical states that are not semi physical and vice versa.

As in the previous cases of single qubit and two-qubit product state, initially unphysical states
scale with 1/N. The flattening of the infidelity curve can be seen for initially unphysical states
fitted by MLE when employing rotated target states. The discreteness effect described above
can be observed as well in simulations using a slightly rotated (§ = 0.6°) target state, see
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Figure 4.19.: Histogram of infidelities for a two-qubit maximally entangled state. As

seen before, simulated tomographies with N = 10° counts per basis using MLE result in a single-
peaked distribution for a non-rotated target state (a), but a split distribution for a state rotated by

0 = 45° (b). As before, unphysical states are colored red, while the states we call semi physical are
lilac.
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Figure 4.20.: Scaling for pure maximally entangled states with MLE. As before, there is
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only a single distribution when using a non-rotated target state (a) (scaling with & = —1.00 +0.01),
but two diverging distributions for 6§ = 45° (b). The semi physical states, denoted by lilac triangles
A, scale with @ = —0.54 + 0.01 in this case, while the initially unphysical states also show the
flattening seen before for single qubits as well as product states: Scaling with v = —1.09 + 0.03 for
low numbers of counts, the infidelities don’t decrease anymore (o = —0.1 £ 0.2) for high numbers of
counts.



4.3. Extension to more qubits

Figure 4.21. As before, discrete possible state reconstruction outcomes lead to an improved
scaling of semi physical states at low count rates.
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(a) MLE, 6 = 0.6° (b) LIN, 0 = 0.6°

Figure 4.21.: Discreteness in maximally entangled states. When using MLE (a), the infi-
delities of the initially unphysical states scale with o = —0.91 £ 0.02, while the semi physical states
scale with @ = —0.9 £ 0.07 and o« = —0.59 £ 0.02 for low and high count rates, respectively. This

results in a bend in the behaviour of the mean infidelity over all states, scaling with oo = —0.93-+0.04
and o = —0.61 + 0.0l. When reconstructing the states linearly (b), the scaling exponents are
a=—048£0.01, a = —0.91 £ 0.08 and o = —0.58 £ 0.03, and v = —0.48 4 0.01, respectively.

Additionally, there is an extra effect that is not appearing in single qubit or product states.
For states rotated by about 6 € [1°,6°], initially unphysical states scale worse for low counts
when reconstructed using MLE, see Figure 4.22. It seems as if the infidelity curves of semi
physical and initially unphysical states would not cross each other. An explanation has not
yvet been found. A better understanding of the criterion to distinguish between semi physical
and unphysical density matrices would, presumably, help to solve the problem.

Mixed entangled states

The infidelities of state tomography with an entangled target state essentially behave as for
product target states. In Figure 4.23, the flatness of the infidelity averaged over all states
can be seen again for the range between N = 10* and N = 10° counts (for a non-rotated
target state). It is also interesting that, when comparing to the linear results (Figure 4.24),
maximum likelihood estimation has a greater benefit on initially unphysical states than it has
on semi physical states, especially for target states not aligned with the measurement basis.
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Figure 4.22.: Additional effect in entangled states. There is an additional bend in the in-

fidelities of initially unphysical states when using a maximally entangled target state rotated by
only a small angle 6 (a), that is not there for a product target state (b). Infidelities scale with
a = —0.74 + 0.11 before steepening again to o = —1.04 + 0.03 for entangled target states, while
scaling with o = —0.98 + 0.01 already at low numbers of counts for product states.
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Figure 4.23.: Mixed entangled states, reconstructed using MLE. Also for entangled states
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aligned with a measurement axis (a), the infidelity of semi physical states levels out for high count
numbers, scaling with a« = —0.66 = 0.11 at first and with o« = —0.12 4+ 0.02 later. Again, initially
physical states take over quickly while scaling with a = 0.0 £+ 0.2, then with « = —1.0+0.2. For low
numbers of counts, there are also initially unphysical states scaling with o = —0.42 + 0.11. All this
leads to exponents o of —0.55 £+ 0.11, —0.14 £ 0.03 and —1.09 + 0.07 for the average over all results
for respective regimes of counts N. For a rotated state (b) exponents « are given by —0.59 4+ 0.09
and —0.12+£0.05, —0.52 £ 0.02 and —0.20 + 0.04, —0.41 £ 0.04 and —1.05 £+ 0.05, and —0.56 = 0.01,

