UNIVERSITAT POTSDAM

MATHEMATISCH-N ATURWISSENSCHAFTLICHE FAKULTAT

Institut fir Physik und Astronomie

CHARACTERIZING AND MEASURING
PROPERTIES OF CONTINUOUS-VARIABLE
QUANTUM STATES

Kumulative Dissertation

Kandidat: Matthias Ohliger

Hauptbetreuer: Prof. Jens Eisert

PoTspAM, Juni 2012



Published online at the

Institutional Repository of the University of Potsdam:
URL http://opus.kobv.de/ubp/volltexte /2012/6292/
URN urn:nbn:de:kobv:517-opus-62924
http://nbn-resolving.de /urn:nbn:de:kobv:517-opus-62924



Abstract

We investigate properties of quantum mechanical systems in the light of quan-
tum information theory. We put an emphasize on systems with infinite-
dimensional Hilbert spaces, so-called “continuous-variable systems”, which are
needed to describe quantum optics beyond the single photon regime and other
Bosonic quantum systems. We present methods to obtain a description of such
systems from a series of measurements in an efficient manner and demonstrate
the performance in realistic situations by means of numerical simulations. We
consider both unconditional quantum state tomography, which is applicable to
arbitrary systems, and tomography of matrix product states. The latter allows
for the tomography of many-body systems because the necessary number of
measurements scales merely polynomially with the particle number, compared
to an exponential scaling in the generic case. We also present a method to
realize such a tomography scheme for a system of ultra-cold atoms in optical
lattices.

Furthermore, we discuss in detail the possibilities and limitations of using
continuous-variable systems for measurement-based quantum computing. We
will see that the distinction between Gaussian and non-Gaussian quantum
states and measurements plays a crucial role. We also provide an algorithm
to solve the large and interesting class of naturally occurring Hamiltonians,
namely frustration free ones, efficiently and use this insight to obtain a simple
approximation method for slightly frustrated systems. To achieve this goals,
we make use of, among various other techniques, the well developed theory
of matrix product states, tensor networks, semi-definite programming, and

matrix analysis.
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Introduction

The advent of quantum information science brought a new way of looking at
quantum mechanics. A property of particular importance is entanglement. In
a nutshell, a state is entangled if it posses correlations which are not possi-
ble within the rules of classical physics. Entanglement was first viewed as a
strange and rather paradox feature of quantum mechanics [1]. In his seminal
paper, Bell introduced an inequality, later named after him, which sets a limit
to the correlations between two systems possible in local, realistic theories [2].
Quantum mechanics, which is non-local, on the other hand, predicts a viola-
tion of Bell’s inequality. Quantum-optical systems were the first to allow for
an experimental test of this fundamental inequality and to confirm the pre-
diction of quantum mechanics [3]. Even though, over the course of the years,
many loop-holes in the experiments have been closed, Bell’s and related in-
equalities remain of crucial importance in the investigation of the foundations

of quantum mechanics.

Quantum effects as resources for information pro-

cessing

In more recent years, the focus of attention has shifted, and entanglement is
not anymore seen as a mere curiosity but as a resource for protocols of in-
formation processing. One central aim of the field of quantum information
theory is to gain insight into the nature of such resource and to learn how
to use them. One of the most remarkable things made possible by quantum
mechanics is the quantum computer. By making use of the specific features
of quantum mechanics, namely superpositions of states and the already men-
tioned entanglement, it is possible to perform computational tasks efficiently
for which no efficient algorithm running on a classical computer exists. The
most important problem in this class is the task of decomposing numbers into

their prime factors for which Shor provided his famous algorithm [4]. Effi-
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ciency here means that the time required for the computation scales at most
polynomially in the number of digits. The ability to factorize large numbers
would bring oneself into the position of breaking the public-key encryption
ubiquitously used on the internet. However, yet another class of quantum
protocols can be used to perform distribution of secret keys which is secure
even against attackers which have access to a quantum computer. Quantum
cryptography using light as a carrier of information has been demonstrated

over large distances and has been even used in real world applications [5].

Measurement-based quantum computing

In the most common paradigm, often called the circuit model, the working
of a quantum computer is rather similar to the functioning of a classical one:
First, the register, consisting of a number of qubits, is initialized in some stan-
dard state. Second, the computation is performed by applying a section of
single-qubit gates and two-qubit gates, the quantum analogue of gates like
NOT and XOR used in classical computers. Finally, the qubits of the register
are measured. The implementation of the gates requires very precise con-
trol of the qubits and is, therefore, very challenging. However, the technique
of measurement-based quantum computing (MBQC) as pioneered by Briegel
and Raussendorff [6] and further developed by Gross et al. [7,8], allows to cir-
cumvent the necessity of performing gates at all. Instead, the computation is
achieved by first preparing a suitable entangled quantum state, the resource,
followed by a sequence of single-qubit measurements in various bases. The
resource state is universal, i.e., it does not depend on the algorithm one wants
to perform. Only the measurement sequence and bases are determined by the
desired algorithm and input. Therefore, the difficult step, i.e., the preparation
of the resource state can be performed off-line while the actual computation
requires only presumably easier single qubit measurements. In this thesis,
we investigate, among other things, what states are resources for MBQC and
what kind of measurements on those states are needed to perform universal
quantum computing. Not completely unexpectedly, there is a “conservation
of difficulties” at work: If one requires the resource to belong to some class of
states which are easy to prepare, one needs more complicated measurements
while if one allows for more elaborate resource states, simpler measurements

suffice.
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Quantum state tomography

If one wants to use a quantum state to perform some task of information
processing as quantum computing or quantum key distribution, it is highly
desirable to know what state is prepared by the actual experimental apparatus.
To full extend, this question is solved by quantum state tomography which
gives a complete description in the most general setting without any prior
assumption at the expense of needing the measurement of a huge number
of observables and a considerable amount of post-processing. The recently
developed method of compressed sensing (CS) notably reduce the required
number of measurements in the important situations where the state are of low
rank or belong to some particular class like ground states of local Hamiltonians
[9,[10L/12]. We improve those techniques substantially such that they can be
applied in a much larger number situations including quantum optical systems

and ultra-cold atoms in optical lattices.

Physical realizations

Such optical lattices are periodic structures which are produced by superim-
posing counter-propagating laser beams in such a fashion that standing waves
ares formed. Ultra-cold atoms placed in such structures can be used to study
quantum many body physics in a much cleaner and more controllable way
than possible in solid-state systems. They allow to realize quantum phase
transitions and can function as a quantum simulator of other systems which
are inaccessible to direct experimentation [11}[13]. We show how to use ex-
perimentally feasible techniques to perform full quantum state tomography of
ultra-cold Bosons in optical lattices by employing our above mentioned newly
developed theory of compressed sensing. To this aim, we also have a closer
look at the commonly used single band Bose-Hubbard model and investigate
under which conditions it constitutes a valid approximation.

Even though optical lattices have the potential to be used as a scalable
quantum computer, the systems used in most of the experiments demonstrat-
ing quantum information processing so far are optical systems. This is mainly
due to the very weak interaction of photons with the environment keeping
the detrimental effects of decoherence low. Continuous-variable states, i.e.,
quantum states beyond the single photon regime, have desirable features con-
cerning production and detection but their theoretical treatment is slightly

hindered because the respective Hilbert spaces are infinite dimensional. We
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provide methods to perform efficient tomography on such systems, to asses
their applicability as resources for MBQC, and to quantify their non-classical
nature.

The dimension of the Hilbert space of a quantum many-body systems, for
reasons of clarity to be assumed to consist of spins, increases exponentially
with the number of particles which is the reason that their straightforward
treatment by means of exact diagonalization is limited to very small systems.
The quantum states occurring in nature, on the other hand, are often described
by only polynomially many parameters. For example, the ground states of
one-dimensional systems containing only local interactions are, generically,
described by matrix product states with slowly growing bond dimension [14],
a fact we use in Chapter[0]to provide a tomography scheme which requires only
polynomially (in the system size) many measurements. In most situations, this
description even efficient to find. For higher-dimensional systems, the situation
is less clear. However, if a nearest-neighbor Hamiltonian is frustration free, i.e.,
its ground state is also the ground state of all of the contributing interaction
terms, it can be efficiently calculated. In Chapter [7] we provide a method to
do this and show that it can be also used as an approximative method for

systems where the frustration is merely weak.

Structure of the thesis

This cumulative thesis is organized as follows. In the first two chapters, we give
an introduction to the main topics of this work. We explain the experimental
and theoretical aspects of continuous-variable quantum optics and the physics
of ultra-cold atoms in optical lattices. We also provide an introduction to the
paradigm of measurement-based quantum computing (MBQC) including the
derivation of a formalism which allows for the description of almost all MBQC
protocols. After this, we shortly discuss quantum state tomography and give
an overview over various methods while focusing especially on compressed
sensing.

The main part of the thesis is formed by five articles which all are either
already printed in or submitted to peer reviewed journals. We also include two
appendices of unpublished material, one introducing and discussing various
methods to quantify the non-Gaussianity and non-classicality of continuous-
variable quantum states and a second one investigating the validity of the
single-band Bose-Hubbard model which is used to describe ultra-cold Bosons

in optical lattices. We end with a summary and a conclusion of the various
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papers and provide some closing remarks concerning this works as a whole as

well as a short outlook.
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Chapter 1

Quantum systems for

information processing

1.1 Continuous-variable quantum states

The building blocks of classical computers are bits which can be either in the
state “0” or “1”. The most straightforward generalization to the quantum
case are systems with two-dimensional Hilbert space H = C? which can be
realized, for example, by the polarization degree of freedom of a single photon.
As single photons are difficult to produce, detect, and manipulate, other classes

like Gaussian states have gained interest.

A single light mode is described by a harmonic oscillator with Hilbert
space H = C™ and energy eigenstates, also called Fock states, |n) for n =
0,1,.... The photon creation and annihilation operators a! and @ act as
af|n) = v/n + 1|n) and a|n) = /n|n — 1) while the number operator 7 = a'a
is diagonal in the Fock basis, i.e., n|n) = n|n). With their help, we can
define the Hermitian position and momentum operators, sometimes also called

quadrature operators,
P=—=(a+al), p=—r(a—a), (1.1)

whose expectation values can be determined by the technique of homodyne
detection which is the quantum optical measurement possessing the highest

achievable accuracy [15].



2 Chapter 1 - Quantum systems for information processing

1.1.1 Wigner function
A single-mode quantum state p € B(H) can be represented by the real Wigner
function depending on two real variables |16]:

Wlep) =5 [ deesp(-int)la+ 3élla- 36 (12

which fulfills [*°_da [*_dpW(z,p) = 1. The probability densities obtained
when measuring position or momentum operators (|1.1)) are given by the mar-

ginals of the Wigner function, i.e.,

Pi(€) = /_ T dpW (. p), (1.3)
P = [ dew(ap) (1.4

Thus, the Wigner function shares features with a probability distribution but
can have regions where it takes negative values. If the Wigner function is
positive everywhere, it constitutes an actual probability distribution and the
measurements of the quadratures are explainable by a classical model. There-
fore, negative Wigner functions are a signature of quantum behavior, and
such states have been produced in experiments which can be certified from
the measurement of Z and p [17]. The definition of the Wigner function
can be extended to systems consisting of N Bosonic modes yielding a function

depending on the vector q = (z1,p1,,...,ZN,PN)-

1.1.2 Gaussian states and operations

A class of states of both theoretical and experimental interest is provided by
states for which the corresponding Wigner function is a Gaussian function. For
a state p € B(H®Y), we define the vector of operators 0= (Z1,D15.-.,21,P1)
which allows us to get the first moments d; = Tr(ij) and the covariance
matrix

i = 2R [(O) — d) (Ox — di)p (L5)

which collects the second moments. Gaussian states are fully determined by
their first and second moments. Gaussian unitary operations, i.e., those map-
ping Gaussian states to Gaussian states are represented on the level of co-
variance matrices as v + SyST with S € Sp(2N,R), where Sp(2N,R) is
the 2N-dimensional real symplectic group. The corresponding unitary opera-

tions in state space are of the form U = exp(iH(O)) where H is a quadratic

polynomial in the quadrature operators or, equivalently, in the creation and
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annihilation operators. As the entanglement properties are independent of the
first moments, we assume all our states to be shifted such that d = 0. The
Gaussian operations fall into two classes: Passive operations do not change the
total mean number of photons and fulfill S7S = 1. They can be decomposed
into a number of single mode optical phase shifters with U¢(—i¢&T&), where
¢ is the angle of rotation, and beam splitters which couple two modes by the

operation

0, 1. it
By = exp [Q(a&m — agal)] , (1.6)

where cos(6/2) is the transmittivity of the beam splitter. In order to be able
to perform any Gaussian unitary, we have to add one active operation, i.e.,
one that changes the mean photon number. This is provided by the single
mode squeezer which can be realized by coupling the mode in question with a

strong laser in a non-linear medium and which transforms the state by
S(6) = exp [ S (a* — )] (1.7)

where r parametrizes the strength of the squeezing. Measurements correspond-
ing to projections on Gaussian states are called Gaussian measurements. Note
that measurements of quadrature operators belong to this class as these states
can be view as displaced, squeezed vacuum states in the limit of infinite squeez-
ing. The covariance matrix of a state after a Gaussian measurement can be

obtained by means of a Schur complement as detailed in Chapter [3]

1.1.3 Limitations of Gaussian states

As N-mode Gaussian states are described by O(N?) parameters, it is intuitive
that they can represent only a tiny fraction of possible states. In Ref. [18],
it has been shown that any protocol which starts with a Gaussian state and
employs only Gaussian unitary operations and Gaussian measurements can be
simulated efficiently, i.e., with polynomial effort in the number of modes NV, on
a classical computer. Thus, a quantum computer relying solely on Gaussian
states, operations, and measurements can not allow for an exponential speed-
up.

There are additional tasks which are impossible when restricting oneself
to the Gaussian world with entanglement distillation being one of the most
important ones: Assume two parties, called Alice and Bob, share a number of
weakly entangled two-mode states. A protocol which transforms those states,
not necessary deterministically, to a fewer number of pairs with higher en-

tanglement, is called entanglement distillation. Such protocols are of vital
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importance for distributing entanglement over large distances. Due to the ef-
fect of noise, the entanglement after the transmission of one part of the pair
might be too little for the desired task, e.g. quantum key distribution, and
distillation must be used. Ref. [19-21] showed that this is impossible when
acting with Gaussian operations and measurements on Gaussian states. How-
ever, when the initial states are allowed to be non-Gaussian, the same class of
protocolls indeed allow for distillation [19,22]. We will see later on in Chap-
ters [3land [ that both measurement-based quantum computing with Gaussian
states and arbitrary measurements on one hand and with arbitrary states and
Gaussian measurements is impossible, thus substantially extending the known

no-go results.

1.1.4 Non-Gaussian states

Because quantum information with only Gaussian states and operations suf-
fers from severe limitations, as discussed above, non-Gaussian states recently
became one focus of continuous-variable quantum optics and quantum infor-
mation. One of the easiest way to prepare a non-Gaussian state, though still
quite challenging experimentally, is to subtract a photon from a squeezed vac-
uum [23]. To this aim, one combines a squeezed state with a vacuum mode on
an imbalanced beam splitter and performs a photon counting measurement on
one of the output ports. Success of the protocol is heralded by the detection

of a single photon and the corresponding state reads

[1g.e) o< (1[1Bp (S(£)[0)1 @ |0)2) . (1.8)

In the limit of vanishing reflectivity, i.e., § — 0, one gets [1p) o< a|S(£)]0).
However, in this limit, also the success probability goes to zero.

Other classes of non-Gaussian states include photon-added thermal states
and squeezed single photons [24,25]. The latter is of particular interest because
it can be used to approximate the Schroedinger cat, or kitten, states which

are a building block of some proposed schemes of quantum computing [26].

1.2 Ultra-cold atoms in optical lattices

The principal drawback of using photons as carriers of quantum information is
their weak interaction with each other. Even though continuous-variable states
allow for the engineering of stronger interaction than states in the single photon
regime, as we see later on, this still motivates to consider systems where the

occurring interactions are stronger. Ultra-cold atoms have this feature. Their
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interaction is short-ranged and by confining the atoms in space, it can be made

considerably strong.

1.2.1 Realization and application of optical lattices

Optical lattices are standing waves created by counter-propagating laser beams.
Due to the Stark effect, ultra-cold atoms, which are brought into this light
field, experience a potential which is proportional to its intensity. Depending
on the sign of the laser’s detuning with respect to the closest transition in the
atom, the potential minimum is either in the minima or the maxima of the
intensity. Assuming the lattice to be translationally invariant and isotropic,

the corresponding effective potential reads

D
V(r) =V sin®(kr,), (1.9)
v=1

where V) is called the lattice depth, k£ the lattice wave number, and D denotes
the number of spatial dimensions. By changing the laser’s intensity, one can
control both the mobility and the effective interaction of the atoms [11], by
using Feshbach resonances, one can also control the atom-atom interaction
strength directly and even change its sign [27]. Those possibilities, unparal-
leled in any condensed matter system, make optical lattices an ideal testbed for
quantum many-body theory for Fermions, Bosons and mixtures of them [28].
In addition to realizing models which are believed to represent systems of
interest occurring in nature, e.g. high-temperature superconductors, optical
lattices are also used to engineer quantum states for information processing
by using super-lattices, i.e., a second laser with a wave-length which is twice as
large, it is possible to periodically vary Vj [29]. This allows to perform quan-
tum gates between neighboring lattice sites and has the potential of preparing
resource states for MBQC.

1.2.2 Bose-Hubbard model

The interaction between spin-polarized, i.e., effectively spinless, ultra-cold
atoms of alkali metals like sodium or potassium, is well approximated by a
contact pseudo-potential. Using the language of second quantization, the to-

tal Hamiltonian can be written as H = JEIO + H; with single particle part

Hy = /dr B (r) (-hzw 4 V(r)> b(r), (1.10)

m
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and an interaction part
iy = g/dr@(r)fﬁf(r)*@(r)@(r). (1.11)

where g is the interaction strength which is positive for a repulsive and negative

for an attractive interaction. One can now expand the field operators as

P(r) =D > win(r)bin (1.12)

i n=0

where [I;i’m lA)JTm

(n is an D-dimensional vector) centered around lattice site j. An often made

| = 6ij0n,m and wjy is the Wannier function of the nth band

approximation, whose applicability and accuracy will be discussed in Appendix
is to approximate the sum over n in by the zeroth term (in this case,
one can omit the band index) and, in addition, neglecting all interactions but
on-site interactions and all hopping processes but those between neighboring
sites. In this limit, one obtains the famous single-band Bose-Hubbard model
30]

Hpy = —J%bfbj +;gm(ﬁi —1) (1.13)
where < i,j > denotes the summation over nearest-neighbor pairs and n; =

l;:ri)l The hopping and interaction parameters J and U are determined by

J—— /dr wi (r) <— RV, V(r)) , (1.14)

2m

U:g/drwi|4, (1.15)

where i and j are arbitrary neighboring sites.

Even though the Bose-Hubbard Hamiltonian is arguably one of the
simplest non-trivial Bosonic model, its physics is very rich. By changing the
ratio between J and U, which can be done by adjusting the lattice depth Vj,
one can realize a quantum phase transition between a delocalized superfluid
(for large J/U) and a localized Mott insulator (for small J/U) which has
been observed in a seminal experiment in 2002 [11]. Due to particle number
conservation, the total atom operator N = Zj nj commutes with Hpy and
a super-selection rule present for massive Bosons forbids the superposition
of states belonging to different eigenvalues of N. Therefore, assuming the
Bose-Hubbard model to be a sufficiently accurate description of the system
present in the experiment under question, the Hilbert space for a given total

atom number is finite dimensional, making tomography at least conceivable.
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Furthermore, for a repulsive interaction, there is an energy penalty for too
many atoms being on the same lattice site which allows to truncate the local
Hilbert space at some maximal occupation number ny,x while still getting a
good approximation.

The Bose-Hubbard model can be generalized in many directions: Interac-
tions beyond nearest neighbors can result in the formation of exotic phases
like super-solids, using atoms with spin degrees of freedom allows to study
effects of magnetism, and adding Fermions can suppress or enhanced super-
fluidity due to interaction effects |28,31,[32]. In Chapter |§|, we give a detailed
description how to perform tomography in a, yet to be defined, efficient fash-
ion while in Appendix [B] the validity of the single-band approximation in the
Bose-Hubbard model is discussed in detail, especially for the situation where

additional Fermions are present in the system.
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Chapter 2

Important protocols in

quantum information

As already mentioned in the introduction, an important part of quantum infor-
mation theory is to explore how the fundamental effects of quantum mechanics
can be turned into protocols for information processing. One example for such
a protocol, which has the largest practical importance at the present time, is
quantum key distribution where two parties want to agree on a common secret
key without a potential adversary being able to obtain knowledge about this.
This key can then be used to encrypt a message between them. We come back
to the question of key distribution in the appendix and focus on two other
protocols in this chapter: Measurement-based quantum computing which al-
lows for the execution of quantum algorithms without controlled interactions
during the computation and quantum state tomography which deals with the

problem of obtaining an accurate description of a quantum state.