—0.30+0.01, and —1.09 -+ 0.05, for initially unphysical, semi physical, initially physical, and average
over all states, respectively.



4.4. Conclusion
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Figure 4.24.: Mixed entangled states, reconstructed using LIN. When linearly reconstruct-
ing states with 6 = 0° (a), semi physical states exhibit worsening infidelities for low numbers of

counts (o = 0.05 & 0.15), scale better for mediocre count rates (o« = —0.51 £ 0.03) and disap-
pear with o = 0.22 £ 0.08 for high numbers of counts. Initially physical states set in, scaling with
a = —1.04 £0.11. This leads to a scaling exponent o of —0.51 + 0.03, 0.1 + 0.4, and —1.1 + 0.4 for
the average infidelity of all states. For a rotated state (b) exponents « are given by —0.45 + 0.03,
—0.46 + 0.02 and —0.15 4+ 0.08, —0.12 £ 0.13 and —1.01 £ 0.10, and —0.56 £ 0.02, 0.0 + 0.3, and
—1.1 £ 0.3, for initially unphysical, semi physical, initially physical, and average over all states, re-

spectively. Note that, contrary to MLE-fitted states (Figure 4.23), initially unphysical states have
higher infidelity than semi physical states.

4.4. Conclusion

In this chapter, an intuitive understanding of quantum state tomography schemes was devel-
oped. Linear inversion, as well as maximum likelihood estimation, were employed to evaluate
simulated measurements for target states that were differently aligned with respect to the
measurement axes to investigate scaling effects that were observed (and even used) in other
works before. Table 4.1 provides an overview. We discovered that there is often not a single-
peaked distribution describing the fidelities of reconstructed states, but two diverging peaks,
and provided a criterion by which these can be distinguished for single qubit tomography. We
extended this criterion to two-qubit product and maximally entangled states. With the help
of these criteria, multiple astonishing behaviour patterns of infidelity scaling, present in both
single qubit and two-qubit (product as well as entangled) state tomography, can be observed
and described. The best scaling was achieved only for mixed target states deep within the
Bloch sphere and sometimes for initially unphysical state reconstructions that were fitted by
maximum likelihood estimation.

Further work is needed to develop an understanding of the different kinds of unphysicality
discovered here. A satisfactory explanation is still missing for some of the effects we observed,
and the used method could be tested on systems with an even higher dimension, e.g. three-
qubit systems. Maybe there will be even more “classes of unphysicality”, as there are different
kinds of entangled states as well. With that understood, it might be possible to calculate error
regions for tomographical state reconstructions, depending on parameters like the number of
counts, the used method and the reconstructed state’s initial physicality.
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Table 4.1.: Overview of all observed scaling effects. The illustrations show an example plot
of infidelity vs. number of counts. The colors are used as before: denotes

, blue the initially physical states, and red the initially unphysical states.

virdinvidrdrs

Observable for: i. physical states, LIN+MLE, F; =1, 8 < 9°

Seen before: no

Explanation: discrete range of possible measurement outcomes T;
Extension: partially physical product states; semi physical entangled states

Observable for: average of all states, MLE, F; =1, 0 < 9°
Seen before: no
Explanation: bipartite diverging distribution on a log-scale

Extension: product states; entangled states

Observable for: i. unphysical states, MLE, F; =1, 6 € [3°,45°]
Seen before: no

Explanation: none yet

Extension: i. unphysical product states; unphysical entangled states

Observable for: average of all states, LIN+MLE, F; < 1, 6 € [0°,45°]

Seen before: yes, [39]

Explanation: distribution of reconstructed states enters state space entirely
Extension: product states; entangled states

Observable for: i. unphysical states, MLE, F; < 1, 6 € [0°,45°]

Seen before: no

Explanation: i. unphysical state are as far away as state space border
Extension: partially physical product states; semi physical entangled states

Observable for: i. unphysical states, LIN, F; < 1, 8 2 2°

Seen before: no

Explanation: the Uhlmann fidelity is not well defined

Extension: partially physical product states; semi physical entangled states

Observable for: i. unphysical max. entangled states, MLE, F; =1, < 3°
Seen before: no

Explanation: none yet
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5. Conclusion

This thesis consists of two main parts, illuminating different aspects of information extraction
in quantum systems. In the first part, a constructive method to design minimal non-linear
witnesses for genuine multipartite entanglement was derived. Before, there were minimal
witnesses for genuine multipartite entanglement only in rare special cases, without any con-
structive method to design them specifically for a certain state. Besides, constructive, fidelity
based witnesses were known, but they still imposed a lot of experimental effort. Here, it was
shown that it is possible to prove genuine multipartite entanglement with minimal effort,
namely by measuring in only two settings (independent of the number of qubits), for promi-
nent quantum states.

In a proof of principle experiment, we prepared four-qubit GHZ and cluster states in an optical
setup using two entangled photons from a down-conversion source and encoded the qubits on
polarisation and spatial degree of freedom using interferometers. This made the preparation
of GHZ and cluster states as well as superpositions of them possible in a single setup, with
high count rates leading to high state fidelity. We demonstrated full experimental control
by performing full tomographies on all prepared states. Experimental data obtained in only
two measurement settings could indeed be used to prove genuine multipartite entanglement
for all states. Additionally, with data from former experiments, the applicability of our
entanglement criteria could be verified for the four-qubit Dicke and singlet state as well.

Furthermore, this thesis examined the convergence of full quantum state tomography, in
particular focusing on 1/N-scaling and solutions to the problem that measurement results
often lead to density matrices that do not represent a physical state. Simulations done on
single qubit systems were used to analyse how the fidelity of reconstructed states scales with
respect to the number of performed measurements. Both the direct approach to reconstruct
the quantum state, linear inversion, and the more sophisticated maximum likelihood estima-
tion were investigated, as these are two of the most commonly used methods to calculate an
estimate of the density matrix from measurement data.

We found that a postselection criterion can be used to distinguish between different classes
of reconstructed states, helping to interpret the tomography results. That criterion was also
used to describe the effects of tomography on differently oriented states. Seemingly strange
effects that were observed in earlier works could be explained intuitively with the help of the
postselection criterion, which is trivial for the single qubit case. We extended these tools to
both product and entangled two qubit systems, where the criteria are not unambiguous and
trivial anymore, and showed their usefulness for the interpretation of tomography results.

Both the method to construct non-linear witnesses for detecting genuine multipartite entan-
glement and the postselection criteria for quantum tomography could prove to be useful tools
for the extraction of information about quantum systems and play a role in the development
of new protocols for quantum cryptography, quantum computation or quantum metrology.
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A.

Interferometer setup

The process to set up an interferometer as used in Chapter 3 will be described here in more
detail. Keep in mind that the interferometer is more stable the smaller it is built.

to PAB

SV @7

_® G @

bA "@ QWP

O < i
——=EH—1
PBS| °© HWP@ HWP
to PAA

Figure A.l.: Sagnac interferometer setup. The numbers shown besides the components corre-

spond to the order of placement.

To set up an interferometer in a Sagnac configuration as in Figure A.1, follow these steps:

First, adjust the coupler of the incoming fiber (1) such that emitted light runs parallel
to the optical table, e.g. with a pinhole.