2.1 Measurement-based quantum computing

As already discussed in the introduction, measurement-based quantum com-
puting (MBQC) has the potential to make the construction of a scalable quan-
tum computer notably easier compared to the commonly used circuit model.
The universal resource state discovered first was the cluster state described
by Briegel and Raussendorff [6]. On any graph, such a cluster state can be
prepared by placing a qubit in the state |[+) = (1/4/2)(|0) + [1)) on every ver-
tex of the cluster and applying controlled-Z gates, i.e., Cz = diag(1,1,1, —1),
to all pairs of vertexes (also called sites), which are connected by an edge

(also called bond). Gross et al. have developed a formalism based on matrix
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product states (MPS), which allows to describe MBQC using this and other
resources. In the present section, we give a very short introduction into the
formalism while in Chapter [4] we provide a way to generalize this formalism
to make it applicable to continuous-variable systems.

We only consider one-dimensional systems, called quantum wires [33],
which are used to process a single qubit and discuss the issue of coupling
those wires to universal resources in later chapters. Consider a system of L
sites with local Hilbert space dimension d,,. Assume that to any ¢ =1,...,d,,
a D x D complex matrix Ali] is associated, and they fulfill the normalization
relation S22 A[i]tA[i] = 1. Furthermore, let |L), |R) € CP be normalized
state vectors describing the boundary conditions. This defines a translation-

ally invariant matrix product state

dp—1
W)= Y (LIAfir]... Alio] Alid] | R)ipr, ., in). (2.1)

iLyeyi1=0

We now want to know what happens if we perform a projective measurement
on the first lattice site and obtain a result corresponding to a projection to
the state [¢;). Defining BJ[i] := Z;li_olwﬂj)/l[j], the post-measurement state

reads
dp—1

|P) o Z (L|A[ig] ... Ali2] Bli1]|R)|iL, - - . .i2), (2.2)
QL e yin=0

which can be interpreted as an application of B[i1] to the state vector |R),
which is often called the correlation system. To turn this insight into a protocol
for single qubit processing, we need three things: First, by a clever choice of
the measurement bases we want to perform, up to arbitrary accuracy, any
single-qubit gate. Second, we need a basis which initializes the correlation
system and third, we need a way to perform some measurement of this, purely
virtual, correlation system.

As the requirements for this to be possible are extensively discussed later
in this thesis, we only give an example for the most transparent case of the
cluster state for which D = d,, = 2 and the MPS-matrices read A[0] = |+)(0|
and A[1] = |—)(1|]. Here, we already see that that a measurement in the com-
putational basis leaves the correlation system in the state |+) (if the outcome
is “0”) or |—) (if the outcome is “1”). Furthermore, if the correlation sys-
tems is, prior to the measurement, in the state |0) (|1)), one always gets the
outcome “0” (“1”). Thus, the second and the third requirement are already

fulfilled. To see that one can perform any single qubit gate, we define for any
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¢ € [0,27), a basis consisting of

1 1
V2 V2
Let H be the Hadamard gate, Z the Z-gate and S(¢) = diag (1,exp(i¢)) be

the phase gate. Then, the matrices corresponding to a measurement in the

basis ([2.3)) are

[60) = —=(10) + €[1)),  |o1) = —=(|0) — e?[1)). (2.3)

Byl0] < HS(¢), By[l] < HZS(4). (2.4)

As H and S(¢) form a universal gate set, any U € U(2) is reachable up to
an irrelevant global phase factor. As one can not control the measurement
outcomes, undesired additional Z-gates, sometimes called by-products, might
occur. However, this can be undone by additional measurements for ¢ = 0.
The probabilistic nature of quantum measurements results in a varying length
of the computation which is no problem if it is on average still efficient as it

is the case here.

2.2 Quantum state tomography

Quantum state tomography is the task of getting an accurate description of
a quantum state, i.e., the density matrix or, especially when dealing with
continuous-variable systems, the Wigner function. To this aim, one has to
perform measurements, record the frequencies of the various outcomes, and
do some form of post-processing of the obtained data. There are three major
families of tomography protocols: Methods based on direct linear inversion,
maximum likelihood techniques, and ideas based on compressed sensing. We
give a very short introduction while focussing on continuous variable systems

which are most relevant for the present work.

2.2.1 Linear inversion

As discussed above, the Wigner function is a faithful description of the state of
a single harmonic oscillator. Homodyne detection is performed by combining
the mode in question in an interferometer with a strong coherent state, called
the local oscillator, as a phase reference, measure the photon current on both
output ports and subtract them. A parameter 6 can be chosen by shifting the
relative phase between the signal mode and the local oscillator. The obtained

probability distribution of the differences is

po(x) = / dpW(gcosf — psinf, gsinf + pcosb). (2.5)

— 00
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As detailed in Ref. [15], Eq. (2.5) can be inverted as

Wi(q,p) = By /07T de /_O; dz pg(x,0)K(qcosh + psinh — x) (2.6)
where | e
K@) =5 [ delglexsico) (2.7)

is the kernel of integration. Unfortunately, K does only exist as a distribution
and not as a proper function. However, it can be regularized and be used to
reconstruct the Wigner function from recorded data.

Any physical quantum state p must only posses a finite amount of energy
Eean = Tr(pn). This implies, that the matrix elements of p in the Fock basis,
i.e., (m|p|n) must decay to zero for growing m and n. This fact, which is made
quantitative and generalized to the multi-mode case in Chapter [5] allows us
to truncate the Hilbert space at some Fock level N. The matrix elements can

be calculated as
1 T o0 )
(mloln) = 5 46 [~ dopa(a) = fmn(a) explilm =), (28)

where f,, , are called pattern functions which are well behaved and can be
calculated by some recursion relation. We also note that, if the Hilbert space
is truncated at NV, the integral over the phase angle 6 can be replaced by an

average over N + 1 equidistant value of 6.

2.2.2 Maximum likelihood techniques

The probability distributions pg are never known exactly. First, any exper-
iment suffers from decoherence and other inaccuracies. Second, as one can
only perform a finite number of repetitions of the experiment, there is always
statistical noise present. Therefore, the reconstructed density matrix does, in
general contain negative eigenvalues, rendering it unphysical. Maximum like-
lihood methods, which allow to tackle this problem, are one of the standard
methods of obtaining a probability distribution from samples. The key idea is
to find the probability distribution which maximizes the probability to obtain
the recorded measurement result. We shortly sketch how this idea can be used
to perform continuous-variable quantum state tomography [34].

The probability distribution can, for some state p, also be written as
pp(0,2) o Tr(Tlp(x)p) where the operator ITg(z) reads in the Fock basis

([Tl (x)|n) = " 4 (2)hn (@), (2.9)
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where 1, is the nth energy eigenfunction of the harmonic oscillator. Assume
that we have taken m measurements in total and observed data points (6;, x;)
for i = 1,...,m. Then, the likelihood, i.e., the probability that p produces

the given data points is

L= pr(G,x). (2.10)

An iterative method to find the state p which maximizes £, or, more accurately,
a finite-dimensional truncation of p, is the following: Start with an initial
state p(9, e.g. the maximally mixed state. Then apply the iteration p*+1) =

NR(p) ¥ p® R(p(k)), where

Ro)=3 lm (2.11)

and N is chosen such that the state stays normalized. Iterating this procedure,

one converges to the desired result.

2.2.3 Compressed sensing

In many situations where quantum state tomography is performed, the state
in question is not completely arbitrary but close to a state with low rank.
Compressed sensing allows to both reduce the number of measurements needed
to reconstruct the state notably and to make the post-processing much more
efficient [9,10,35,36]. Here, we only present the general idea while developing
a theory of compressed sensing applicable to the most general situation in
Chapter

Let H = C?. The bounded operators (or Hermitian matrices) acting on H,
denoted by B(#), form a d? dimensional Hilbert space with the scalar product,
sometimes called the Hilbert-Schmidt scalar product, (A4, B) = Tr(AB). This
gives a straightforward method to reconstruct an unknown quantum state
p € B(H): Just chose observables {w;, ..., wgz} being an orthonormal basis of
B and measure the expectation values of all of them to obtain p in the basis of
the w;. For a fully general state, one has to determine the expectation value
of d?> — 1 observables. If, on the other hand, rank p = r, the state is described
by only (2d — 1)r — 1 real parameters, which is a great reduction if r < d.

However, how to find the lowest rank state compatible with the measure-
ment results and to check whether the reconstruction is unique is highly non-
trivial even though the algorithm of compressed sensing is quite simple: Let
|| -]/ denote the trace-norm, i.e., the sum over all singular values. From the d?

observable in the basis chose m = Crrdlog? d ones, Wiy - - -, Wj,, uniformly at
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random where C' is a constant and the purpose of k is explained below. Then

measure their expectation values and calculate
6 = argmin,cg|o|; subject to (w;,,0) = (w;,,p)Vk=1,...,m.  (2.12)

This optimization problem can be written as a semi-definite program and,
therefore, be solved efficiently in d. If the observables fulfill a certain incoher-
ence property as provided in Chapter [5] the probability that the reconstruction
fails, i.e., that & # p is smaller than 27%. This is true for any state p. Thus,
compressed sensing allows to reduce the number of necessary measurements
from O(d?) to the almost optimal O(dlog?d). Note that for certain classes of
observables, one can even adapt the algorithm in such a way that it becomes
deterministic [36].

If the mentioned condition is not fulfilled, there are quantum states which
will still need on the order of d?> measurement settings to be reconstructed.
However, as we show in Chapter [5| the described algorithm is useful even in
this case as one can certify its success from the obtained data only. Thus, one
can just try to reconstruct the state from few measurements and just perform

additional measurements when the certification fails.
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We discuss the potential and limitations of Gaussian cluster states for measurement-based quantum computing.
Using a framework of Gaussian-projected entangled pair states, we show that no matter what Gaussian local
measurements are performed on systems distributed on a general graph, transport and processing of quantum
information are not possible beyond a certain influence region, except for exponentially suppressed corrections.
We also demonstrate that even under arbitrary non-Gaussian local measurements, slabs of Gaussian cluster
states of a finite width cannot carry logical quantum information, even if sophisticated encodings of qubits in
continuous-variable systems are allowed for. This is proven by suitably contracting tensor networks representing
infinite-dimensional quantum systems. The result can be seen as sharpening the requirements for quantum error
correction and fault tolerance for Gaussian cluster states and points toward the necessity of non-Gaussian resource
states for measurement-based quantum computing. The results can equally be viewed as referring to Gaussian

quantum repeater networks.
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I. INTRODUCTION

Optical systems offer a highly promising route to quantum
information processing and quantum computing. The seminal
work in Ref. [1] showed that even with linear optical gate
arrays alone and appropriate photon counting measurements,
efficient linear optical computing is possible. The resource
overhead of this proof-of-principle architecture for quantum
computing was reduced, indeed by orders of magnitude, by
directly making use of the idea of measurement-based quantum
computing with cluster states [2-4]. Such an approach is
appealing for many reasons; the reduction of resource overhead
is one, and the clear-cut distinction between the creation of
entanglement as a resource and its consumption in computation
is another. This idea was further developed into the continuous-
variable (CV) version thereof [5-8], which aims at avoiding
limitations related to efficiencies of creation and detection of
single photons. In this context, Gaussian states play a quite
distinguished role, as they can be created by passive optics,
optical squeezers, and coherent states, i.e., the states produced
by a usual laser [9-13]: Indeed, Gaussian cluster states are a
promising resource for instances of quantum computing with
light. Such a CV scheme allows for deterministic preparation
of resource states, while schemes based on linear optics
with single photons require preparation methods which are
intrinsically probabilistic.

In this work, however, we highlight and flesh out some
limitations of such an approach. We do so to clarify the exact
requirements that any scheme for CV quantum computing
based on Gaussian cluster states eventually will have to
fulfill and what quantum error correction and fault-tolerant
approaches eventually have to deliver. Specifically, we show
that Gaussian local measurements alone will not suffice to
transport quantum information across the lattice, even on
complicated lattices described by an arbitrary graph of finite
dimension: Any influence of local measurements is confined
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to a local region, except from exponentially suppressed
corrections. This can be viewed as an impossibility of
Gaussian error correction in the measurement-based setting.
What is more, even under non-Gaussian measurements, this
obstacle cannot be overcome, to transport or process quantum
information along slabs of a finite width: Any influence of
local measurements will again exponentially decay with the
distance. This observation suggests that—although the initial
state is perfectly known and pure—finite squeezing has to
be tackled with a full machinery of quantum error correction
and fault tolerance [14-16], yet developed for this type of
system and, presumably, giving rise to a massive overhead.
No local measurements or suitable sophisticated encodings of
qubits in finite slabs—reminding, e.g. of encodings of the type
of Ref. [16]—can uplift the initial state to an almost perfect
universal resource. To arrive at this conclusion, in some ways,
we explore ideas of measurement-based computing beyond
the one-way model [2] as introduced in Ref. [17] and further
developed in Refs. [18-22]. We highlight the technical results
as “observations” and discuss implications of these results
in the text. While these findings do not constitute a “no-go”
argument for Gaussian cluster states, they do seem to require a
very challenging prescription for quantum error correction and
further highlight the need to identify alternative schemes for
CV quantum computing, specifically schemes based on non-
Gaussian CV states. Small-scale implementations of Gaussian
cluster-state computing, as we will see, are also not affected
by these limitations.

The structure of this article is as follows: In Sec. III we
discuss the concept of Gaussian projected entangled pair states
(GPEPSs), forming a family of states including the physical
CV Gaussian cluster state. In Sec. IV we discuss the impact
of Gaussian measurements on GPEPSs and show that under
this restriction the localizable entanglement in every GPEPS
decays exponentially with the distance between any two points
on an arbitrary lattice. This also has implications for Gaussian
quantum repeaters, which we investigate in detail. Then we
leave the strictly Gaussian stage in Sec. V and present our
main result, showing that under more general measurements

©2010 The American Physical Society
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of GPEPSs, quantum information processing in finite slabs is
still not possible. We discuss requirements for error correction,
before presenting concluding remarks.

II. PRELIMINARIES

A. Gaussian states

Before we turn to measurement-based quantum computing
(MBQC) on CV states, we briefly review some basic elements
of the theory of Gaussian states and operations which are
needed in this article [9—-12]. Readers familiar with these
concepts can safely skip this section. Although the statements
made in this work apply to all physical systems described by
quadratures or canonical coordinates, including, for example,
micromechanical oscillators, we have a quantum optical
system in mind and often use language from this field as
well. Any system of N bosonic degrees of freedom, for
example, N light modes, can be described by canonical
coordinates x, = (a, + ai)/Q”z and p, = —i(a, — a})/2"2,
n=1,...,N, where a, (a)) annihilates (creates) a photon
in the respective mode. When we collect these 2N canonical
coordinates in a vector O = (x1,py, - . . ,Xn, PN ), WE Can write
the commutation relations as [0}, O] = iok, where the
symplectic matrix o is given by

01
7= @ [—1 0] ' )
j=1

Gaussian states are fully characterized by their first and second
moments alone. The first moments form a vector d with entries
dj = tr(O;p), while the second moments, which capture the
fluctuations, can be collected in a 2N x 2N matrix y, the
so-called covariance matrix (CM), with entries

yix = 2Re tr [p(0; — d;)( Ok — dp)l. )

Hence, Gaussian states are complete characterized by d and y .
Gaussian unitaries, that is, unitary transformations acting in
Hilbert space preserving the Gaussian character of the state
correspond to symplectic transformations on the CM. They
in turn correspond to maps y — SyST with SoST =o.
The set of such symplectic transformations forms the group
Sp(2N,R). A set of particularly important example Gaussian
states are the coherent states, for which the state vectors read,
in the photon number basis,

o n
2 o
lor) = 712 ) ——In) 3)
and are described by d = \/E(Re o,Im o) and y = diag(1,1).
Single-mode squeezed states are characterized by lower
fluctuations in one phase-space coordinate. The CM can, in a
suitable basis, then be written as y = diag(x,1/x) withx # 0.

B. MBQC on Gaussian cluster states

The first proposal for MBQC on CV states has been
based on so-called Gaussian cluster states and works in
almost-complete analogy to the qubit case [5-8]. As such,
the formulation is based on “infinitely squeezed” and hence
unphysical states using infinite energy in preparation: It can be
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created by initializing every mode in the p = 0 “eigenstate” of
p (formally an improper eigenstate of momentum, a concept
that can be made rigorous, for example, in an algebraic
formulation [23]). This is the CV analog to the state vector
[+) = (J0) + [1))/2'/? in the qubit case. Then the operation
e'*®* _the analog to the C gate, is applied between all adjacent
modes. This state allows universal MBQC to be performed
with Gaussian and one non-Gaussian measurement. The state
as such is not physical and not contained in Hilbert space. The
argument, however, is that it should be expected that a finitely
squeezed version inherits essentially the same properties.
Replacing them by finitely squeezed ones, we obtain a state
which we call a physical Gaussian cluster state.

III. GPEPS

Projected entangled pair states or tensor product states
have been used for qubits to generalize matrix product states
or finitely correlated states [24,25] from one-dimensional
(1D) chains to arbitrary graphs [26-28]. One suitable way
to define them is via a valence-bond construction: One
can create a state by placing entangled pairs—constituting
“virtual systems”—on every bond of the lattice and then
applying a suitable projection to a single mode at every
lattice site. These projections, often taken to be equal, together
with the specification of the initial entangled states, then
serve as a description of the resulting state. Matrix product
states for Gaussian states (MPSGs) have been studied to
obtain correlation functions and entanglement scaling in 1D
chains [29].

In this work we focus on GPEPSs which can be obtained
from non—perfectly entangled pairs. The bonds we consider
are two-mode squeezed states (TMSSs), the state vectors of
which have the photon number representation

W) = (1 =22 3" |nn), )

n=0

where A € (0,1) is the squeezing parameter. We denote
the corresponding density matrix p,. For A — 1 the state
becomes “maximally entangled,” but this limit is not physical
because it is not normalizable and has infinite energy as
already mentioned. We, therefore, carefully analyze the effects
stemming from the fact that . < 1. The CM of this state reads

cosh(2r) 0 sinh(2r) 0
0 cosh(2r) 0 —sinh(2r)
= . NG
sinh(2r) 0 cosh(2r) 0
0 —sinh(2r) 0 cosh(2r)

where tanh(r/2) = A. This number r is also referred to as the
squeezing parameter when there is no risk of mistaking one for
the other. It is also known that any pure bipartite multimode
Gaussian state can be brought into the tensor product of a
TMSS [10,30] by means of local unitary Gaussian operations,
each having a CM in the form of Eq. (5). Then the largest r in
the vector of the resulting TMSS is referred to as its squeezing
parameter.
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FIG. 1. (Color online) GPEPS on an arbitrary graph, here one
representing a cubic lattice. (a) Connected dots represent two-mode
squeezed states; circles denote vertices where Gaussian projections
are being performed. (b) The resulting GPEPS after local Gaussian
projections have been performed on the virtual systems. Any Gaussian
cluster state can be prepared in this fashion.

We also discuss GPEPSs on general graphs G = (V,E),
as shown in Fig. 1. Vertices G here correspond to physical
systems, and edges E to connections of neighborhood. In
any such graph, d(.,.) is the natural graph-theoretical distance
between two vertices. As we often consider the system of
bonds before the projection operation is performed, we employ
the following notation: We speak of operations on virtual
systems when referring to collective operations on modes
before the projection is applied and often emphasize this
when speaking of a single physical system with Hilbert space
H = L>(R). Note that we also allow for more than one edge
between two vertices in a graph.

When a particular vertex has N adjacent bonds, the
projection map is a Gaussian operation of the form

VHON S A, (6)

This operation can always be made trace preserving
[9,12,31,32], in quite sharp contrast to the situation in the
finite-dimensional setting. This operation is also referred to as
GPEPS projection. This operation can always be realized by
mixing single-mode squeezed states on a suitably tuned beam
splitter, which means that inline squeezers are not necessary
[33]. Note that any such state can also be used as a variational
state to describe ground states of many-body systems and, by
construction, satisfies an entanglement area law [34].

IV. GAUSSIAN OPERATIONS ON A GPEPS

In this section, we discuss Gaussian operations on a GPEPS
and derive some statements on entanglement swapping, the
localizable entanglement, and the usefulness as a resource for
MBQC. Since all measurements are assumed to be Gaussian
as well, this is, as such, not yet a full statement on universality,
but already shows that the natural operation for transport of
logical information in such a Gaussian cluster state does not
work with such local measurements.

A. Localizable entanglement

The localizable entanglement between two sites A and B in
the graph G = (V, E) is defined by the maximal entanglement
obtainable on average when performing projective measure-
ments at all sites but A and B [35]. When we require both the
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initial state and the measurements to be Gaussian [36,37], the
situation is simplified, as the entanglement properties do not
depend on the measurement outcomes [9,12,31,32]. Thus, we
do not need to average, but only to find the best measurement
strategy. To be specific, we measure the entanglement in terms
of the logarithmic negativity, which can be defined as [38-40]

E(p) = log, o™ |11, @)
where T4 denotes the partial transpose with respect to
subsystem A and || - ||; the trace-norm, and we use the natural

logarithm. For a TMSS, E coincides with the squeezing
parameter as E(p,) = r. It is important to note, however, that
this choice has only been made for notational convenience:
In our statements on asymptotic degradation of entanglement,
any other measure of entanglement would also do, specifically
the entropy of entanglement for pure Gaussian states and the
distillable entanglement or the entanglement cost for mixed
states.

We mostly focus on two variants of the concept of local-
izable entanglement: Whenever we allow only for Gaussian
local measurements, we refer to this quantity as Gaussian
localizable entanglement, abbreviated Eg. Then we consider
the situation where we ask for fixed subspaces S4 and Sp in
the Hilbert spaces associated with sites A and B to become
entangled by means of local measurements. We then refer to
subspace localizable entanglement Eg. Both concepts directly
relate to transport in MBQC.

B. Entanglement swapping

The task of localizing entanglement in a PEPS is closely
related to that of entanglement swapping [41]. In this situation
we have three parties, A, B, and C, where both A and B and B
and C share an entangled pair each. Then B, consisting of B;
and By, is allowed to perform an arbitrary Gaussian operation
on its parts of the two pairs, followed by a measurement. The
task is to choose the operation in such a way that the resulting
entanglement between A and B is maximum.

Lemma 1. Optimality of Gaussian Bell measurement for
entanglement swapping of TMSSs. For two pairs of entangled
TMSSs shared between A and B; and between By and C, the
supremum of maximum achievable negativity between A and
C by alocal Gaussian measurement in By, B, is approximated
by the measurement that best approximates a Gaussian Bell
measurement.

We consider the situation of having a TMSS (5)

W am = [Vulag: 1¥mc=|¥ulp e ®)

with some A;,A; > 0 and restricting the operation on B to
be Gaussian. Furthermore, we allow for operations which
do not succeed with unit probability. We have to allow for
general local Gaussian operations and, also, for arbitrary local
additional Gaussian resources, with CM yp on mode Bj3, on
an arbitrary number of modes. The initial CM of the system
hence reads

Y=V DV, DV ()

Without loss of generality, one can assume that one performs
a single projection onto a pure Gaussian state on all modes
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referring to B. Ordering modes to A,C,B;,B;,B3, one can
write the CM in block form as

u v 0
y=|vl w o |, 10)
0 0 VB;

with U referring to A, C and V referring to B;,B,. When
we project the modes B, B, and B; onto a pure Gaussian
state with CM TI', the CM of the resulting state of A and
C, postselected for that outcome, is given by the Schur
complement [9,31,32],

[V 9y gV +F_]VT
e=lo o 0 s 0
an
Any symplectic operation S applied to B before the measure-

ment can, of course, also just be absorbed into the choice of
the CM I". Writing

W 0 r— X Y 12
[0 m]+ _[YT Z]’ (12

one finds that the upper-left principal submatrix of the inverse
can be written as

x v

YTz
again, in terms of a Schur complement expression. Since yp, +
io > 0 and the same holds for the subblock on B; of I', these

matrices are clearly positive. Using operator monotonicity of
the inverse function, one finds that

=(X-vzZ'ly"H, (13)
By, By

xX-vz'vy"y'>o0 (14)
holds, since Y Z~'YT > 0. Therefore,

Ya.c =Vic+ P, (15)

with a matrix P > 0. Here y} . is the CM following the same
protocol, but where I is replaced by an identical CM, but with
Y = 0. To arrive at such a CM is always possible and still
gives rise to a valid CM by virtue of the pinching inequality.
This is still merely the CM of the Gaussian state, subjected
to additional classically correlated Gaussian noise. In other
words, it is always optimal to treat B3 as an innocent bystander
and not to perform an entangling measurement between B; and
B,, on the one hand, and B3, on the other hand: quite consistent
with what one could have intuitively assumed. We can hence
focus on the situation where Bj is absent and we merely project
onto a pure Gaussian state in B} and B;.

It is then easy to see that there is no optimal choice,
but the supremum can be better and better approximated by
considering more and more squeezed TMSSs (or “infinitely
squeezed states” in the first place), that is, on |/, ) in the limit of
A — 1, whichis the CV analog to the Bell state for qudits. This
measurement can be realized by mixing B; and B, on a beam
splitter with reflectivity R = 1/2 and performing homodyne
measurement on both modes afterward (i.e., a projection on
an infinitely squeezed single-mode state being an improper
eigenstate of the position operator). From Egs. (5) and (11)
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with I = y, and performing the limit A — 1, we can calculate
the CM of the resulting state. It has the form of (5), with

1 1 + cosh2rcosh2r;

= ) = — h———M = 16
r= /) 2arcos cosh2r; 4+ cosh2r, (16)

We note that f is symmetric in its arguments and fulfills
f(r1,r2) < min{r,rp} and lim,, . f(r;,r2) = r,. This means
that arbitrarily faithful entanglement swapping is possible
exactly in the limit of infinite entanglement. Otherwise, the
entanglement necessarily deteriorates [41].

To show that this measurement is indeed optimal, we set

I =SysT, a7

where S € Sp(4,R). Calculating the resulting degree of entan-
glement, a direct and straightforward inspection reveals that
E(pa,c) can only decrease whenever we choose S # 1.

C. 1D chain

We now turn to a one-dimensional GPEPS, not allowing
multiple bonds in the valence-bond construction, and are in
the position to show the following observation.

Observation 1. Exponential decay of Gaussian localizable
entanglement in a 1D chain. Let G be a 1D GPEPS, and A
and B two sites. Then

EG(A,B) < cre™A-B)/5 (18)

where c;,§; > 0 are constants. The best performance is
reachable by passive optics and homodyning only.

To prove this, we interpret the preparation projection (6) and
the following measurements of the localizable entanglement
protocol as a sequence of instances of entanglement swapping.
Clearly, to allow for general Gaussian projections is more
general than using (i) the specific Gaussian projection of the
PEPS, followed by a (ii) suitable Gaussian projection onto a
single mode; hence every bound shown for this setting will also
give rise to a bound to the actual 1D Gaussian chain. If d(A, B)
is again the graph-theoretical distance between A and B, we
have to swap k = d(A, B) — 1 times. Defining g(r) = f(r,r;),
where r; is the initial strength of all bonds, and iterating the
argument, we obtain

ras = (g = F(k). (19)

As the negativity is up to a simple rescaling equal to this two-
mode squeezing parameter, the only task left is to show that
F (k) decays exponentially. To do this, we need arcosh(x) =
log,[x + (x> — 1)!/2] and the following relations which hold
for x > 0: cosh(x) > ¢*/2 and cosh(x) < e*. With the help of
these, we can conclude that

Flk+1)/F(k) < Q <1 (20)

fora Q depending only on r;. Thus, F (k) decays exponentially,
which proves Observation 1. Note that to maximize the
entanglement between A and B, we have chosen the supremum
of the maps better and better approximating the projection onto
an infinitely entangled TMSS. Thus, for a specific GPEPS
which is characterized by a fixed map V, the E¢ is generally
lower.
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FIG. 2. (Color online) The situation referred to in Lemma 2.
The strongest bonds before the projection are r; and r,. The most
significantly entangled bond has the strength f(r,r,).

This result has a remarkable consequence for Gaussian
quantum repeater lines: It is not possible to build a 1D quantum
repeater relying on Gaussian states, if only local measurements
and no distillation steps are being used. We show in Sec. V
that even non-Gaussian measurements cannot improve the
performance. If one sticks to the Gaussian setting, also relying
on complex networks does not remedy the exponential decay,
as we see. Of course, non-Gaussian distillation schemes can
be used to realize CV quantum repeater networks.

D. General graphs in arbitrary dimensions

One should suspect that the exponential decay of Eg is a
special feature of the 1D situation and that higher dimensional
graphs would eventually allow localization of a constant
amount of entanglement. In this section we show that this
is not the case. We first need a lemma which follows directly
from our discussion of entanglement swapping.

Lemma 2. Collective operations on pure Gaussian states.
Let pa,p, be a pure Gaussian state on H®2" of n modes, and
0B,,c a pure Gaussian H®>" state, where one part of each
is held by A, B, and C, respectively (see Fig. 2). Let the
maximum two-mode squeezing parameter be r; between A
and B and r, between B and C. Then the maximum two-mode
squeezing parameter achievable with a Gaussian projection in
B between A and C is f(ry,r?).

To prove this, we again use the fact that any two-party
multimode pure Gaussian state can be transformed by local
unitary Gaussian operations on both parties into a product of
the TMSS [10,30]. This is nothing but the Gaussian version of
the Schmidt decomposition. It hence does notrestrict generality
to start from this situation. As already noted, the best strategy
for entanglement swapping between two pairs is a Gaussian
Bell measurement, where the squeezing parameter changes
according to f.

We now allow for global Gaussian operations on all
subsystems belonging to B. We relax this situation to the
following, where we allow for even more general operations:
namely, a local Gaussian operation onto all modes of B, as
well as onto all modes of A and C that are not the two modes
that share the largest r. Clearly, this is a more general map than
is actually considered in the physical situation. This, however,
is exactly the situation already considered: an entanglement
swapping scheme with an unentangled bystander. Hence, we
again find that to project each pair onto a two-mode pure
Gaussian state is optimal. For that, the sequence of projections
better and better approximating an infinitely squeezed TMSS
gives rise to the supremum. Hence, we have shown the
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FIG. 3. (Color online) Partitioning of the graph according to the
shortest path as described in the text. Sites drawn as squares are the
those which lie on the shortest path connecting A and B.

preceding result. Now we can prove a central result of this
work.

Observation 2. Exponential decay of Gaussian localizable
entanglement of a GPEPS in a general graph. Consider a
GPEPS in a general graph with finite dimension and let A and
B be two vertices of this graph. Then there exist constants
¢2,& > 0 such that

EG(A.B) < cpe™ "BV, @n

We take the shortest path between A and B—achieving
the graph-theoretical distance d(A, B)—and denote its vertices
A,vi, ...,V44,8)—1,B. We partition the graph in such a way
that the boundaries do not intersect or touch each other and
every vertex on the shortest path from A and B is contained
in one region, which is called R, (see Fig. 3). Again, we
consider the situation of having TMSSs distributed in the graph
between vertices sharing an edge—a general local Gaussian
measurement on a GPEPS—so the GPEPS projection, now on
several modes, followed by a specific single-mode Gaussian
measurement, can only be less general than a general collective
Gaussian measurement; thus, we again arrive at a bound to the
localizable entanglement in the GPEPS.

Now we face exactly the situation to which Lemma 2
applies. In fact, in each step in each of the parts A, B, and
C, we will have a collection of TMSSs, shared across the cut
of the three regions. If 7 4, is the strongest bond, in terms of the
two-mode squeezing parameter, between R4 and R, and ry,,,
is the strongest bond between R,, and R,,, then the strongest
bond between R4 and R,, is given according to Lemma 2
by f(rav,.rav,). Now we can proceed exactly as in the proof
of Theorem 1—and again, any uncorrelated bystanders will
not help to improve the degree of entanglement—and thus
show Theorem 2. This again has a consequence for quantum
repeaters: Even when an arbitrary number of parties can share
arbitrary many Gaussian entangled bonds, it is not possible
to teleport quantum information over an arbitrary distance, as
shown here.

In fact, using this statement, one can show that any impact
of measurements in terms of a measurable signal is confined
to a finite region in the graph, with / now being a subset
of the graph, except from exponentially suppressed correc-
tions. This region could be a poly-sized region in which
the input to the computation is encoded. The readout of the
quantum computation is then estimated from measurements
in some region O, giving rise to a bit that is the result of
the original decision problem to be solved by the quantum
computation. From the decay of localizable entanglement,
it is not difficult to show that the probability distribution
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FIG. 4. (Color online) Exponential decay of any influence of any
measurements in region / on statistics of measurement outcomes
in region O in the graph-theoretical distance d(/,0) between the
regions.

of this bit is unchanged by measurements in I, except
from corrections that are exponentially decaying with d(1, O)
(see Fig. 4).

Note that concerning small-scale “proof-of-principle” ap-
plications, the arguments presented do not impose a funda-
mental restriction, as they apply only to the situation where
entanglement distribution over an arbitrary number of modes
(or repeater stations) is required. For any finite distance
d(A,B) and required entanglement E(A,B), there exists a
finite minimal squeezing A i, which allows performance of the
task. Only asymptotically will one necessarily encounter this
situation. The result can equally be viewed as the impossibility
of Gaussian quantum error correction in a measurement-based
setting, complementing the results in Ref. [42].

E. Remarks on Gaussian repeater networks

These results of course also apply to general quantum
repeater networks, where the aim is to end up with a highly
entangled pair between any two points in the repeater network
(see, e.g., Ref. [43] for a qubit version thereof). That is, in
Gaussian repeater networks, one will also need non-Gaussian
operations to make the network work, quite consistent with
the findings in Refs. [9,31,32].

F. MBQC

The impossibility of encountering a localizable entangle-
ment that is not exponentially decaying directly leads to a
statement on the impossibility of using a GPEPS as a quantum
wire. Such a wire should be able to perform the following
task [17]: Assume that a single mode holds an unknown qubit
in an arbitrary encoding; that is,

|fin) = |0L) + BI1L). (22)

This system is then coupled to a defined site A, the first site of
the wire, of a GPEPS by a fixed in-coupling unitary operation
which can in general be non-Gaussian. To complete the
in-coupling operation, the input mode is measured in an
arbitrary basis, where we also allow for probabilistic protocols;
that is, the operation does not have to succeed for all
measurement outcomes. Then one performs local Gaussian
measurements on each of the modes. Then, at the end, one
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expects the mode at a single site B to be in the state
vector |Poue) = Ulgin) (or at least arbitrarily close in trace
norm) for any chosen U € SU(2). Note that the length of
the computation, and therefore the position of output mode
B, may vary and that the computational subspace can be
left during the measurement. We want to stress that it is also
possible to consider quantum wires which process qudits or
even CV quantum information, where even on the logical level,
information is encoded continuously. However, the capability
of processing a qubit is clearly the weakest requirement.
Thus, we address this situation only because the corresponding
statements for other quantum wires immediately follow. With
this clarification we can state the following lemma.

Observation 3. Impossibility of using Gaussian operations
on arbitrary GPEPSs in general graphs for quantum wires. No
GPEPS on any graph together with Gaussian measurements
can serve as a perfect quantum wire for even a single qubit.

This is obvious from the previous considerations, as
the measurements for the localizable entanglement and the
incoupling operation commute, and clearly, the procedure is
especially not possible for U = 1. The same argument, of
course, also holds true in general graphs: No wire can be
constructed from local Gaussian measurements in this sense,
again for an exponential decay of the localizable entanglement.
This observation is related to the decay of fidelity when
performing CV quantum teleportation with squeezed vacuum
states, as discussed in Ref. [44]. As mentioned, this statement
can also be refined to having up to exponential corrections of
finite-influence regions altogether.

V. NON-GAUSSIAN OPERATIONS

We now turn to our second main result, namely, that—
under rather general assumptions which we detail below—
Gaussian states defined on slabs of a finite width cannot be
used as perfect primitives for resources for MBQC, even if
non-Gaussian measurements are allowed for: Any influence
of local measurements will again exponentially decay with
distance.

More specifically, we first show that a 1D GPEPS cannot
constitute a quantum wire in the sense of the definition in
Sec. IVF extended to arbitrary measurements. This already
covers all kinds of sophisticated encodings that can be carried
by a single quantum wire, including ideas of “encoding qubits
in oscillators” [16]. We then discuss the situation where an
entire cubic slab of constant width is being used to encode
a single quantum logical degree of freedom and find that
the fidelity of transport will still decay exponentially. Not
even using many modes and coupled quantum wires, possibly
employing ideas of distillation, can this obstacle be overcome
with local measurements alone. That is, we show that Gaussian
states cannot be uplifted to serve as perfect universal resource
states by measurements on finite slabs alone: Frankly, the finite
squeezing present in the initial resources—although the state
is pure and known—must be treated as a faulty state, and
some full machinery of fault tolerance [14,15], which has yet
to be developed for this kind of system, necessarily has to
be applied even in the absence of errors. This contrasts quite
severely with other limitations known for Gaussian quantum
states. For example, while the distillation of entanglement is
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FIG. 5. (Color online) (a) Sequential preparation of a GMPS
state: Each line represents a mode of a unitary tensor network,
whereas each box stands for a Gaussian unitary. For a suitable choice
of Gaussian unitaries, the resulting state is a Gaussian cluster state
being prepared in the valence-bond construction (b).

not possible using Gaussian operations alone, non-Gaussian
operations help to accomplish this task [45].

A. Sequential preparation of 1D Gaussian quantum wires

To make the statement, we first have to introduce another
equivalent way of defining a GPEPS— or, specifically, a
GMPS—in one dimension: It is easy to see that a GMPS
with state vector ) of N modes can be prepared as

N
1) = (@ly4r [ JUYTHV10)2NHD, (23)
j=1

with identical Gaussian unitaries U-/+1 supported on modes
j.j + 1, depicted as gray bars in Fig. 5. This follows
immediately from the original construction in Ref. [24] (see
also Ref. [25]), translated into the Gaussian setting. A detailed
study of sequentially preparable infinite-dimensional quantum
systems with an infinite or finite bond dimension will be
presented elsewhere.

B. Impossibility of transport by non-Gaussian measurements
in one dimension: General considerations

We start by stating the main observation here: Frankly, even
under general non-Gaussian measurements, transport along
a 1D chain is not possible. We refer to the notions of both
localizable entanglement and the probability of transport:
This is the average maximum probability of recovering an
unknown input state in a fixed subspace S of dimension at least
dim(S) > 2 which has been transported through the wire:
Specifically, one asks for the maximum average success
probability of a positive operator-valued measure applied to
the output of the wire that leads to the identity channel up
to a constant, where the average is taken with respect to
all possible outcomes when performing local measurements
transporting along the wire. We see that this probability decays
exponentially with the distance between the input and the
output site.

This decay follows regardless of the encoding chosen.
Note that by no means do we require logical information
to be contained in a certain fixed logical subspace along the
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computation: Only in the first and last steps—when initially
encoding quantum information or coupling to another logical
qubit—do we ask for a fixed subspace. This logical subspace is
even allowed to stochastically fluctuate along the computation
dependent on measurement outcomes that are obtained in
earlier steps of the computation.

Observation 4. Impossibility of using Gaussian 1D chains
as quantum wires under general measurements. Let G be a
one-dimensional GPEPS. Let S be either S = H or a subspace
thereof. Then the probability of transport between any two
sites A and B of the wire satisfies

p < cze B 4)

for suitable constants c3,&3 > 0. This implies that for any
subsets of sites E4 and Ep and for fixed local subspaces,
the entanglement between E4 and Ep that can be achieved
by arbitrary local measurements of all sites except those
contained in E4 and Ep is necessarily exponentially decay-
ing in d(E4,Ep). This also means that, for any two sites
A and B,

Es(A,B) < cqe MBS (25)

for some ¢4 > 0 are constants, even if arbitrary local measure-
ments are taken into account.

We now proceed in two steps. First, it is shown that there
exists no subspace S € H of dimension at least dim(S) > 2
such that V; can be chosen to be unitary, for all j for which
p;j > 0and

;U )10} = p;*V;1w) (26)

for all |¢) € S, where all U is the Gaussian unitary of the
sequential preparation in Eq. (23), where the index of the
mode, and also any label of tensor factors, is suppressed (see
Fig. 6). {|n;)} is an orthonormal basis of H, with j labeling
the respective outcome of the local measurement, possibly a
continuous function. Because the computational subspace S is
allowed to vary during the processing but must be invariant for
the computation as a whole, we have to consider all N steps
in the sequential preparation and all measurements together.
For reasons of simplicity, we present the argument for a wire
consisting of just two sites first and extend it afterward. We

@ [p) o) ® Iﬂf) I?I’I 'I’I
[ vT ] [ U]
i 03(0 = 030
m ) Z [0)(0] [0) (0]
p;" Vi) [ v ] [ U ]

I I I
;)
FIG. 6. (Color online) (a) Network representing a single step of a

sequential preparation of a GMPS; (b) tensor network representation
of (WI{OIUT(1 @ [0)(ODU[0) ).
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define the operator
M =U'1® [0)(0)U 27

and formulate the subsequent lemma.
Lemma 3. Conditions for nondecaying transport fidelity. A
necessary condition for Eq. (26) to be satisfied is that

Wl IM¥)n;) = pj (28)

for all j and all |) € S, with Zj pj = 1and {|n;)} forming
a complete orthonormal basis of H.