Then, place the polarising beam splitter (2). It has to be oriented very accurately, so
assure that the reflected beam is still parallel to the optical table (using the pinhole),
then use horizontally polarised light and minimise the intensity of the reflected part
of the beam to adjust the angle. Pay heed to ghosting effects, i.e. beams reflected off
non-functional surfaces of the PBS.

The prism (3) is next to be set. Use the pinhole again to assure that the height of
the beam stays the same, and position the prism such that there is enough space to
reflect all beams. A small angle with respect to the beam is suggested, such that
back-reflections are kept out of the main beam paths.

Adjust the mirror in the interferometer (4) such that a rough mode overlap is achieved.
It will be fine tuned later, when the other components have been inserted.

The YVOy crystals (5) are used to compensate polarisation dependent phases. First, use
the vertically polarised light from the PBS, an additional polariser and a power meter
to adjust the first crystal. For the second crystal, we need diagonally polarised light, so
another polariser has to be inserted behind the PBS. Check that the polarisation stays
the same when going through the YVO,’s and the prism. See Figure A.2 (a) for the
positioning of additional components.
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e Insert the motorised waveplates (6). Take care that the half-wave plates will not touch
the wrong beam, even if they are rotated by +45°. By using horizontally polarised light
or just blocking mode b of the interferometer, the HWP in mode a and the QWP can
be calibrated. Rotating them and measuring the intensity of light in output A with a
photo diode can be used to find the zero position. Similarly, use vertically polarised
light to calibrate the second HWP. Set all waveplates to their respective zero positions
to continue. See Figure A.2 (b) for illustration.

e Again using diagonally polarised light entering the interferometer, set up the two glass
plates (7) (one of them manually adjustable (G), one motorised (¢)). Now, the contrast
has to be optimised. For that purpose, first fine tune the mode overlap using the mirror
(4), then try to find the point of destructive interference of zeroth order by setting the
angle of glass plate G.

e Couple both interferometer outputs into single mode fibers (8) for spatial filtering. Use
the mirrors to optimise coupling efficiency.

YVO,
! Photodiode

No/P Polanser ~®

Powermetel QWP
(I— \- - ! |
V Polariser H/M Polariser H Pol(mser Bk HW' P _HWP
7" ®
Photodlodc
(a) Adjusting of YVOyq crystals (b) Calibrate motorised waveplates

Figure A.2.: Details on the interferometer setup process. For the calibration of the YVO4
crystals (a), insert a vertical (V) polariser in front of the PBS, only the reflected mode b will be used.
With the first crystal, make sure that the vertically polarised light is still vertically polarised after
the prism, by inserting a horizontal (H) polariser and a power meter. For the second crystal, insert
another polariser behind the PBS to produce diagonally polarised light and check again that the
polarisation stays the same. For calibration of the first motorised HWP and the QWP (b), use only
mode a. First insert the HWP, rotate it while taking a measurement curve with the photo diodes.
The zero position is found by fitting. Then, do the same for the QWP. Use mode b to calibrate the
second HWP.

A.1. Compensation of phases

Polarisation dependent phases are already compensated by the YVO, crystals, but there will
be fluctuations in the path lengths, leading to a phase shift between the two interferome-
ter modes a and b. These fluctuations can be time dependent, e.g. by thermal variations.
Furthermore, there can be a dependence on the settings of the other elements in the inter-
ferometer. The waveplates may not be of exactly equal thickness everywhere, so there can
be a change of phase when the waveplates are rotated. Therefore, before gathering data in
a measurement series, the exact position of the phase compensating glass plate (¢) is deter-
mined. For that purpose, single photons from a white LED and a diagonal (P) polariser are
used instead of the down-conversion photons, in favour of higher count rates. The glass plate
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is then rotated in 100 steps by a total of 14° and the interferometer response is measured. A
typical measurement curve can be seen in Figure A.3.