To see this, note that the fact that Eq. (26) holds true for
each j for any |) € S means that

Ps(n;|U|0)Ps = p}/* P, 29)

where Ps denotes the projection onto S. Using completeness
of {In;}},

> )il =1. (30)
J

A moment of thought reveals that for any |¢) € S, the latter
denoting the orthogonal complement of S, one has that

Ps(n;|U|¢}|0) = 0. (€2))
‘What is more,

(¢1(n;|U10)Ps =0, (32)
again, for all |¢) € S*. This further means that (see Fig. 6)

(Yl IUTA @ 0)ODU ) In;) = (Wl IMI) ) = pj,
(33)

which proves Lemma 3. Now summing over all measurement
outcomes j in Eq. (33), which is the same as performing the
partial trace (see Fig. 6) with respect to the second mode, we
obtain

(Y11 10)(0DDY) =1, (34)

which in turn implies, together with the preceding, that
Pstr[UT(1® [0)(0DU1Ps = Ps. (35)

But this in turn means that the Gaussian operator try[U 1
[0)(0])U] has at least two spectral values that are identical.
Now it is only possible for a Gaussian operator to have two
equal, nonzero spectral values if the spectrum is flat and
corresponds to an operator that is not of trace class (related to
“infinite squeezing” and “infinite energy,” which was excluded
due to the restriction to proper quantum states with finite
energy).

We now extend the argument to a wire of arbitrary length.
Toward this aim we denote the measurement basis on the
kth site {|n;k) )} and the corresponding probabilities p;k).
Definition (27) is generalized to

M =[U'1 & NIV [0l ® DUIY. (36)
Condition (26) becomes

(@ (1)U 0" =1 (%) vy, 67
k
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where [], Vj(k) is unitary for all sequences of measurement
outcomes and, furthermore, acts trivially on S*. Modifying
also Egs. (32), (33), and (35) in a similar manner and using
the completeness of the N measurement bases {|n§.k))}, we
find that for Eq. (37) to hold, the Gaussian operator O =
tr¥ (M), where tr" denotes the N-fold partial trace (or suitable
tensor contraction), has two equal spectral values, which is not
possible, as already mentioned, and thus, the first step in the
proof is complete.

C. Impossibility of transport by non-Gaussian measurements
in one dimension: Proving a gap

In the second step we now show that Observation 4 holds
if Eq. (26) is not fulfilled. The problem of recovering an
unknown state after propagation through the wire is equivalent
to that of undoing a nonunitary operation. Obviously, it is
a fundamental feature of quantum mechanics that it is not
possible to implement a nonunitary linear transformation in a
deterministic fashion. Since one does not have to correct for
a nonunitary operation in each step, however, the technicality
of the argument is related to the fact that we only have to undo
an entire sequence of nonunitary Kraus operators once.

Assume that we aim to use our wire for the transport of
a single pure qubit. After N steps of transport it will still be
pure but, in general, distorted, due to the application of some
nonunitary operator

(N) (1)
vy=vV. v, (38)

where J = (ji,...,jn) is an index reflecting the entire
sequence of measurement outcomes on the N lattice sites.
To recover the initial state, one has to apply an X ; such that

X;Vy=c/l, (39)

with c¢; € C. The success probability of this recovery opera-
tion, averaged over all measurement outcomes, is nothing but
the probability of transport. It will decay exponentially in N
whenever, for any k, at least a single V](Lk) is not unitary. The
maximal average probability to undo random sequence V; of
Kraus operators is found to be

py = max tr(X, V;pV}X}), (40)

subject to
Xix, =1, (41)
X,V =cl 42)

A moment of thought reveals that this probability of transport
is then found to be

py =Y MIVIVHTIT =3 vV, @3)
J J

where A; (X,) denotes the largest (smallest) eigenvalue.

To show that Observation 4 is true if Vj is not proportional
to a unitary matrix for at least one k can be shown by induction.
Denoting, again, the operators applied by the measurements
of the first N sites by V; and the corresponding operators for
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site N + 1 by {W;}, we get from Eq. (43) that

prat = M (VIWIW, V). (44)
J.j

Before we proceed, we note that it is possible to assume that all
W; and V; are effective 2 x 2 matrices, corresponding to the
situation where the computational subspace S does not change.
If this is not the case, one can account for the fluctuation of
the computational subspace by replacing V; — U;V; (and
performing an analogous replacement for W;) with a suitable
unitary U;. All arguments that follow do not depend on the
choice of this unitary U;. Key to the exponential decay is a
lemma that is proven in the Appendix.

Lemma 4. Bound to eigenvalues of the sum of 2 x 2
matrices. For any positive A, B € C>*2 with [A, B] # 0, there
exists a > 0 such that

A2(A + B) = M(A) + 2a(B) + 6. (45)
If there exists at least one pair (i, j) for which
(W Wi, wiw;1#0, (46)
then also
VWi W v, VIwiw vl # 0, (47)
and we can apply Lemma 4 directly to Eq. (44). If, in contrast,
wiw,.wiw;1=0 (48)

for all pairs (i, j), all Wl.T W; can be simultaneously diagonal-
ized. This means that we can—without loss of generality—
assume that

W/ W, = diag(&,¢). (49)

Because a nonunitary W; exists by assumption, min{|§; — ¢;| :
i =1,2} > 0. In both cases we are provided with a v < 1
such that

prat <Y Aa(VIV)) = vpy, (50)
J

where we have used the completeness relation

S wiw; =1 (51
J

This observation gives rise to the anticipated gap that proves
the exponential decay of the probability of transport and,
therefore, to Observation 4. The exponential decay of the
subspace localizable entanglement follows directly: If there
was a nondecaying localizable entanglement, this could be
used to transport with a high recovery probability, in contrast
to what we have shown. If this were not the case, one could
use the wire to distribute entanglement, which is obviously not
possible.

D. Impossibility of transport by non-Gaussian measurements
in one dimension: Concluding remarks

Note, finally, that even though we have presented Ob-
servation 4 for local projective measurements—which suits
the paradigm of measurement-based computing—the ar-
gument obviously holds true for positive operator-valued
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measurements. The proof is completely analogous, with
b ;Inj)(nj| =1 being replaced by a more general resolution
of the identity.

This argument shows that 1D GPEPSs cannot be used as
quantum wires even when allowing for arbitrary non-Gaussian
local measurements. Note that for this argument to hold,
completeness of the measurement bases are indeed necessary:
For single outcomes, the condition of the output being up
to a constant unitarily equivalent to the input can well be
achieved also for matrices having a different structure; but then
one cannot assure that this is true for each outcome j of the
measurement. This, however, is required to faithfully transport
quantum information. If we allow for a finite rate of failure
outcomes j in individual steps, then the overall probability of
success will asymptotically again become O at an exponential
rate.

E. Gaussian cluster states under arbitrary encodings
and in higher dimensional lattices

One might wonder whether this limitation can be overcome
if a large number of physical modes of a higher dimensional
lattice are allowed to carry logical information. The same
argument, actually, can be applied to a k x k x --- X k xn
cubic slab, as a subset of a D-dimensional cubic lattice, where
one aims at transporting along the last dimension, with local
measurements at each site (Fig. 7). In fact, contracting any
dimension except from the last—so summing over all joint
indices—one arrives at a GMPS with a bond dimension that
is exponential in k. This, however, is a constant. This situation
is hence again covered by a GMPS, as long as one allows
for more than one physical mode and more than one virtual
mode per site. Since the argument in Sec. V B does not make
use of the fact that we have only a single virtual and physical
mode per site: only that now [0y ™) are being fed into the
sequential preparation.

Observation 5. Exponential decay of subspace localizable
entanglement in a higher dimensional lattice. Let G be a one-
dimensional GPEPS, and A and B two sitesinak X k X --- X
k x n slab as a subset of a D-dimensional cubic lattice, and
denote by i, j the last coordinate of sites A and B. Then

Es(A,B) < cpe 40D/E (52)

where c4,&4 > 0 are constants, even if arbitrary local measure-
ments are taken into account.

So even encodings in higher dimensional Gaussian cluster
states do not alter the situation that one cannot transport along

A d(i, )

FIG. 7. (Color online) A slab of a k x n lattice, aiming at using
the second dimension as a quantum wire for quantum computation.
Again, the probability of transport between A and B decays
exponentially with the distance along the last dimension.
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a given dimension, if one wants to think of such slabs as perfect
primitives being used in a universal quantum computing
scheme.

F. Role of error correction and fault tolerance

Observations 2 and 5 show that, under mild conditions,
Gaussian cluster states need not be used as or made almost-
perfect resources by local measurements alone. This consti-
tutes a significant challenge for MBQC with Gaussian cluster
states but does not rule out this possibility. In this section, we
briefly comment on ways that might allow one to overcome
the limitations identified here.

Clearly, it is very much conceivable that this observation
may again be overcome by concatenated encoding in fault-
tolerant schemes, effectively in slabs whose width scales
with the length of the computation: Rather, at the level
of finite encodings, the resource cannot be uplifted to a
perfect resource. The situation encountered here—having pure
Gaussian states—hence has some similarity to noisy finite-
dimensional cluster states built with imperfect operations
[14,15]. Considering the preparation of the quantum wire
and the transport by local measurements as a sequence of
teleportations with not fully entangled resources, this means
that every step adds a given amount of noise to the quantum
information. In finite-dimensional schemes, if this noise
corresponds to an error rate below the fault tolerance, a nested
encoding with an error correction code allows one to perform
computations. The size of the code grows polynomially with
the size of the circuit one wishes to implement. In addition
to this intrinsic error, any physical implementation will, of
course, also suffer from experimental errors which must also be
compensated by error correction schemes. Thus, the combined
error rate must be below the fault-tolerance threshold. It is
therefore possible that recognizing all finite squeezings as full
quantum errors—which has to be done in the light of the
results of the present work—and using suitable concatenated
encodings over polynomially many slabs, there exists a finite
squeezing allowing for full universal quantum computation
with eventual polynomial overhead. The question whether
schemes such as these—or ones where suitable polynomially
sized complex structures are “pinched” out of a large lattice—
that are universal can be constructed remains a challenging
and interesting open question.

G. Ideas on percolation

One possible way forward toward the goal of achieving a
fully universal resource under local non-Gaussian measure-
ments is to think of first performing local measurements at
each site, aiming at filtering an imperfect qubit, C? cluster
from a Gaussian cluster state. Ideally, one would arrive at
the situation on, say, a cubic lattice of some dimension,
where one could extract a graph state [46] corresponding to
having an edge between nearest neighbors with some finite
probability. If this probability py is sufficiently high—higher
than the appropriate threshold for edge percolation—and if one
can ensure suitable independence, an asymptotically perfect
cluster on a renormalized lattice can be obtained [47-49].
When trying to identify such percolation schemes, one does
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not have to rely solely on classical percolation schemes, but
can also make use of more general repeater-type schemes
as in Ref. [50], referred to as quantum percolation (see also
Ref. [48]). To identify such maps, either classical or quantum,
however, appears to be a very challenging task.

One might also ask whether TMSS bonds as such can
be transformed into suitable maximally entangled pairs of
C? ® C? systems. This, however, clearly is the case. Again
applying a result for finite-dimensional systems to infinite-
dimensional ones by making use of appropriate nets of Hilbert
spaces, one finds that given a state vector |y;) of a TMSS
of some squeezing parameter A > 0, the transformation |, )
to (]0,0) + |1,1))/\/§ is possible with a generalized local
filtering on A only, together with a suitable unitary in B, with
a probability of success of [51,52]

p = min[1,2(1 — A?)]. (53)

Hence, whenever A > 1/ ﬁ this transformation can be done
deterministically. This has interesting consequences for quan-
tum repeaters. The protocol performing the transformation
1
[¥2)a,8 = E(IO,O)-HLI)) (54)

can be implemented by combining A with an ancillary system
C, performing a joined unitary transform on A,C, measuring
C, and applying another unitary gate on B classically condi-
tioned on the measurement result.

Butevenif A < 1/ \/5, one can still distill a resource from
a collection of TMSSs distributed in a graph, performing an
argument involving percolation here. This, however, merely
shows that Gaussian states as such can be resources for
information processing. Most importantly, this is not the
resource anticipated, so not the actual GPEPS, but a collection
of suitable TMSS. Thus, non-GPEPS projections cannot be
implemented with linear optics without a massive overhead.
Finally, the eventually created qubit cluster state would be
obtained in a single-rail representation where measurements
in the superposition bases, which are needed for the actual
computation, are experimentally very difficult and require
additional photons. So the question of actual universality of
the Gaussian cluster state, under all fair meaningful ways of
defining a set of rules, remains an interesting and challenging
question.

H. Remarks on 1D Gaussian quantum repeaters

We finally briefly reconsider the question of a quantum
repeater setting based on general non-Gaussian operations. We
have shown that it is not possible to obtain a finitely entangled
state for an arbitrary long 1D GPEPS. However, what is also
true at the same time is that a sequential repeater scheme based
on sufficiently entangled TMSSs before the PEPS projection
does yield a nondecaying entangled bond between the end
points. That is, using only projective local measurements of
each of the sites, one can transform a collection of distributed
TMSSs in a 1D setting into a maximally entangled qubit pair
shared between the end sites. To show this, it suffices to revisit
the situation for three sites, as the general statement on N sites
follows immediately by iteration.
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Now consider the quantum repeater setting and assume for
simplicity that we already have a qubit Bell pair, |¢)4 5, =
10,0y + |1, 1))/\f2, which we want to swap through a TMSS
[¥2)B,,c With A > 1/ /2. We can use the higher, unoccupied
Fock levels of the state vector |¢) 4, 5, as an ancilla to transform
[¥1) B,.c according to Eq. (54). As the final unitary on C after
local operations and classical communication with one-way
classical communication does not change the entanglement,
we can also omit it. As the unitary, the ancilla measurement,
and the final Bell measurement on B, B, are equivalent to a
single projective measurement on By, By, it is possible to swap
entanglement through a physical TMSS perfectly. Needless to
say, this will be a highly non-Gaussian, complicated operation
and will not overcome the limitation of Gaussian cluster states
discussed.

VI. DISCUSSION AND SUMMARY

In this article, we have assessed the requirements for
possible architectures when using Gaussian states as resources
for MBQC and for entanglement distribution by means of
quantum repeater networks. Using a framework of GPEPSs,
we have shown that under Gaussian measurements only,
the localizable entanglement decays exponentially with the
distance in arbitrary graphs. This rules out the possibility
of processing or even transporting quantum information with
Gaussian measurements only.

The preceding results also show that Gaussian cluster
states—under mild conditions of the encoding of logical
information in slabs, rather than general encodings in the
entire lattice—cannot be used as or made perfect universal
resources for MBQC. No information can be transmitted
beyond a certain influence region, and hence, no arbitrarily
long computation can be sustained. Now if one allows for
a higher energy, and hence larger two-mode squeezing, in
the resource states, this influence region will become larger.
In other words, small-scale implementations as proof-of-
principle experimental realizations of such an idea will be
entirely unaffected by this: Any state with finite energy will
constitute some approximation of the idealized improper state
having infinite energy, and its outcomes in measurements will
approximate the idealized ones. However, with this state, one
could not go ahead with an arbitrarily long computation.
This observation shows that Gaussian cluster states are fine
examples of states that eventually allow for the demonstration
of the functioning of a CV quantum computer, possibly
realized using the many modes available in a frequency
comb [5-T7].

Also, we have discussed the requirements for fault tolerance
and quantum error correction for such schemes, yet to be
established, in that any finite squeezings essentially have to
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be considered full errors in a concatenated encoding scheme.
This work motivates further studies of the fault tolerance of
systems with a finite-dimensional logical encoding in infinite-
dimensional systems. But it also strongly suggests that it could
be a fruitful enterprise to further at alternative CV schemes
not directly involving Gaussian states, but other relatively
feasible classes of states, such as coherent superpositions
of a few Gaussian states like the so-called cat states, which
have turned out to be very useful within another computation
paradigm [53]. We hope that this article will contribute to
clarifying the requirements that any architecture eventually
must meet based on the interesting idea of doing quantum
computing by performing local measurements on Gaussian or
non-Gaussian states of light.
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APPENDIX: PROOF OF LEMMA 4
Let A,B € C%*2, with A,B > 0. We set
HAI/ZBI/ZHZ
IED

The inequality ¢ < 1 follows directly from the submultiplica-
tivity of the operator norm, while equality holds if and only if
A and B commute. Rewriting

(AD)

An(A+ B) =tr(A+ B) — 1,(A + B)
=w(A+B)— A+ B, (A2)

we can now use a sharpened form of the triangle inequality
for the operator norm of 2 x 2 matrices in Ref. [54] to
obtain

A(A+ B)=u(A+ B)—||A+ B
> (A + B) — 3(|All + | BI)

+ 5UAl = IBI)* + 41l A2B2 )2 (A3)
If now ¢ < 1, then there exists a § > 0 such that
A2(A + B) > tr(A + B) — (Al — I BII)?
+4IANIBI'? + 8
=t(A+B)— (Al +BID+8 (A4)
= A(A) 4+ A2(B) + 6, (A5)

which proves Lemma 4.
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We present strictly efficient schemes for scalable measurement-based quantum computing using continuous-
variable systems: These schemes are based on suitable non-Gaussian resource states, ones that can be prepared
using interactions of light with matter systems or even purely optically. Merely Gaussian measurements such as
optical homodyning as well as photon counting measurements are required, on individual sites. These schemes
overcome limitations posed by Gaussian cluster states, which are known not to be universal for quantum
computations of unbounded length, unless one is willing to scale the degree of squeezing with the total system
size. We establish a framework derived from tensor networks and matrix product states with infinite physical
dimension and finite auxiliary dimension general enough to provide a framework for such schemes. Since in the
discussed schemes the logical encoding is finite dimensional, tools of error correction are applicable. We also
identify some further limitations for any continuous-variable computing scheme from which one can argue that
no substantially easier ways of continuous-variable measurement-based computing than the presented one can

exist.

DOI: 10.1103/PhysRevA.85.062318

I. INTRODUCTION

To realize a quantum computer in the circuit model, it is
crucial to have precise control over each of the carriers of
quantum information. In addition to keeping the quantum state
of the computer protected from unavoidable noise induced
by the environment, it is necessary to implement suitable
quantum gates, usually in the form of one- and two-qubit
gates. The latter is of particular difficulty, especially when
optical quantum systems are used because their interaction is
either weak or merely induced by measurements.

The paradigm of measurement-based quantum computing
(MBQC) as pioneered by Raussendorf and Briegel [1,2] and
substantially generalized by Gross and Eisert [3,4] allows us
to get rid of the necessity of performing unitary operations to
implement a quantum circuit. Instead, the actual computation
is performed by preparing a multipartite entangled state, the
resource, in a first step followed by adaptively chosen local
measurements on this resource. The important improvement
stems from the fact that the resource is universal, i.e., it can be
prepared independently of the algorithm one wants to perform.
This means that the presumably difficult step, the one which
involves entangling operations, can be performed off-line. This
resource-preparation may also be probabilistic as it is possible
to wait with the implementation of the algorithm until the
resource is available. What is more, individual addressing
in the final read-out step is also required in the circuit
model, so this step does not add any further difficulty to the
scheme.

Quantum computing based on continuous-variable (CV)
quantum optical systems differs from the more conventional
notion based on their discrete analogs in not making use of
single photons as the carriers of quantum information [5,6].
Instead, it relies to a large extent on Gaussian states and their
manipulation. The notable advantage is that Gaussian states
are easier to prepare in the laboratory, the corresponding
interactions are often stronger and easier to accomplish,
and some measurements, e.g., homodyne detection, can be
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performed with an efficiency substantially surpassing the one
of single-photon measurements. However, quantum informa-
tion protocols using Gaussian states only, Gaussian operations,
and Gaussian measurements suffer from serious limitations
as in this setting neither entanglement distillation [7-9] nor
error correction against Gaussian errors [10] is possible.
Also, since one can easily efficiently keep track of first and
second moments, any Gaussian evolution of Gaussian states
can be efficiently simulated on a classical computer [11],
clearly ruling out as the possibility of universal quantum
computing.

MBQC based on Gaussian resource states has been exten-
sively discussed in the literature [12—16] due to several fea-
tures: They are a direct generalization of the well-known qubit
cluster state to the continuous-variable regime, they allow for
universal quantum computing with Gaussian measurements
and a single non-Gaussian one, and they can be prepared with
present-day experimental techniques, as already demonstrated.
However, if they are not formed from idealized infinitely
squeezed states (ones that are not contained in Hilbert space
and would require infinite energy in preparation) but rather
from physical states possessing only finite squeezing, they
suffer from exponentially decaying localizable entanglement.
This limitation, which applies to any Gaussian resource
state irrespectively of the permitted class of measurements
[17], implies that full error correction and the machinery of
fault-tolerant quantum computing [18,19], in parts yet to be
developed for such continuous-variable systems, appears to be
necessary even when both state preparation and measurements
are perfect. Notably, those restrictions only apply when trying
to perform a quantum computation of an unbounded length.
For any finite length, there exists, for any required accuracy,
a physical cluster state such that any quantum operation up to
this length is possible with this accuracy. Because the widely
assumed superior power of quantum computers compared to
classical ones manifests itself most prominently in the scaling
of the runtime with the problem size, the situation of a quantum
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computation with unbounded length is in the focus of attention
in this work.

In addition to schemes based on Gaussian cluster states,
two more classes of schemes relying on CV-quantum optics
have been proposed. The first one is based on superpositions
of coherent states which are called Schrodinger cat states or,
when they have very low amplitude, “kitten” states [20]. They
can be, in approximation, created by subtracting photons from
squeezed states and allow for universal quantum computing by
passive operations such as beam splitters and photon-counting
detection only. However, they also suffer from quite severe
problems: The probabilistic nature of the quantum operations
stemming from the use of nonoverlapping basis elements
seems to be the most fundamental one, giving rise to significant
overheads. The second approach combines the advantageous
features of both discrete and continuous-variable optics
[21,22]. In these schemes, quantum information is carried
by qubits and single-qubit operations are performed directly
on them. Two-qubit operations, in contrast, are performed
by letting both qubits interact with a strong CV-mode, the
qubus.

With this article, we pursue two different, but complemen-
tary, goals: On the one hand, we aim at clarifying the boundary
between settings where CV-MBQC is possible and such
situations where this is not the case. For this reason, we will
develop a general framework capable of describing quantum
computation in the measurement-based paradigm, regardless
of the dimension of the carriers of quantum information.
Within this picture, we can identify some serious limitations
giving rise to challenges that have to be overcome. On the
other hand, we introduce a strictly efficient scheme relying
only on a simple controlled rotation, which can be realized
by an atom-light interaction of the Jaynes-Cummings type or
purely optically by the Kerr effect, for the creation of the
resource. On the measurement side, we require beam splitters,
phase-space displacers, and photon counting measurements.
While this scheme is not fleshed out in all detail of its concrete
physical implementation, it should be clear that quantum
optical implementations of such ideas are conceivable.

The present article is organized as follows: First, we
discuss what operations are possible with continuous-variable
quantum systems and introduce a framework based on matrix
product states (MPS) to describe MBQC in a general setting.
After adiscussion of the properties which a CV-MBQC scheme
needs to posses in order to be called theoretically efficient,
we show the problems of achieving those requirements with
Gaussian measurements on non-Gaussian resource states.
Last, we provide an example for a feasible scheme and
discuss in detail how efficient MBQC can be performed in
this situation.

II. FEASIBLE PRIMITIVES FOR CV
QUANTUM COMPUTING

When performing tasks of quantum information with
continuous-variable quantum optics, different classes of op-
erations are considered to be of different difficulty. This is also
true for measurements where the achievable efficiency greatly
differs among the various methods.

PHYSICAL REVIEW A 85, 062318 (2012)

A. Gaussian operations

Before continuing with the discussion, we remind the reader
of some basic properties of Gaussian states and operations
while also taking the opportunity to set the notation. We
consider a single light mode. The energy eigenvectors of the
unit oscillator are denoted by |n) withn = 0,1, . . .. The annihi-
lation operator @ acts on them according to @|n) = /n|n — 1).
The commutator relation with its adjoint, the creation operator,
is [a,a'] = 1, setting i = 1. The eigenvectors of the photon-
number operator i1 = a'a with flk) = k|k) are called the
number states or Fock states. One can now define the canonical
operators or quadratures as

1
4 = ﬁ(& +ah, )
= —%(& —ah, @)

and for 6 € [0,27] the family of rotated quadrature operators
Go = G cos(9) + psin(6). 3

The latter family of observables is the one that captures
homodyne detection [23]. Gaussian unitaries are the ones
which can be written as U = @D where H contains
no terms in higher than quadratic order in § and p (or,
equivalently, in & and a%). There are three classes of Gaussian
single-mode unitary operators into which all Gaussian unitary
gates can be decomposed. The first ones are corresponding
to the application of the displacement operator D(x) =
exp(aat — a*a) for @ € C. Such a transformation is reflected
in the Heisenberg picture by a map of the form

G+ §++2Rea, )

P> p++2Ima. )

Optically, such a transformation can be realized by mixing the
mode with a second mode, which is in a strong coherent state,
on a beam splitter in the limit of vanishing reflectivity. In the
second one are the transformations generated by the clockwise
rotation operator R(0) = exp(—i61i), which can be realized by
a phase shifter, acting on the canonical operators as § — gy,
P > §o4z/2, While in the last one are those generated by the
squeezing operator

3(€) = exp [%(az - &*2)], ©6)

acting as ¢ — e'q, p+ e " p. The single-mode Gaussian
unitary operations form a (noncompact) group which we
denote by Ug. To complete the set of operators, which
are necessary to implement arbitrary multimode Gaussian
operations, we introduce the (absorption-free) beam splitter
acting on two modes 1 and 2 by

. 0
B=exp [5(@1@2 —aa) ] )

where t = cos(0/2) and r = sin(f/2) are the transmission and
reflection coefficient, respectively.

The Gaussian operations can be divided into two classes:
Phase shifters and beam splitters do not change the total
number of photons and are called passive operations. To
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implement a squeezer or a displacer, on the other hand, one
does need additional photon sources which makes them more
difficult to realize.

B. Other Hamiltonian building blocks

There are also non-Gaussian operations which are within
the realm of present experimental techniques: The cross Kerr
effect gives rise to a nonlinear coupling between two modes;
its Hamiltonian reads

H =i ® hy. ®)
It can be realized by transmitting two modes together through
an optically nonlinear medium. As nonlinear optical effects
are weak and absorption needs to be kept low, the achievable
effective coupling strength is quite small, i.e., t x < 1, where
t is the interaction time. For the most relevant situation,
where one of the modes carries a state with many photons while
the other one is in the single-photon regime, the Hamiltonian
(8) has already been experimentally implemented to perform
quantum nondemolition measurement (QND) [24]. The related
Hamiltonian

H=yx1){1|® ©)

for a positive x describes the coupling of a two-level atom to
a light mode in the dispersive limit of the Jaynes-Cummings
model. In this situation, the effective coupling strength can be
increased by placing the mode and the atom inside an optical
cavity. A particularly strong interaction can be achieved with a
technique known as electromagnetically induced transparency
(EIT), which is routinely used to exchange quantum informa-
tion between between light modes and atomic vapors and for
which also experiments with single atoms exist [25,26].

C. Measurements

We now turn to the kind of measurements that we
will consider feasible for the purposes of this work. The
most important Gaussian measurement scheme is homodyne
dectection, which correponds to the observable gy in Eq. (3).
It is realized by combining the mode with a strong laser,
called the local oscillator, in an interferometer, measuring the
intensities on both output ports and subtracting the results.
Another important type of Gaussian measurement is eight-port
homodyning corresponding to a direct measurement of the Q
function, i.e., Q,(a) = (a|pla) for @ € C, where

la) = e*\a\z/zz%lm (10)
n n!

are the state vectors of the non-orthogonal and overcomplete
coherent states [23].

Non-Gaussian measurements are in many instances more
difficult to realize than Gaussian ones, and usually with
significantly lower detection efficiencies. The most feasible
instance of a non-Gaussian measurement reflects a single-
photon detector which can distinguish only between the
absence of photons and the presence of one or more photons.
The corresponding POVM elements are |0) (0| and 1 — |0)(0].
A photon-number resolving detector is more challenging to im-
plement but, with time-multiplexing [27] or superconducting
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nanowires [28], it is possible to perform photon counting for
the first few number states with reasonable efficiency.

III. FRAMEWORK FOR CV-MBQC

In this section, we introduce a general framework to
describe measurement-based quantum computing. A MBQC
scheme consists of two ingredients: First, a resource state and,
second, a set of possible, or allowed, local measurements. We
start with a description of quantum wires which are used for
single-qudit processing [29] and discuss their coupling to fully
universal resources afterward.

A. Matrix product states

The formalism of matrix product states, which was orig-
inally introduced to describe a certain class of entangled
one-dimensional many-body states [30,31], is extremely use-
ful to capture the essentials of quantum computing in the
measurement-based model [4]. We start by describing one-
dimensional continuous-variable quantum wires which can
be used to carry a single qubit of quantum information. The
techniques we develop are independent of the actual physical
implementation but we will often describe them with terms of
quantum optics and have such a system in mind.

We consider a chain of L quantum systems with dimension
d, which are called lattice sites. We also allow for the
situation d,, = oo which describes CV light modes. We say
that a state is physical if it has finite mean energy, i.e.,
for a single mode: Tr(7ip) < 0o. We choose a basis (or a
countably infinite Hilbert-space basis) {|i) : i = 1,...,d,} of
C%, which we call the computational basis, associate to any
basis element a D-dimensional matrix A[i] € Mp(C), and
write a translationally invariant matrix product state (MPS) as

d,

Z (LIALiL]. .. Ali] AL IR L, - - - i2.d1)s

ip,.iz,ip=l1

V) =

(11

where |L),|R) € CP. This vector space is the one where the
quantum computation will take place and is called correlation
space. The matrices must fulfill the completeness relation

dﬁ
> Al Al =1, (12)
i=1

for rendering deterministic computation feasible.

An important fact is that all physical states can be
approximated arbitrary well by a finite-dimensional MPS. As
any finite-dimensional state can be written as a MPS [31], it
only remains to show that one can truncate states with finite
energy. We write the mean total photon number of a state p
with k modes as

0
Nmean = } (ny+...+ nk)pm ..... TR el
ny,....ng=0

00

> kO A1) D P (13)

Ay Ng=Nmax +1

where the matrix elements of p are the ones of the Fock basis.
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Let pgunk be the non-normalized state obtained from p by

Setting P, ngn;....n, = 0 if one of the indices is larger than

Nmax. This state fulfills
Nmean

Tr(p — < —. 14

(P — Puunc) K + 1) (14)

Denoting the trace norm, which is the relevant norm for the

distinguishability of quantum states, by || - ||;, we get, from

Ref. [32],
2
e — ol <3 (oY as)
k(max + 1)

If we assume the mean photon number (the energy) per
mode to be constant, the truncation error is independent of the
system size. This means, for a given required accuracy, we can
choose a cut-off number n,,c independently of the length of
the intended computation.

B. MPS as quantum wires

We now show how single-qudit MBQC can be performed
with such a matrix product state, following and extending the
line of reasoning used in Ref. [4]. Let us assume that the first
mode is measured in the computational basis with result k.
The remaining system then is described by the state vector

dp
W) o« Y (LIALiL]... A[]AIKIR)ic, . oi2).  (16)

This can be viewed as the action of the matrix A[k] on the
right boundary vector |R). To interpret this as the action
of a quantum gate it is necessary that A[k] is proportional
to a unitary matrix, i.e., A[k]TA[k] = p(k)1, where p(k)
is the probability with which the measurement result k is
obtained. When the measurement basis is continuous, we
denote by p the probability density while P denote the
corresponding probability measure. Because we will also
discuss measurements where the corresponding matrices are
not proportional to unitary ones, we note that the probability in
this more general situation is p(k) = ||A[k]|¥)||%, where |v/)
is the state vector of the correlation system. If the measurement
is not performed in the computational basis but in another one
and the result corresponds to a projection to the state vector
|x), the matrix applied on | R) reads

d,

Aplx] =) (x[i)Ali]. (17)

i=l

Note that the basis B = {|x)} may be continuous and/or
overcomplete and that measurements in such bases naturally
occur in CV-quantum optics. We also allow this basis to consist
of improper eigenstates reflecting an idealized homodyne
detection. We can now already note an almost trivial but very
important necessary requirement for a single-qudit MBQC
scheme: If there exists no allowed measurement basis such
that A[x] is proportional to a unitary matrix for almost all x, it
is not even possible to transport a single D-dimensional qudit.
An equivalent formulation is that p(x) must not depend on the
state vector |{) of the correlation space. If this was the case, a
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) Ul¢)

FIG. 1. Interpretation of single-qudit MBQC as sequential inter-
action with an ancilla. The physical sites are initially in the state vector
| W) and interact with the correlation system through U . Depending on
the measurement results in M, and M, the unitary gate U is applied

on |¢).

measurement would yield information about |v), which would
clearly destroy coherence.

C. Sequential preparation

A possible way of preparing a matrix product state with
bond dimension D is a sequential interaction with a D-
dimensional auxiliary system [31,33]. This picture proves to be
extraordinarily useful when discussing quantum wires. Let the
interaction between this auxiliary system and a local physical
system be described by

U:c’ec* > cloc® (18)

and assume the physical system to be initialized in the state
vector |W). The matrix elements of the MPS matrices then
read

Aliljx = (kI ® ()T (1) ® [¥)). 19)

In this picture, which is sketched in Fig. 1, the correlation
system is identified with the auxiliary system, and a single-
qudit gate is performed by first letting the auxiliary system
interact with a mode in a known state and then measuring
the mode. It is important to note that this picture works
regardless of the actual way the resource state is prepared. For
this reason, we will use the picture of sequential preparation
to be more intuitive while maintaining full generality. For
example, resource states can also arise as ground states of local
Hamiltonians or be prepared by the action of translationally
invariant quantum cellular automata [34,35].

D. Encoding of quantum information in correlation spaces

If the goal is not to process a D-dimensional qudit but only
a d-dimensional one withd < D, the above requirement is too
strong. The d-dimensional space is called the computational
subspace. We introduce the encoding

v.Cc!—> CP (20
with VTV = 1, and the encoded matrices
Bli] = VIA[i]lV, B e MyC). 1)

If they are proportional to unitary matrices for all i, it is
possible to process a single d dimensional qudit. One can
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observe that

(@IVIALLiL] ... Ap[W]VIY) = (@B, lir]. .. By, lir]I¥),
(22)

where |¢),|¥) € C?. The subscripts b; denote the chosen
measurement bases. This means, for all measurements, the
state with the matrices B behaves exactly like the one with the
matrices A. Thus, we can just proceed as if we had a state with
a d-dimensional correlation space from the very beginning.

This situation is not the most general one. The isometry (20)
can depend on the measurement basis and the outcome of the
previous steps. In this case, the computational subspace is not
fixed but changes during the computation. It is reasonable to
demand that at least the initial and the final encoding coincide
so it is possible to work with a fixed in- and out-coupling,
provided by V. In this case Eq. (21) becomes

(@IVIAL, [iL]Vi,  lin1]. .. Vi, [l'l]V;, [i1]Ap [ ]V )
= (¢|Bp,[iL]. .. By [i1]|¥), (23)

where B[i;] = Vljk [ix]ALix] Vi, lik—1]. When several quantum
wires are used to perform a quantum computation, it is also
necessary to demand the changing encoding to return to the
initial encoding given by V, whenever a coupling occurs. If this
was not the case, the couplings would have to depend on the
history of measurements and their results in both of the wires.
This would clearly be against the spirit of a measurement-
based protocol, where all the adaptation lies in the choice of
measurement bases only.

The infinite-dimensional matrix product states used in
this work bear some resemblance to the continuous matrix
product states which were introduced in Refs. [36,37] to
describe one-dimensional bosonic quantum fields. In contrast
to the discrete structure of bosonic modes described here, they
are formulated without an underlying lattice. However, such
c¢MPS can be obtained as a suitable continuum limit from
infinite-dimensional matrix product states. In this limit, only
two independent MPS matrices remain while the rest can be
calculated from them, which is an important difference to the
present situation.

E. Coupling of wires

To go beyond single-qudit processing and achieve quantum
computational universality, wires have to be coupled. Physi-
cally, this can be performed in different ways. One possibility
is to let the auxiliary systems of the sequential preparation
scheme interact. However, this might be very challenging to do
in reality, both when working with atoms, due to the difficulty
of controlling them, and with light, due to weak nonlinear
interaction. For this reason, joint measurements are preferable
to couple two wires which is also shown in Fig. 2. In an optical
situation, this could mean to combine two modes belonging
to two different wires on a beam splitter and measuring both
output ports. This is a broadening of the usual definition of
MBQC where only local measurements are performed while
we now also allow for two local ones. On the other hand,
there also exists a closely related third way which is also
based on the beam-splitter interaction but strictly stays within
the measurement-based paradigm. The idea is to perform the
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FIG. 2. Coupling of two quantum wires. The interaction of two
physical systems through W and the subsequent measurements
(M, and M,) induces a entangling gate on the two correlation
systems.

coupling independently of the executed algorithm according to
some fixed scheme. This step then belongs to the preparation of
the resource while the subsequently performed measurements
are purely local.

Let W be the coupling between the two modes, {|x;)} and
{|x2)} the measurement bases after interaction. The applied
operation then reads

Alxixl = Y (wnl WAL @ LT (24)

iJ

IV. REQUIREMENTS FOR EFFICIENT MBQC SCHEMES

In this section, we give three condition a MBQC scheme
has to fulfill to be called efficient and comment on their
importance. To facilitate the derivation, we restrict ourselves
to the arguably most important case of D = 2 while stressing
that the requirements for universal computing on qudits with
larger dimension are completely analogous. When discussing
requirements, one has to distinguish between two different
notions: One the one hand, there are theoretical requirements,
of the kind that, if they are met, efficient scalable quantum
computing is possible in the absence of noise. Going away
from this idealized situation, on the other hand, two new
features arise. First, in practice, any quantum operation is
affected by noise, which error correction may counter to
some extent. Second, any actual quantum computation is,
needless to say, finite. Thus, the practical requirements that
might be sufficient to sustain a computation may differ
from the theoretical ones. However, as we are primarily
interested in scalable quantum computing, for reasons of
clarity we will focus on the theoretical requirements and
comment on other practical implications whenever it is in
order.

A. Conditions

We start with the theoretical requirements for quantum
wires (which process single qubits) and state the first necessary
condition.

Requirement 1 (Transport). Let |,,) be the state vector of
the correlation system after n steps in the quantum wire when
the initial state vector was |). We say that transport of a single
qubit is possible if there exists some ¢ > 0 such that for all n

Fin := i Ul > > L +e. 25
Urggﬁzr‘rlwl)rlwl [Yn)l” 2 5 +¢ (25)

062318-5




M. OHLIGER AND J. EISERT

Here, U is the best attempt at undoing the action of
the quantum wire on |y). This requirement ensures that
computations are not limited in length. If encodings of single
logical qubits in multiple wires are used, this requirement can
be weakened to 1/ = poly(n).

For universal single-qubit quantum computing to be possi-
ble, it is not enough to merely transport quantum information.
It is also necessary that any one-qubit unitary U € SU,
can be efficiently approximated. Because it depends on the
measurement outcome which operation is applied, we cannot
hope for this to be possible deterministically. Instead, the
measurements induce a random walk on SU, which can be
controlled by choosing the measurement basis in the next
step depending on the gate implemented so far. For efficient
quantum computing, the average number of steps must not
increase too fast with the desired accuracy. We set

Aglk] := pk)~'?Aglk], (26)

where B denotes the measurement basis and define
Aplk] = [ [ A k1. 7)
i=1

Requirement 2 (Single-qubit universality). Let U € SU,
and ¢ > 0. There exits a sequence (possibly adaptive) of bases
B; such that the expectation value for an approximation U =
Ag[k] fulfilling

10 -Ull<e (28)
after at most n measurements in the wire satisfies
1
EMm)=0 |:p01y10g (7>i| . (29)
&
Here, || - || denotes the operator norm, which is the mean-

ingful figure of merit in this case. Of course, single-qubit
operations are not sufficient for universality but an entangling
operation is also needed:

Requirement 3 (Coupling). Denote with

Cz = diag(1,1,1,—1) (30)
the controlled-Z gate. The expectation value for an approxi-
mation Cy fulfilling

ICz —Czll < e 3D

after at most n measurements on both of the quantum wires
involved, where both single-site and two-site measurements
are allowed, must satisfy

E(m)=0 |:p01y10g (é)] . (32)

Requirements 2 and 3 guarantee that every quantum circuit
can be simulated in correlation space with a polylogarithmic
overhead. This is the commonly used requirement in quantum
computing. When one is content with a polynomial overhead,
(29) and (32) can both be relaxed to

E(n) = O [poly (é)] (33)

for some constant ¢ > 0. A computational model fulfilling
only this weaker condition is still of interest when the ultimate
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aim is to perform a quantum algorithm which provides ex-
ponential speed-up over the corresponding classical one (like
Shor’s algorithm). However, whenever the speed-up is only
polynomial (like in Grover’s search algorithm), the stronger
polylog scaling is clearly necessary for the quantum algorithm
to have any advantage. When one aims at the implementation
of constant size quantum circuits only, Requirements 2 and
3 are not necessary as one does not need to implement the
quantum gates to arbitrary accuracy but only to some & > 0
which is determined by the total length of the computation.

The last feature to demand from a MBQC model is the
ability to initialize the correlation system into some known
state and to perform a measurement of the correlation space in
the computational basis.