x10*

Counts
(o))
Counts

0 2 4 6 8' 10 12 - 14 0 2 4 6 8 10 12 14
Angle a of the glass platein  ° Angle a of the glass platein  °
(a) Fit to raw data of detector HA (b) Normalised fits for both detectors, HA and VA

Figure A.3.: Measurement of zero position of glass plate. Here, the waveplates in the
interferometer were set to measure in the x basis (see Table A.1). In that setting, right circular
polarised light emerges from the interferometer in both outputs if the glass plate is at zero position.
When the plate is rotated, the phase difference transforms the polarisation towards plus diagonally
(P) polarised light, then to left circular (L), minus diagonal (M) and back to right circular (R). Since
the waveplates in the analyses are set to separate |P) and |M) polarised photons, the point of half
intensity in the increasing flank of the curve in the HA detector is the zero position of the glass plate.
Data points are indicated by blue crosses +, the fits to outputs of detector HA and VA by red and
blue lines, respectively. Black dots e mark the maximal, minimal, and half intensity points on the
fits. The red dot e marks the zero position of the glass plate in this case.

A fit to the model

1
x1 | cos | 2mnx +x +x
1( ( m 2\/1—sin(a—kﬂsg)Q/nQ—1 4)) >

with the refractive index of the glass plate n = 1.52, the angle of the plate « and the
parameters of the fit z;, is used to determine the respective zero position of the glass plate.
Details on the model can be found in Ref. [61, 62]. Curves like these have to be recorded
for all 3 settings of the waveplates in the interferometer that are to be used for measurement
later. In the analyses, the HWP is set to 22.5°, while the QWP remains at 0°. The only
problem occurs when trying to measure in the setting for the z basis since there would be no
effect when turning the glass plate!. Therefore, two curves are measured, each with a slightly
different angle setting, and the results are interpolated. The zero position of the glass plate
corresponds to either a maximum, a minimum, or the point of half intensity in the flank of
a curve, depending on the settings of the waveplates and the detector, see Table A.1.

A.2. Efficiencies

Per interferometer, 4 detectors are used, having different detection efficiencies. Additionally,
the coupling efficiencies of the single mode fibers behind the interferometer vary for every of

'because there is no interference; photons in mode a remain H-polarised and are transmitted to output A,
photons in mode b are rotated from V- to H-polarisation and are transmitted into output B
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Table A.1.: How to identify the zero position of the glass plate. The zero position of the
glass plate corresponds to the point of half intensity in the increasing flank (HI inc.), the decreasing
flank (HI dec.), the position of the maximum (Max.) or the minimum (Min.), depending on the
respective setting and the used detector.

Settings Basis zero position marked by
HWP; QWP HWP, HA VA HB VB
22.5° 0° 22.5° x HI inc. HI dec. HIinc. HI dec.
0° 45° 0° Y Min. Max. Min. Max.
0° 0° 40° 21 HI inc. - HI inc. -
0° 0° 50° 29 HI dec. - HI dec. -

the 3 different settings of the waveplates in the interferometer, leading to 4 - 3 = 12 different
efficiencies. This can be compensated after a measurement, if the relative efficiencies are
known. They can be determined for each interferometer separately, as only coincidence
events are recorded.

For that purpose, all components in the interferometer, including the glass plate, are set to
the respective setting (see also Table A.1). The white LED with a diagonal polariser is used
as a light source again. Then, for all settings, an equal amount of photons will be present in
the two outputs of the interferometer. The waveplates in the analyses can now be rotated
to guide the photons to either one of the respective detectors. For the y and z bases, the
HWP has to be rotated since linear polarised light is emitted from the interferometer. The
circular polarisation emitted in the x basis has to be rotated by the QWP. Fits to values near
the maximum and the minimum determine the amplitudes of the measurement curves for all
detectors in all settings. The relative efficiencies are given by the relative amplitudes.
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