Requirement 4 (Initialization and read-out). For efficient
initialization of the correlation system to be possible, there
must exist some measurement sequence such that, indepen-
dently from its initial state vector |y),

1Y) — 10} < e. (34)

Here |v,) is the state vector after n steps in the wire and it
must be true that E(rn) = O(polylog(1/¢)).
For read-out, it is necessary that after n steps with

E®) =0 |:p01ylog (%)] 35)

the combined normalized action
1
Aplk] = [ | A, [k;] (36)
j=n

fulfills either || Ag[k] — |0)(0]]| < & or [|Ag[k] — |1){1]] < &.

The first requirement just means that one can approach
one of the computational basis states fast enough, while
the second one ensures an efficient implementation of an
approximative measurement in the computational basis. While
measurement-based computational schemes that do not respect
these requirements may be conceivable in principle, within the
framework presented here they are very natural indeed and
necessary for universal quantum computing.

B. Consequences

In the previous section we have discussed the requirements
aMBQC scheme has to fulfill in order to be called efficient. We
now show some consequences of these requirements, which
will help us find classes of schemes that cannot be efficient and
some that are. This seems an important enterprise in order to
arrive at “no-go results” to identify serious limitations that have
to be circumvented in one way or the other. For many important
situations, Fi,i, in Requirement 1 vanishes exponentially in n
as the following observation shows, which by virtue of the
above statement implies that efficient quantum computing is
not possible.

Observation 5 (Impossibility of transport). Given a basis B,
letC C B, with P(C) > 0.Ifforallx € C, A[x] « U withU €
SU,, transport is impossible when measuring in this basis.
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Proof. We calculate the fidelity

2
Fon() = max  min U x]ALx] 1Y) 6
Ulx1eSU, |¥) p(x)
Because P(C) > 0 and fin(x) < 1 for all x € C, there exists
a nonempty compact interval Z C C such that there is some
8 < 1 with fiin(x) < éforall x € Z. Using an argument from
Ref. [17], one can show that this implies the exponential decay
of Fnin, showing that Requirement 1 is not satisfied. Thus,
for transport to be possible, there must exist a basis such
that almost all measurement outcomes correspond to some
A[x] with A[x]TA[x] « 1. For transport over a fixed length,
Observation 5 does not apply because even if the fidelity decays
exponentially fast, it might be still large enough for the task
under question.

We show a simple sufficient condition, which will be used
later when discussing examples for which Requirement 2 is
true.

Observation 6 (Condition for an efficient random walk).
Assume that for any target gate U € SU, there exists some
basis B and some C C B for any P(C) > p(e) with 1/p(e) =
O (polylog(1/¢)) where ¢ is the desired accuracy. When

I Aslk]l = Ul < & (3%

for all k € C, Requirement 2 is fulfilled.
Proof. The expected number of tries can be bounded by

E(n.) <Y kpe)l — pe)] ' = —
k; p(e)

=0 |:polylog (é)] . 39)

The most important important situation covered by Observa-
tion 6 is the one where the measurements have discrete results
and for every U € SU, a basis exists which contains at least a
single element which fulfills the requirements of Observation
6. Sufficient conditions for initialization and read-out of the
correlation system to be possible are provided by the following
observation:

Observation 7 (Sufficient conditions for Requirement 4).
Let there exist some § > 1 and a basis 53 containing some
subset C C B of “nonunitary measurements.” Assume that

Alx] & Ulx] s 0 (40)
0 sk

for all x € C, where U[x],V € SU,, and s;(x), s2(x) are the
(not necessarily ordered) singular values of A[x] which fulfill
either s1/s, > § or s2/s1 > 4. In this case, efficient read-out
and initialization of the correlation system is possible.

Proof. The situation is most transparent when s,(x) = 0. In
this case, a measurement result x corresponds to a projection
of the correlation space state to the state vector V|0). In
the more general case the measurement is not projective but
merely weak. By performing the unitary operation VU[x],
which is efficiently possible due to Requirement 2, and
repeating the measurement, a projective measurement in the
basis {V'|0), V|1)} can be approximated. This approximation is
efficient, due to the existence of a finite gap between s; and s>
occurring with finite probability. The independence of V of x is
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crucial: If this is not the case, the basis in which the correlation
space measurement will occur cannot be fixed. This will lead
to a destruction of quantum information resulting in a failure of
the MBQC scheme. Initialization of the correlation system in
the state vector |0) can be performed in the very same manner.
One just performs the measurement procedure outlined above
after which the correlation system is in U[x]|0) or U[x]|1),
depending on the outcome. Applying now the gates U[x]' or
XU[x]t, respectively, achieves the required initialization.

V. LIMITATIONS

When devising a MBQC scheme, there are several funda-
mental limitations concerning the use of Gaussian states and
Gaussian measurements. The first important fact is that all
protocols involving only Gaussian measurements on Gaussian
states can be simulated efficiently on a classical computer,
ruling out the possibility for any quantum speed-up [11].
However, for an ideal Gaussian cluster state, universality can
be achieved by adding a single non-Gaussian measurement to
the toolbox [12]. On the other hand, any physical Gaussian
quantum wire, including an one-dimensional Gaussian cluster
state cannot fulfill Requirement 1 even when allowing for
non-Gaussian measurements [17].

A. Controlled Gaussian operations

We now discuss further limitations and consider the
situation where the interaction (18) can be written as

U =10)(0| ® Go + |1){1] ® Gy, (A1)

up to local unitaries on the correlation system, where Go, Gl S
Ug. This class contains states which allow for transport of a
qubit in a wire by Gaussian measurements only. An example
is given by

U = |0)(0] ® exp(—ifi) + |1)(1] ® exp(i6h),  (42)

where 6 > 0 is a parameter characterizing the interaction
strength. Taking a coherent state vector |o) witha € R, > 0
as input, go = V2 cos(0), po = V2 sin(0), a g-quadrature
measurement with result x applies in correlation space

Alx] = diag (€7D ¢ min0=1) 43)

with probability p(x) = exp(—(x — qo)*)//7. Thus, Re-
quirement 1 is fulfilled. However, efficient single-qubit gates
are impossible due to the lack of control. The only possible
measurement (up to squeezing) for which A[x] is unitary
are phase-space displacements followed by ¢g-quadrature
homodyne detection as for all others, the projectors do not
fulfill

(Y @)le’a)| = [(Yx)le " a)l, 44
which implies that the probabilities of the measurements
depend on the state of the correlation system and, therefore,
the applied matrix is not unitary. Writing the displacement as
A=(A; + iAp)/\/Z we get

- . . _L]0+A . _ _q +A,
Alx] = diag (el(Po-*-Ap)(x T‘L)’e i(po—Ap)(x "42{)) (45)

with probability pa(x) = exp(—(x — qo — Aq)z)/ﬁ. Up to
a redefinition go — gqo + A, and some global phase, (45) is
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constant in A, i.e., there is no way of controlling the random
walk, making it impossible to meet Requirement 2. The same
argument holds for any controlled Gaussian operation and for
any Gaussian input state.

When allowing for non-Gaussian input states, some amount
of control is indeed possible, as the following example
shows: Consider the interaction of Eq. (42) together with a
superposition of two different photon numbers as an input,
¥y = (10) + |2))/«/§. Choosing 0 = /4, the postinteraction
state reads

R R
V2 V2

and the normalized matrices A, and A, for the g- and p-
quadrature measurements are

al0)—= (10) — i|2)) + b|1)—= (|0) + i]2)) (46)

A, [x] = diag (7?0 (), 47)
A,[x] = diag ('™ ,e~1?W), (48)

with
¢(x) = arctan 2 - 49)

and

p(x) = (4x* — 4x* + 3) exp(—x*)/(4y/70). (50)

Thus, there exist two Gaussian measurements which allow to
control the random walk but even this control is not enough to
meet Requirement 2. Because this is a general feature of any
MBQC-scheme relying solely on Gaussian measurements we
will discuss it in detail.

B. General resource states with Gaussian measurements

We consider an MPS with D =2 with the continuous
family of matrices A,[x] with x € R. As the projectors
describing eight-port homodyning are not orthogonal, they
will turn the state of the remaining system into a mixed one
when measuring a mode, and we do not need to consider this
measurement. Because all relevant Gaussian measurements
can be expressed as the application of squeezing, rotating, and
displacing, followed by a g-quadrature measurement, we can
write

Ap.a,.0,00x]
= cos(@)Ag[Ax + Ag] + sin@)A,[x/h+ AL (51)

where

A,lql = dx Ag[x]e'* (52)

1
)
and where we have omitted global phase factors. If single-
qubit transport is possible in this wire, we can, without loss of
generality, assume that A, [x] := A 0,0,0[x] is proportional to
aunitary matrix for all relevant x. As both squeezing by a finite
A and shifting in phase space merely results in a redefinition
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of x in Eq. (51), we can restrict ourselves to the discussion of
Ap[x] =cos(0)A,[x]+ sin(0)A ,[x]

dp—1
=Y "y, (0)Aln] (53)
n=0
where ¥, (x) are the energy eigenfunctions of the harmonic
oscillator. We assume that the physical dimension is finite
and discuss the required changes due to an infinite physical
dimension afterward.

We now argue that Requirement 2 cannot be fulfilled in the
present situation:

Observation 8 (Impossibility of control). Let Ag[x] be as in
(53) with finite d,,. Then, there exist some constants C > 0,
A > 0, and gy > 0 such that for all U € SU,, 6 € [0,7], and
all0 < e < g

Py(lAglx] = Ul < ¢) < Ce?, (54)

where Py denotes the probability for the random variable x
which corresponds to a quadrature measurement with angle 6.

If this is true, the expected number of tries to implement
any unitary is bounded as E(n.) > C~!(1/¢)* for 0 < ¢ < &,
and Requirement 2 is not fulfilled. The proof is given in the
appendix.

This result, which can be summarized as “no quantum com-
putation with Gaussian measurements only” is complementary
to the one reported in Ref. [17] which can, in turn, be summa-
rized as “no quantum computing with Gaussian states only.”
These results apply only to the model where all operations
are noiseless and error correction is not performed. Together,
this means that both non-Gaussian states and non-Gaussian
measurements are simultaneously necessary for continuous-
variable MBQC. However, the two limitations differ markedly.
For the former, not enough localizable entanglement exists,
which means that the quantum information gets destroyed
along the wire and transport or teleportation is not possible.
The root of the latter limitation is the insufficient possibility to
control what quantum gate is performed.

C. Infinite-dimensional physical systems

Up to now, we have considered only resource states where
the physical dimension is finite. We demonstrate the difference
between states with and without support on a finite number of
Fock states with the help of an example where the resource
state is described by the matrices

1

VN

with V' = [dx (| f(x)|* + |g(x)|*) to ensure the normaliza-
tion condition

Alx] = (fO1 +igx)Z) (55)

/dx AlxITA[x] = 1. (56)

Both f and g are chosen to be real, even functions. Thus,
also their Fourier transforms f, g are real and the matrices
corresponding to gy are

1 -
——={[(f (x)cos(0) + f(x) sin(®)]1
VN

+i[g(x)cos(f) + §(x)sin(0)]1Z}, (57)

Aglx] =

062318-8




EFFICIENT MEASUREMENT-BASED QUANTUM COMPUTING ...

which are all unitary. If the resource state is finite dimensional,

f. g, f,and g are of the form
h(x) = poly(x) exp(—x>/2) (58)

and the probability for Ag[x] to differ too much from the
desired unitary is too large. If we allow the resource state to
be infinite dimensional, the situation changes. In particular, it
is possible that f(x) = const for |x| < ¢ for some constant
¢ > 0. This allows us to find a resource state where a
g-quadrature measurement implements some gate with a
finite probability. This is a striking example for a qualitative
difference between a proper continuous-variable state and all
of its finite dimensional truncations.

One might now be tempted to use this new insight to
devise a MBQC scheme which allows for theoretically efficient
single-qubit processing with Gaussian measurements only, but
this is impossible. This can be immediately seen by truncating
the state according to (15). The above results then imply
that single-qubit MBQC is impossible when the energy per
mode stays constant when scaling the system. If, on the other
hand, the energy per mode is increased with the length of the
computation, this no-go result no longer holds.

The reasons for the existence of such a severe limitation lies
in the strong notion of efficiency. If Eq. (32) in Requirement 2
is weakened to (33), this restriction is no longer present, and
it is possible to devise a MBQC-scheme based on Gaussian
measurements on a non-Gaussian resource. To do so, one can
take the resource defined by the matrices (43). After changing
the variable and neglecting global phases, one gets

Alx] = S(—pogo)S(—2pox) (59)
with p(x) = exp(—x?)//7, where

S(@) = diaglexp(—i¢/2), exp(i/2)]
= exp(—i¢p/2)diag[1, exp(i )] (60)

is the phase gate. Assume that the target gate is S(¢).
Chose g and py such that & = —gqpy and, therefore, A[0] =
S(0). Using ||S(a) — S(B)|| < | — B|, one can bound the
probability that the distance of the actually implemented gate
to the desired one is larger than ¢ as

P(|Alx] = S@)] > &) < P(12pox| > &) < Cpoe, (61)

where C is some constant. This means it is possible to
approximate an arbitrary phase gate in O(1/¢) steps. Changing
the interaction unitary to contain an additional Hadamard gate
on the correlation space and using the decomposition detailed
below together with the composition law for errors, it is easy
to show that any U € SU; can be approximated in O((1/&)*)
steps.

VI. FEASIBLE, EFFICIENT CV-MBQC SCHEMES

In this section, we present a scheme which allows for
efficient CV-MBQC. The limitations discussed above force
us to use both non-Gaussian resource states and non-Gaussian
measurements. Even though the experimental requirements
for its realization are indeed challenging, the scheme uses
only primitives which all have already been demonstrated to
be feasible in proof-of-principle experiments.
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A. Single-qubit operations
We choose the interaction unitary in Eq. (18) to be

U = (H ® 1)(|0)(0] ® exp(—ifi) + [1)(1] ® exp(i6i)),
(62)

where 0 > 0 is a parameter. We initialize the modes in a
coherent state vector |o) with « > 0. Equation (62) describes a
controlled rotation in phase space. The class of measurements
corresponding to unitary evolution is given by the displaced
photon-counting measurements, i.e., projections onto the state
vector |x,n) := D(x)|n), where x € R. With the help of (10),
the applied gates read

_ e o) 0
Adm=mH|" ] (63)
where
sin(6
$(x) = arctan | 25O (64)
o cos(0) + x
The corresponding probabilities are
2 2 n
px(n) — e—(az+xz+2xcos(9)) (O{ +x7+ yzx COS(Q)) (65)
n!
and fulfill, for every x, the normalization condition

Zn px(n) =1

Any single-qubit unitary operation can be efficiently ap-
proximated with those operations: Every U € SU, can be
written as

U = S(¢1)HS($2)H S(93), (66)

where H is the Hadamard gate and ¢; € [0,27]. Rewriting
this as

U = HS(0)HS(¢1)HS(¢2)HS(¢3), 67

we have decomposed every gate into four applications of (63).
Inverting (64) yields

o sin(@)
tan(¢(x))

To implement S(¢), one only has to choose x such that
—2¢(x)n = ¢ for some small n wheren = 0 and n = 1 suffice
and the former is only needed for ¢ = 0. For any fixed o # 0
and 6 # 0, the maximally necessary shift |x| is bounded and
with (65) there exists a lower bound 0 < py < p,(n) for all
relevant x and n. Using (67), one can see that the probability
to obtain any chosen U € SUj; in four steps is lower bounded
by pg. Thus, the conditions for Observation 6 are fulfilled and
efficient single-qubit processing is possible.

x(¢) = — a cos(0). (68)

B. Coupling of wires
We now turn to the coupling of two wires. Let the two
correlation space qubits be prepared in [Y); = a;|0) + b;|1)
for j = 1,2. Then, the state vectors after the interaction with
the light mode reads

a;|0)e™a) + b;|1)e ). (69)

Displacing now both modes by A, = « cos(f), rotating the
second mode by an angle of 77/2, and setting y = « sin(0), the
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joint state vector becomes

a1a2(0,0)|y)liy) + a1b2|0,1)]y)| — iy)

+b1a2|1,0)] = p)liy) + bib2|1L,1)| = y)| —iy).  (70)
A balanced beam splitter transforms two coherent states as
a+ B\|la—p8
a)|B) — > > (71)
g V2 Il V2

Applying this to (70) yields

aa,|0,0) ‘ (1+1)>’ (1—1)>

+a1b2|0 1 ‘ (l — l)>’ (1 +l)>

+b1a2|10‘f( 1+l)>'\f( 1—l)>
\%7171)>‘—(71+1)> 72)

The matrices corresponding to a photon-counting measure-
ment in both modes with results n; and n, respectively read

+Db1bo|1,1)

_imny i1n i3 iStn)

A[nl,m]_dlag( TFoeT TF e T F e s )

iTnny inny istny

x diag (¢ e F e e, (73)

which is, up to a local unitary, a controlled phase gate, i.e.,

in(n)+7ny) in(3n)+5n))

Alny,ny] = diag (e_f ,e’f)

® diag (1,e” )
x diag (1,1,1,e”immtn)y, (74)

in(6n) —6ny)
£y

If n; + n, is even, A[n,n,] is not entangling, and the local
operations can be efficiently undone as described above.
If ny +n, is odd, a C gate is implemented up to local
corrections. As this situation occurs with finite probability
for any choice of « and 6, this means that Requirement 3 is
fulfilled.

It remains to show that initialization and read-out are
possible. To measure in the computational basis, we shift the
mode after the interaction by A = a(cos(0) — i sin(9)) which
turns the joint state of qubit and mode to

al0)|0) + b|1)|2ic sin(®)). (75)

Counting the photons leads to a matrix fulfilling the conditions
of Requirement 4. Note that there is some asymmetry: If the
counted number of photons is larger than one, the qubit is in
|1). If the result is zero, one has to undo the gate Hdiag (1,—i)
and repeat the procedure. Due to the gap between 1 and
[{(0]2i sin(0))], this is efficiently possible. This concludes the
proof that the proposed scheme is efficient.

As already mentioned, the coupling scheme discussed so far
is not completely in the MBQC paradigm because it involves
the adaptive coupling of sites. However, this is not necessary:
Consider two wires which are coupled every k + 1 sites by
the beam splitter described by Eq. (71). Because C% =1,
two consecutive couplings can be undone by appropriately
choosing local operations between them. From Eq. (65)
it follows that for every block of four sites, there exists
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——0—0—0—0—
—0—0—0—0—0—
——0—0—0— 00—

—0—0—0—0—0—

FIG. 3. Nonadaptive coupling of four quantum wires where the
wiggly lines denote the probabilistic measurement-based C; gate. By
scaling the distance between the single couplings polylogarithmically
in the length of the computation, the total probability of failure can
be made arbitrarily small.

a probability po > O that the desired gate is realized and
probability of failure in at least one of the wires is upper
bounded by 2(1 — pg)*/4. Let n be total number of gates, the
total probability of failure is bounded by

Praiture < 2n(1 — po)/* < cyne™** (76)

for suitable constants ¢; and c,. Thus, for a fixed probability
of success, k has only to grow as k = O(polylog(n)), which
means that the need for two-site measurements can be removed
for the price of a polylog overhead. For a quantum circuit
consisting of more than two wires, as depicted in Fig. 3,
every wire should be alternately coupled to its left and right
neighbor. When the circuits consists of m quantum wire
with all have a length 7, the respective overhead behaves as
k = O(polylog(nm)).

C. Errors

Even if a model fulfills the theoretical requirements it
will still be affected by noise. Thus, error correction will
be necessary to build a scalable quantum computer. In the
scheme presented above, one plausible dominant source of
errors is reflecting the finite efficiency of the photon-counting
measurement needed to perform both single- and two-qubit
gates. If photon loss happens, a “wrong” operation is applied
in the two-dimensional correlation space. When the rate of
these qubit errors is low enough, techniques of error correction
and fault-tolerant quantum computing may be applied to
make a computation with unbounded length possible at the
expense of a polylogarithmic overhead [18,19]. This contrasts
with the errors stemming from the use of finitely squeezed
states in the scheme based on Gaussian cluster states for
which no method of error correction exists yet to achieve fault
tolerance.

In addition to the obvious errors stemming from decoher-
ence and imperfections in the measurement procedure, the
presented continuous variable schemes have an important
additional source of errors. For example, when performing
a shifted photon counting, uncertainty in the parameter of
the shift operator D(x) results in uncertainty of the applied
operator. We now investigate how those errors scale with
the length of the computation. We restrict ourselves to the
single-qubit case while noting that the error analysis for
multiple qubits is completely analogous. Consider the situation
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where the target gate reads U = [[}_, U; while the gate

actually applied is A = []/_, A;. We assume that the error
induced by a single step is bounded, i.e., for all 7,

A = Uill <e. an

If all A; are also unitary, the total error grows linearly in n and
can be bounded as ||A — U|| < ne. If this is not the case, an
tight upper bound to the error is

1A= Ul < ne(l + )", (78)

i.e., it grows, in the worst case, exponentially in n. In the
MBQC-scheme based on Gaussian cluster states as discussed,
e.g.,inRefs. [12—15], the implemented gates are not unitary for
physical resource states, which is the reason for the exponential
decay of the transport fidelity [17].

VII. CONCLUSION

In this work, we have investigated the possibilities provided
by measurement-based quantum computing with continuous-
variable resources. After introducing a framework allowing
for the description of a huge class of possible resource
states, we have clarified which conditions are necessary
for a CV-MBQC scheme to be viable. Those conditions
lead to new limitations. Especially, we have shown that,
without the use of not-yet-developed continuous-variable
error correction, scalable quantum computing with Gaussian
measurements alone is impossible, even if the resource state is
non-Gaussian, complementing the prior result which prohibits
MBQC with Gaussian resources, even if the measurements are
non-Gaussian. As the second main result, we gave an explicit
example of an efficient MBQC scheme where the resource
could be created by a simple interaction between light modes in
coherent states and some qubit degrees of freedom. Processing
is then performed by shifted photon counting while entangling
two-qubit gates rely on simple beam splitters. An analysis of
errors highlighted the qualitative differences of the two major
kinds of errors.

Two major conclusions can be drawn from our findings:
First, continuous-variable measurement based quantum com-
puting is an extraordinarily difficult enterprise. Second, when
non-Gaussian resource states are combined with non-Gaussian
measurements, efficient schemes do exist, and in this work,
we introduce such strictly efficient schemes. While this may
be disappointing when aiming at a scalable optical quantum
computer, one does need to keep in mind that our statements
about efficiency address only the asymptotic behavior. Thus,
the limitation do not at all rule out the usefulness of much
simpler protocols in situations where only a few modes are
used. Such situations include quantum repeaters and hybrid
entanglement-distribution protocols for applications particu-
larly in quantum cryptography. Hence, for such purposes, both
the purely Gaussian setting as well as those non-Gaussian
schemes that asymptotically do not give rise to universal
quantum computing can well be feasible as elementary tools
for entanglement distillation schemes. It is the hope that the
framework established here fosters further such investigations.
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APPENDIX: PROOF OF OBSERVATION 8

To find an upper bound to P(||Ag[x] — U] < &), we first
lower bound the probability that |x| > x( for some suitably
chosen xy. Then, for |x| < xo, we upper bound || Ag[x] — U||
by a polynomial in x and use that the probability for a
polynomial to be larger than & cannot grow too fast for
small ¢.

We calculate

_ Aglx]
Aplx] = Ul > |l —Ull/V2, (AD)
v Po(x)
where | O, = /Zi_j |0;;]? denotes the Frobenius norm. We

now use (53) and the fact that

V() = H ()P,

NVANGS

where H,(x) denotes the nth Hermite polynomial. We also
use 0 < 4/x < x+1 and that py(x) is upper bounded by
a constant independent of 6. This allows us to find non-
negative polynomials fy ¢ and gy, where the coefficients
are continuous functions of U and 6 with || Ag[x] — U| >
fue(x)/gu.e(x). As the probability density py(x) is of the
form pg(x) = poly(x) exp(—x?) we get

Py |:|x| > C;In (&)] <e¢
&

for some suitable C; > 0, C; > 0. Now we assume that |x| <
Cilog(Cy/e). In this case, gy g can be upper bounded by
C3(Cylog(Cy/¢e))" for some C3 > 0 and some even r. Note
that the maximal degree of all polynomials only depends on
d,. Assume that fy ¢ has M zeros xi,...,xy. Around any
of these zeros, fi ¢ can be lower bounded by Cy(x — x;)* for
some C4 > 0 and some even s. Using this and (A3), we chose
some &g such that

(A2)

(A3)

Po(llAglx] — Ul < &) < ¢ (A4)

M .
+Z]P’9{C4(x—xi) <G |:C11n<8 )] s}. (A5)

i=1

for all ¢ < gp. Because py(x) is upper bounded, there exist a
constant Cs such that

P((x — x;)' < &) < Cse'’*. (A6)
for all ¢ < gp. Inserting (A6) into (AS), one obtains (54). As
all constants depend on U and 0 in a continuous way, and U
and 6 are both taken from compact domains, there exist a set

of constants such that (54) is simultaneously true for all U and
6. Thus, Observation 8 holds.
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Abstract

We significantly extend recently developed methods to faithfully reconstruct
unknown quantum states that are approximately low-rank, using only a few mea-
surement settings. Our new method is general enough to allow for measurements
from a continuous family, and is also applicable to continuous-variable states. As a
technical result, this work generalizes quantum compressed sensing to the situation
where the measured observables are taken from a so-called tight frame (rather than
an orthonormal basis) — hence covering most realistic measurement scenarios. As
an application, we discuss the reconstruction of quantum states of light from homo-
dyne detection and other types of measurements, and we present simulations that
show the advantage of the proposed compressed sensing technique over present
methods. Finally, we introduce a method to construct a certificate which guaran-
tees the success of the reconstruction with no assumption on the state, and we show
how slightly more measurements give rise to “universal” state reconstruction that
is highly robust to noise.

1 Introduction

One of the most fundamental tasks in quantum mechanics is that of quantum state
tomography, i.e., reliably reconstructing an unknown quantum state from measure-
ments. Specifically in the context of quantum information processing in most experi-
ments one has to eventually show what state had actually been prepared. Yet, surpris-
ingly little attention has so far been devoted to the observation that standard methods
of quantum state tomography scale very badly with the system size. Only quite re-
cently, novel more efficient methods have been introduced which solve this problem
in a more favorable way in the number of measurement settings that need to be per-
formed [1, 2, 3, 4, 5, 6, 12]. This development is more timely than ever, given that
the experimental progress with controlled quantum systems such as trapped ions is so
rapid that traditional methods of state reconstruction will fail: E.g., 14 ions can already
be controlled in their quantum state [7]. Hence, further experimental progress appears
severely challenged as long as ideas of reconstruction cannot keep up. Such new meth-
ods are based on ideas of quantum compressed sensing [1, 2, 6] — inspired by recent
work on low-rank matrix completion [8, 9] — or on ideas of approximating unknown




quantum states with matrix-product states [4]. Indeed, using methods of quantum com-
pressed sensing, one can reduce the number of measurement settings from n? — 1 in
standard methods to O(rn log® n) for a quantum system with Hilbert space dimension
n, if the state is of rank 7. This is efficient in the sense that the number of measurements
required is only slightly greater (by an O(log2 n) factor) than the number of degrees of
freedom in the unknown state.

These ideas have so far been tailored to the situation where observables are taken
from an orthonormal operator basis, which is not always the natural situation at hand.
In this paper, we introduce a theory of state reconstruction based on quantum com-
pressed sensing that allows for continuous families of measurements, referred to as
tight frames, which can be thought of over-complete, non-orthogonal generalization of
operator bases. These settings are particularly important in the context of continuous-
variables, which are notably used to describe quantum optical systems beyond the
single-photon regime. These have drawn a considerable amount of research, both ex-
perimentally and theoretically, due to very desired features such as easy preparation
and highly efficient detection. Note that when talking about a measurement, we always
mean the estimation of an expectation value of an observable for which, of course,
several repetition of some experimental procedure are necessary. In this paper we are
mainly concerned with the number of distinct observables or measurement settings that
are needed for tomography.'

In this work, we make significant progress towards a full theory of efficient state
reconstruction via compressed sensing:

1. We introduce new incoherence properties for tight frames, that are sufficient to
ensure efficient compressed sensing for low-rank states. This uses an extension
of the “golfing” proof technique of [1, 2]. We give examples of tight frames
that satisfy these properties. In addition, we show that, if one only wishes to
reconstruct “typical” or “generic” low-rank states, there is a much larger class of
tight frames that also lead to efficient compressed sensing.

2. We also describe a way to certify a successful reconstruction of the state, making
our protocol unconditional and heralded. In this way, one does not need to make
any a priori assumptions on the unknown state. Our method uses convex duality,
and is different from other approaches to certification that focus mainly on pure
states [1, 4, 11, 12]. Also, we discuss the robustness of the procedure under
decoherence, imperfect measurements, and statistical noise. We show that, as
long as all those effects are small, it is possible to certify that the reconstructed
state is close to the true state.

3. We show that, using an incoherent tight frame, and a slightly larger number of
measurements, one can achieve universal state reconstruction: a single fixed set
of measurements can simultaneously distinguish among all possible low-rank
states. This is a qualitatively stronger claim than those shown above, and it is
obtained using a different technique, based on the “restricted isometry property”
(RIP) [6, 13]. This implies strong error bounds, showing that our procedure for
state reconstruction is robust to statistical noise, and that it works even when
the true state is full-rank with rapidly decaying eigenvalues (in which case our
procedure returns a low-rank approximation to the true state).?

!Other work addresses the number of copies of the unknown state that must be provided [10] — that is,
the sample complexity of tomography.
2As a side note, the RIP-based analysis also shows that the compressed sensing state estimator is nearly




4. We show how our theory can be applied in realistic experimental scenarios, in-
volving pointwise measurements of the Wigner function, and homodyne detec-
tion.

5. We demonstrate numerically that compressed sensing outperforms the naive ap-
proach to tomography not only in the asymptotic limit of large systems but also
for system sizes commonly accessible in present day experiments.

This article is organized as follows: We start by introducing quantum compressed
sensing in the general setting described by tight frames in Section 2. After discussing a
suitable notion of efficiency, we show in Section 3 that efficient compressed sensing is
possible if the tight frame fulfills certain incoherence properties. Section 4 is devoted to
certified compressed sensing. We discuss how to certify the success of the reconstruc-
tion without prior assumptions on the tight frame, both in the ideal case and under the
effects of errors. In Section 5 we show universal state reconstruction and error bounds.
In Section 6, we investigate applications of the formalism to two common classes of
quantum optical experiments; and in Section 7, numerical data, showing the efficiency
for small systems, is presented.

2  Quantum compressed sensing

Consider a quantum system with Hilbert space dimension n. In most cases of interest,
n is very large, but the states one wants to reconstruct are approximately low-rank, that
is, they are well-approximated by density matrices having rank » < n. (Pure states
correspond to the case where » = 1.) When dealing with continuous-variable systems,
we will truncate the infinite-dimensional Hilbert space and choose n to be some large
but finite cutoff. This is unavoidable, if one wants to do tomography as one cannot
reconstruct a state that contains an infinite number of completely independent param-
eters. However, in most experimentally relevant situations, e.g., continuous-variable
light modes with finite mean energy, all states can be arbitrarily well approximated by
finite-dimensional ones. We will elaborate on this claim when discussing other sources
of errors such as decoherence or imperfect measurements.

Compressed sensing contains two key ideas. First, rather than measuring all n? de-
grees of freedom, it is sufficient to measure a randomly chosen subset of about rn de-
grees of freedom, provided these degrees of freedom satisfy certain incoherence prop-
erties. Secondly, one can reconstruct the state using an efficient algorithm. The obvious
approach of searching for the lowest-rank state compatible with the measurement re-
sults leads to a computationally intractable problem (generally NP-hard). Instead, one
can perform a convex relaxation, and minimize ||.||; instead of the rank. Here ||.||,
stands for the Schatten p-norm: ||.||1, ||.||2, and ||.|| = |||l are respectively the trace
norm, Frobenius norm, and spectral (or operator) norm.

Let us denote the m measured observables, i.e. Hermitian matrices, by wy, . .. , Wy,
and suppose that we estimate their expectation values (by measuring many copies of
the unknown state). Knowing these expectation values (for an unknown state p) is
equivalent to knowing the value of the sampling operator R(p), where we define

2 m
n
R:0— oo E (wi, o)w; (1)

i=1

minimax-optimal [13], and it implies nearly-optimal bounds on the sample complexity of low-rank quantum
state tomography [10].




where (A, B) = Tr(A'B) is the Hilbert-Schmidt scalar product. In all of our com-
pressed sensing schemes, wi, ..., w,, will be chosen independently at random from
some distribution . The sampling operator R is a linear super-operator on the d2-
dimensional real vector space of Hermitian matrices, or operators, 5(C™). Such super-
operators will always be denoted by capital script letters. Sometimes we will use the
notation Ro, multiplying the “matrix” R by the “vector” ¢; this means the same thing
as R(o).

Let p be the unknown state. In the ideal case, with perfect measurements and no
statistical noise, we measure R (p) exactly. Then the procedure to reconstruct p can be
written as

min |lo||1, subject to R(o) = R(p). )
oeB(Cn)
Note that a quantum state p is a Hermitian matrix with the additional properties p > 0
and Tr p = 1. However, the reconstruction procedure (2) does not make use of this
property and is, therefore, also applicable in more general settings, e.g. matrix com-
pletion. This problem can be stated as a semi-definite program (SDP) and, therefore,
solved efficiently with many well-developed tools.

In the case of noisy data, we measure R(p) approximately, that is, we measure
some b such that ||b — R(p)|| < 4, for some norm || - || and tolerance ¢ that are chosen
depending on the kind of noise that is expected. The constraint Ro = Rp in (2) can
then be replaced by | R(c) — b|| < d, which implies |R(c — p)|| < 24.

We remark that equation (2) is the key to certifying our estimate for p. Notice that
if the solution o* of (2) is unique and fulfills ||c*||; = 1, then it must be the case that
o* = p. We will show later on how one can test the uniqueness of the solution ¢*,
without assuming anything about p. (This can be adapted to work with noisy data,
without assuming anything about the noise.)

2.1 Measurements and tight frames

When we talk about a compressed sensing scheme, we mean any protocol based on
the reconstruction procedure (2), with some choice of measurements described by the
sampling operator (1). In Refs. [1, 2], the observables were required to be chosen uni-
formly at random from an operator basis. We substantially generalize these techniques,
using the notion of a tight frame, which naturally captures many useful quantum mea-
surements:

Definition 1 (Tight frame). Let p be a probability measure on some set S, and for
every a € S, let w, be an observable, i.e., a Hermitian operator, and let P,, be the
(unnormalized) orthogonal projector which acts as Py, : 0 — (Wq, 0)We. We say that
(Wa)acs is a tight frame if

1
od, = —. 3
[ Padute) = = 3
This can also be written as E,(n?P,) = 1 where « is drawn according to .

Because we deal with randomly drawn operators very often, o will usually denote a
random element of S that has distribution . Note that we do not require that ||wq ||2 =
1 for all « as it will be convenient in many applications. However, we do require a
weaker normalization condition: E,, [[|w, ||3] = 1 which follows by taking the trace of
3).

We also define a generalized notion of a tight frame, where the sampling operator is
not a sum of projectors; we will need this later to model homodyne detection on optical




modes, where a single measurement setting provides more information than only one
expectation value.

Definition 2 (Generalized tight frame). Let y be a probability measure on some set
S, and for every oo € S let Q,, be a positive operator. We say that (Qu)acs forms a
generalized tight frame if

1
/ Qudyi(a) = = @

We note that the formalism can be also applied to 8-port homodyne detection which
corresponds, for a single mode, to projections on coherent states |) with a € C.

2.2 Uniqueness of the solution to (2)

For p to be the unique solution to (2), any deviation A must be either trace-norm
increasing, i.e., ||p + All1 > ||p|l1, or infeasible, i.e., RA # 0. This is done by
decomposing A into a sum A7 + A, and then showing that, with high probability, in
the case where Ar is large, A must be infeasible, while in the case where A is small,
A must be trace-norm increasing. Here, we denote by T the real space of Hermitian
matrices that send the kernel of p on its image. In other words, the elements of 7" are
the Hermitian matrices o whose restriction on and to the kernel of p, i.e. mom where 7
is the orthogonal projection on Ker p, is equal to 0. Pr denotes the projection on this
space 1.

Again, in the actual reconstruction, no assumptions have to be made concerning p
or T'. Theorem 1 gives a sufficient condition for uniqueness. The sign function sgn
of a Hermitian matrix is defined by applying the ordinary sign function to the matrix’
eigenvalues.

Theorem 1 (Uniqueness of the solution). LetY € range R, and set (a) ¢; := |PrY —

sgn plla, (b) c2 1= ||73'1J:Y ,and (c) cs := ||PrRPr — Pr|. If
1 1— cs
Sl—e)[—= —a >0, ©)

then the solution to (2) is unique.

Proof: A must be infeasible if || RA|| > 0 which is the case if
[RAT(3 = (RAT, RAT) > [RAF3. (6)

The right-hand side is bounded as [|RAF|3 < |R|?|A% |2 < n®||A%||2 while the
left-hand side fulfills

"2
IRAT|3 =(RAT RAT) > - (Ar. RA7)

2
n
2 (1= IPrRPr - Prl)) A3 @)
Thus, (6) is satisfied if
n? 2 S AL2
o A= PrRPr = Prl) [|Arllz > n*[Azllz, ®)




which, using definition (c), is equivalent to

18F]2 < Ay 2. ©
Using the pinching [19] and Holder’s inequalities, as detailed in Ref. [2], yields
o+ Alls > [lpll + (sgn p + sgn Ag, A). (10)
The second term is equal to
(sgnp —Y,Ar) + (sgn A7 — Y, A) (1)
which is, according to (a) and (b), larger than
[AF[l2 = c2l| AFll2 — er[| Az 2. (12)

Inserting this into (9) gives rise to condition (5) and concludes the proof. If all the
elements in the tight frame fulfill ||w,||2 = 1 we call it normalized and one can bound
[ R|l < n2. In this case (5) in Theorem 1 can be weakened to

1—(}3

l(1762) —c1 > 0. (13)
n

2.3 Efficient quantum compressed sensing

Let p be a state of dimension n and rank r. In the compressed sensing method of
tomography, we choose m observables wy, .. ., w,, randomly from some distribution,
measure their expectation values with respect to p, then solve (2) to obtain o*, which
is our estimate of p.

For a given state p, there is some probability py(p) that the procedure may fail
(i.e., it may return a solution o* that is not close to p). Note that this probability ps(p)
is taken with respect to the random choice of wy, ..., w,,, and the random outcomes
of the measurements. We say that the method succeeds with high probability if, for
every low-rank state p, the failure probability is p;(p) small. Equivalently, the method
succeeds with high probability if,

for every low-rank state p, most choices of the observables wy, ..., wn,
can be used to successfully reconstruct p.

Now, the basic question is: how large does m have to be, to ensure that the method
succeeds with high probability? A common situation is that the system under consider-
ation consists of k subsystems with local Hilbert space dimension d; then n = d*. Of
course, no method of tomography can counter the exponential growth of the required
number of measurements in k. Thus, efficiency needs to be regarded relative to the
n? — 1 measurements necessary for standard tomography. As even a pure state needs
©O(n) parameters to be described, this also is a lower bound to the number of observ-
ables that need to be measured. We allow for an additional polylogarithmic overhead
and define efficiency as follows:

Definition 3 (Efficient quantum compressed sensing). Compressed sensing for a state
p (with dimension n and rank r) is regarded as efficient if: The number of measured
observables satisfies m = O(nr polylog(n)), and the probability of failure satisfies
pr(p) < 1/2.




If this is the case, py(p) can be made arbitrarily small by repeating the protocol and
using a majority vote among the reconstructed states to get the final result. Then, the
probability of failure decays exponentially in the number of repetitions.

Note that this is a very stringent definition of efficiency. One can also merely ask
for any scaling of m in o(n?). Of course, this weaker condition is easier to satisfy, as
we shall see later on.

2.4 Sufficient conditions for efficiency

The general theory of quantum compressed sensing, which will be developed here, re-
lies heavily on and significantly extends the analysis for the special case where the ob-
servables form an operator basis in Ref. [2]. The hypothesis for Theorem 1 is fulfilled
if c; < 1/(2n%), c2 < 1/2, ¢3 < 1/2 under the additional condition m < n?/2, which
can be safely assumed to be true as we are only interested in the regime of m < n?2.
For normalized tight frames, the first condition can be weakened to ¢; < 1/(2n?). We
show conditions to the tight frame under which those conditions are fulfilled with high
probability.

For efficient compressed sensing to be possible, the observables w, need to fulfill
certain incoherence properties. Roughly speaking, the observables are “incoherent”
if they have small inner product with every possible state one wishes to reconstruct.
For example, operator norm can be a measure of incoherence for reconstructing pure
states, since ||wq || = max(y|yy—1(1|walth). We distinguish two general cases (which
we will define more precisely in the following sections):

1. “Fourier-type” compressed sensing, where almost all of the observables have
small operator norm. In this case, efficient compressed sensing is possible for
any low-rank state.

2. “Non-Fourier type” compressed sensing, where the observables may have large
operator norm, but efficient compressed sensing is still possible for certain re-
stricted classes of states, e.g., generic states.

2.5 Fourier-type efficient compressed sensing

The efficiency of a tomography protocol, as given in Definition 3, is a statement about
a family of procedures acting on systems with growing dimension n. We now give
a sufficient condition for a family of tight frames to allow for efficient compressed
sensing.

Theorem 2 (Fourier type). Let (wq(n))acs be, for any n > 0, a tight frame. Let p(n)
be any state with dimension n and rank r. Let v = O(polylog(n)). Set C(n) := {«a €
S i |lwa(n)||2 > v/n} and let n(C(n)) be the measure of this set. If

1
w(C(n)) < To/rnZm’ (14)

efficient compressed sensing is possible for the family of states p.

Here, the underlying “incoherence property” is the bound on the operator norm of
the observables,
[wa(m)[I* < v/n, (15)
which holds for “most” choices of «. If there is no risk of confusion, we will omit the
explicit dependencies on n.




2.5.1 Perfect Fourier-type case

We have to first consider the case ;(C) = 0. Even though the proof in Ref. [2] can
be applied with only minor changes, we state it in a way as complete and still non-
technical as possible where we focus on the asymptotic behavior and do not provide
explicit constants. We need Lemma 5 from Ref. [2] which reads:

Lemma 1 (Large deviation bound for the projected sampling operator). For allt < 2

2k
P [||[PrRPr — Prl| > 1] < 4nrexp <78—:) ) (16)

where k = m/(nr) is the oversampling factor which must fulfill K = O(polylog(n))
for efficiency.

The tool to prove Lemma 1 and other bounds of this form is provided by the
operator-Bernstein inequality which was first given in Ref. [17] and which we state
here without a proof.

Lemma 2 (Operator-Bernstein inequality). Let (X;)i—1,....m be i.i.d. Hermitian matrix-
valued random variables with zero mean. Suppose there exist constants Vyy and c such
that |E(X2)|| < V& || Xi|| < c where the latter needs to be true for all realizations of
the random variable. Define A =", X; and V = mVg@. Then, for allt < 2V /c

2
P [||A|| > t] < 2nexp ( 4V> . (17)

The proof of Lemma 1 is given in Ref. [2] but we restate it here because it is
quite instructive. Let o be a random variable taking values in S. We define m ran-
dom variables by Z,, = (n2/m)PrPa,Pr and X,, = Zn, — E(Z,,). Now S =
PrRPr —Pr = Y, Xa, and we have to estimate the maximum of || X, || and the
norm of the variance of X, in order to apply Lemma 2. From the incoherence condi-
tion (15), we get by using the matrix Holder inequality [19]

[Prwal2 = sup (wa,0)? <20 (18)
o€T,|o|l2=1 n

This allows us to write
IEXI) =IEZ2,) — E(Za,)?|

2nur —
<77 -

1 2v
Sz ||7DTH§ﬂ 19)

and

1 2

[Xa; | == In"PrPa,Pr — Pr|
m
1 n?
S*”nQIPT,Pa;,IPTH = *”PTwaing

m m

<—. (20)

Here, and in the remainder, statements of the form (20) are meant to hold for all real-
ization of the random variable as needed in the Operator Bernstein inequality. Inserting




now (19) and (20) into Lemma 2 yields Lemma 1 which concludes the proof. Applying
Lemma 1 for ¢ = 1/2 and choosing x = O(polylog(n)), the probability that c3 > 1/2
can be made arbitrarily small.

Now we have to construct a certificate Y whose projection on 7 is close to sgn p.
This is done by an iterative process, called the golfing scheme [2]. The m samples are
grouped into [ groups which are indexed by ¢ and contain m; samples each. Let R; be
the sampling operator of the ith group and set X = sgn p, X; = (1 —PrR;Pr)X;_1,
)/i = Z;:l R]'Xjfl, and Y = )/l

Again, Lemma 1 can be used to show that with high probability (at the expense of
a polylog growth of «;)

1
[Xillz < 1PrR:iPr — Prll[|Xi-1ll2 < §||Xi71\|2, (@29

and, therefore, || X;||2 < /727 from which we get

a =Xl <vr27t < (22)

2n2’
while for the final inequality to hold it is enough to set | = ©(log(/rn)). For the last
remaining condition we need the subsequent statement:

Lemma 3 (Bound for the orthogonal projection). Let F € T and t < /2/7||F|)3.
Then

P [|[PARF| > t] < 2nexp <ff27'"2> . (23)
4v[|F13

Proof: Without loss of generality, consider | F||o = 1 and define the zero-mean
random variables X, = (n?/m)PFwa,; (Wa,, F) which fulfill 3, X, = P£RF.
Their variance is bounded by

’I’l4
[ECE)) <225 [ d) (P21 (PR’

<, (24)
mer
and their norm by
n? [vovr \/51/
[ Xasll < —4/—— = (25)

“mVnon  Vre
Lemma 3 follows directly from using (24) and (25) in Lemma 2. Now we can bound

l
1 ; 1
e=|Pry| <> 2V <s. (26)
i=1

Again, the probability of (26) not being true can be made as small as desired by choos-
ing kK = O(rmpolylog(n)). Of course, this is also true for the total probability of
failure which concludes the proof.




2.5.2 Imperfect Fourier-type case

We now show that the incoherence condition may be violated for some of the ob-
servables and adapt a technique used in Ref. [14]. Intuitively, when p(C') is small
enough, we can just abort and restart the reconstruction procedure whenever we en-
counter a non-incoherent operator during our sampling process. The probability of this
to happen is upper bounded by (16+/7n2)~! as obtained from (14) by a union bound
over the m measurements. This is equivalent to sampling only from the set S \ C.
The conditional probability distribution on the observables does fulfill the approximate
tight-frame condition

W —1|| < 1/(8V7), @7

where W = n?E(P,|E) where E is the event that all of the m chosen operators satisfy
|wa, ||? < v/n and its complement is denoted by E°. Let 1 g be the indicator function
of E. Then, 1 = n?E(P,) = n*E(P,1g) + n*E(P,1g-). This leads to

In*E(Pal E) = LIP(E) = [|(1 = P(E)1 - n’E(Palpe)|

<P(E®) 4+ n?||E(Pylge)||. (28)
With the help of Jensen’s inequality, we can simplify ||E(Pylge)| < E(|Pallee) =
P(E°). Inserting this into (28) and rearranging, we get
[n*E(P.|E) — 1| < 20°P(E°) < 2n*PP(E°) (29)
“ ~1-P(E°) — '

Our claim follows by taking P(E¢) = 1/(164/r) which is always true by a union
bound. We now have to justify why the tight frame condition (3) can be replaced by
the approximate one in Eq. (27) in the proof of Lemma 1 and Lemma 3. We denote the
probability measure which is conditioned on the event E by j.

Lemma 1 provides a bound to

Pr(R-=1)Pr|]l < ||Pr(R—-W)Pr| (30)
+ ||Pr(W—1)Pr|.

We define the random variables Z,, and X, as in the proof of Lemma 1 and bound
their variance as

B = IB(ZZ) — E(Za,)?|
< BZE)N + B (Za, )l
< poec (2nvr + |[W|1?)
1 1 2 dnvr

and their norm as || X,

< 2vnr/m. Using the operator Bernstein inequality yields
Lemma 4 (Large deviation bound for the projected sampling operator).

2
P(|PrRPr — Pr|| > t) < 4nrexp (764%) , (32)

fJorall1/(4y/r) <t < 4.
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where we have also used (30) to bound the second term in (27). Thus, up to an
irrelevant constant factor, Lemma 4 replaces Lemma 1 wherever it is used.
To also replace Lemma 3, let F' € T, ||F'||2 = 1 and note that

|PERF|| < ||PF(R—W)F| + 33)

1
RV
The random variables are Z,, = (n2/m)P1Pu, F and X, = Zo, — E(Z,,) where
the variance is bounded by

B = IB(ZZ,) — BE(Za,)l
< IEZE)] + IE(Za)?l
1 1 2v
< — — )< 34
- m? (mj+ 647") ~ mekr 4

which gives, together with || X, || < 2v/2v/(1/7k), and an application of the operator-
Bernstein inequality the subsequent statement.

Lemma 5 (Bound for the orthogonal projection). Let F' € T'and 1/(2y/r) < t/||F|2 <
24/2/r. Then
P [|P£F| > t] < 2nexp e (35)
- 320 F|I3

Lemma 5 takes the place of Lemma 3 and, again, differs only by a constant factor
in the exponent which concludes the proof of Theorem 2.

An example for a Fourier-type frame for which p(C') # 0 is given by the following
situation. Here, with some probability, every Hermitian matrix with unit Frobenius
norm is drawn in the measurement.

Example 1 (Tight frame containing all Hermitian matrices). Any w, € B(C") with
lwall2 = 1 can be viewed as a vector on the n? dimensional unit sphere. Therefore,
on can define a rotationally invariant Haar measure on it. The tight frame formed
by the Haar measure on all Hermitian matrices with ||wy||o = 1 fulfills Theorem 2.
Therefore, it allows for efficient compressed sensing.

In order to satisfy Theorem 2, we have to show

14
P (fJwal? > 2

1
< — 36
n) ~ 16y/rn2m’ (36)

where v = O (polylog (n)). To see that this is true, we note that we are dealing with
a normalized version of the extensively discussed Gaussian unitary ensemble (GUE)
denoted by {@Wq }, Wo = Wa/||wall2. Now forall § > 0, > 0 we have

P (Hwall > %) <P (nwau > %) FP(fEale>e). (D)

The first term can be bounded using a result from Ref. [16] yielding
P(||@g | > de/v/n) < c1 exp(—can(de — 2)%/?) (38)

where c1,co > 0 are small constants while for the second term we use the properties
of the x2-distribution which are given the appendix. From this, we get

P (a3 > 1 —y) < exp(—y?*n’/4). (39)

11




We set y = 1/2 and see that (36) is fulfilled for some constant v when n is large
enough.

Product measurements are of great experimental importance: They describe the
situation of addressing individual quantum systems, say, ions in an ion trap experiment
or individual modes in an optical one. They are described by tight frames which are
formed as tensor products of tight frames on the local systems. Given a tight frame
which fulfills ||wg||?> < v/d, one can obtain a tight frame on the n = d* dimensional
Hilbert space by forming the k-fold tensor product. The strongest possible incoherence
property we can obtain is ||w||?> < v*/n. Unless v = 1, as for the Pauli matrices, v
grows too fast to allow for efficient compressed sensing for all states. This is even true if
the incoherence condition may be violated on some set C' with 1(C') = O(1/poly(n)).

2.6 Non-Fourier-type efficient compressed sensing

The conditions in Theorem 2 imply that efficient compressed sensing is possible for
any low-rank state p. This is a quite special situation and for Theorem 2 to be ful-
filled, either a very special structure, like the one of the Pauli basis [1], or a large
amount of randomness, like in the above example, is needed. As an example for a very
different situation, consider the state p = |0)(0| together with the observables which
corresponds to the sampling of single matrix-entries (or the Hermitian combinations
of two of them). Here, one needs to take ©(n?) attempts until one “hits” the single
non-zero entry in the upper-left corner. This is not surprising because the operators in
this basis fulfill ||w,| = ©(1). However, for most of the states, efficient compressed
sensing is indeed possible in this basis. In Theorem 3, we give a sufficient condition
for combinations of states and tight frames to work.

Theorem 3 (Non-Fourier-type efficient compressed sensing). For a given tight frame
{wy | @ € S}, and a given rank-r state p, denote by C' C S the set of observables for
which at least one of the following conditions is not fulfilled:

2ur
IPrwals <=, (40)

5 VT
s S <. 41
(w520 9)° < (1)

If 1(C) < (164/rn*m) =%, efficient compressed sensing is possible for the state p.

The golfing scheme works exactly like in the Fourier-type case, as does the proof
of Lemma 1. However, Lemma 5 must be replaced by something else. Again, we
use the technique of conditioning which means that we assume the incoherence con-
dition to hold for all operators in the tight frame and the tight frame condition to be
approximately true as in (27). First, we need some preparation.

Lemma 6 (Bound to the scalar product). Let F' € T such that |F||2 < f, 1/(4/r) <

f/t <2+/2/r, and

2
14
(wa, F)? < 2 “2)
forall o € S. Then
n 2k
P (|PFRF|| > t) < 2nexp o) 43)
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Proof: We consider the same same random variables as in the proof of Lemma 4
(note that we have again set | F'||o = 1) and bound their variance as

4
2 (e 20,2 1
B ) < (max [ due) (o P wludlo) + )
4
< (44)
mer
where we have used the incoherence property and
_ 2 2

di(a) wi|| < o 45)

To see that (45) holds, we start with
} _ 2 _ 1 . 2 2
c

where the first equality follows directly from the tight frame property, c.f. Ref. [2],
while the second one stems from the definition of the conditional probability distribu-
tion ji. Rearranging and taking the norm yields

o, 1 /1
H/d,u,(a) wi || < el (ﬁ + |C\) 47

which implies (45). Using (44) together with || X, || < 2v/2v/(y/7k) in Lemma 2, we
obtain Lemma 6 which concludes the proof.

The above Lemma must by applied for F' = X, ..., X, i.e., the operators occur-
ring in the golfing scheme. By the second incoherence condition, (42) is fulfilled for
F = Xj. To ensure that incoherence is preserved during the golfing scheme, we must
use a more complicated and technical argument than in Ref. [2] where a union bound
over all elements of the operator basis was used which is clearly impossible in a tight
frame with an infinite number of elements.

Lemma 7 (Replacing the union bound).

Pr (g((l — PrRPr)F) > %HF||2> < 16y/rmn? exp Gﬁ) . (48)
where £(F) is the smallest number such that
Po (10 P < €(F) < [z 9)
Proof: We fix an element wg from the tight frame and note that for /' € T'
((ws, Pr(R = 1)F)| <[(ws, Pr(R = W)F)|
+ |(ws, Pr(W = 1) F)|. (50)

The latter term is smaller than |[WW — 1||||F||2. To bound the former term, we define
the random variable

1 2
Xo, = —(ws, F) = (ws, —Prwa,)(wa,, F) (51)
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whose variance is bounded by

2n&(F)vr 1
L R L T 52)

IEX2,] <
and || X,, || < 2(14+nvr)\/£(F)/m. Using once again the operator Bernstein inequal-
ity yields after squaring

1 m
i 1—PrRPr)F)? > -|F|3) <2 —_—— ). 53
(Cwn. 1~ PrrPr)FY > JIFIR) < 2000 (~ gt ). (9
Eq. (53) says that the desired property is true with high probability for any fixed wg.
To show that it is also true with high probability for most of the operators, we need a
simple fact from probability theory, which is shown in the appendix.

Lemma 8 (Inverting probabilities). Let X and Y be two measure spaces and denote
by x ~ y a relation between the elements v € X andy € Y. If

VeeX:PlxgtylyeY)<p (54)

then
P (P(z # ylz € X) >ﬁ|er)§% (55)
Applying this to (53) and using the definition of £(F'), one directly obtains (48)
which completes the proof of Lemma 7. Now, we can see that u(X;) < 27%/rv/n?
which means that Lemma 6 can be applied in the golfing scheme and we have proven
Theorem 3.

2.7 Reconstructing generic quantum states

In a next step, we investigate the reconstruction of random quantum states, that are
sampled from probability measures that are invariant under the action of the unitary
group by conjugation. We show examples of tight frames that satisfy the incoherence
properties required in Theorem 3 to allow reconstruction of most quantum states.

Theorem 4 (Incoherence properties of generic states). Let (wq,)acs be a (family of)
tight frame for which all operators fulfill |wa||1 = O(polylog(n)), and pick a ran-
dom rank r quantum state p, with a distribution that is invariant under the action of
the unitary group. Then the probability that p cannot be efficiently reconstructed by
compressed sensing vanishes as O(1/poly (n)).

Note that Theorem 4 holds for all unitarily invariant measures on the quantum states
of rank r regardless of the actual distribution of the eigenvalues.

Proof: We first show that for any fixed element of the tight frames, both incoherence
properties are fulfilled with high probability. First, we turn to

IProllz =" > [(Utwl)) (56)
4,7 |min(%,5)<r

where U is a unitary matrix which is chosen according to the Haar measure and we
have fixed an element w from the tight frame. We look at the 4th row of UtwU and
note that 3= [(UTwU); ;1> = 32, [(UTw); | We write w; for the jth column vector
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of w and note that Utw; /||w; || is just a random vector on a sphere . Thus, the squares
of its coordinates are concentrated around 1/n, c.f. the appendix, and we get

for). |2
Py (M > 3) < 2exp (,g) . (57)

[l 2 n

Using this in Eq. (56), inserting Y, ||w;||?> = ||w||3 = 1, and applying a union bound
yields

2vr v
Py (HPTwH% > T) < 2nrexp (f§> . (58)

Employing again Lemma 8, this implies

2ur 1 : : v
]PU (]Pu) (”’PTU)H% > T) > W) S 32r3/2n3mcxp (—g) . (59)

where w is chosen according to the probability distribution of the tight frame. By al-
lowing v to grow polylogarithmically in n, this probability vanishes polynomially in n
which means that it is violated to much only for a proportion of state vanishing poly-
nomially as n grows. Now we turn to the second non-Fourier incoherence condition.
Decomposing w as a sum of projectors on orthogonal subspaces w = >, Ak | W) (Vs ],
we can write

-
|(w,sgnp)| <D > IN[GIUT W) 2. (60)
i=0 k
Using the concentration of measure on the sphere and >, |Ax| = [|w]|1 yields
o TV 2 —Vv/8
P | (w,sgnp)” > ?Hwnl <2nre , 1)

which finally gives

) 5 TV 2 1
Py | Py | (w,sgnp) >nTHU’H1 >W

< 3232 mn? exp (,%) . (62)
Since the additional factor of r can be absorbed in v/, Theorem 4 follows from Eq. (62).
Tight frames for which this is the case include those where the rank of the operators
does not grow with n. The other extreme is given by the Pauli basis: From ||w||; = 1
and |Jw|| = 1/4/n it follows that ||w]||; = y/n. Colloquially speaking, a small spectral
norm implies a large trace norm and vice versa. Thus, we have two classes of tight
frames (Fourier likes ones and the ones with small 1-norm) for which efficient com-
pressed sensing is efficiently possible. Because they represent in some sense the two
extreme cases (flat spectra vs. concentrated spectra), we have some reason to believe
that this is indeed true for any tight frame.

3 Certification

3.1 Ideal case

Theorems 2 and 3 show that efficient compressed sensing is possible in a vast number
of situations. They are stated in the asymptotic regime for clarity but could be furnished
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with reasonable prefactors for finite Hilbert-space dimension n. However, when using
compressed sensing in actual experiments, one encounters three main problems.

o Firstly, the necessary number of measurements as calculated from the incoher-
ence properties of the employed tight frame might still be too large to be feasible.

e Secondly, repetition of the experiments to increase the probability of success to
a satisfactory value may be expensive or difficult.

o Thirdly, it is unknown how close to low-rank the state actually is. After all, no
assumptions are made about the unknown input state.

The solutions to those problems is provided by certification. Instead of theoretically
constructing some certificate based on p with the help of the golfing scheme, we use
the solution of the minimization problem o™ to explicitly check whether the conditions
for Theorem 1 are satisfied for o*. The candidate for the certificate can be calculated
as

Y = RPp:(PrRPr) ! sgno* (63)

where Pr is obtained like Py but with p replaced by o* and M ~' denotes the Moore-
Penrose pseudo inverse of M. One can now check whether (5) is fulfilled. If the
conditions for Theorem 1 are fulfilled and ||c*||; = 1, the solution must be unique and
equal to the state p, i.e. tomography was successful.

3.2 Errors and noise

For compressed sensing to work in a realistic setting, the reconstruction procedure must
be robust, i.e., small errors introduced by decoherence, errors stemming from imper-
fect measurements, and statistical noise due to the fact that every observable is only
measured a finite number of times, should only lead to small errors in the reconstructed
state. In addition, the Hilbert space might be infinite-dimensional. When the mean
energy, and therefore, the mean photon number Ny, is finite, the error made by
truncating the Hilbert space at photon number N vanishes as

/Nm an
”ptrunc - le S 3 ﬁ =€ (64)

which is shown in the appendix. This means that the expectation values with respect to
the truncated state are close to the actually measured ones, i.e.,

|Tr(wptrunc) - TI'('LUp)‘ < g, (65)

for all w such that ||w]|| < 1.

We assume that the observed data correspond to a matrix p (not necessarily a state)
with ||Pr(p — p)|l2 < 0 where p is the low-rank, infinite-dimensional state, i.e., the
errors made by truncating to a finite-dimensional Hilbert space are already included in
0, and where we denote by Pr the projection to the image of the sampling operator.
Such a tube condition is satisfied with very high probability for realistic error models
like Gaussian noise [1, 18]. We relax the conditions in (2) to

[Pr(oc —p)]2 < 6. (66)

The solution of the SDP might not be of low rank. Because a low-rank state is needed
for the construction of the certificate Y, we truncate o* to the ¢ largest eigenvalues
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(call this U;) and obtain Pr- as above. As r = rank p is in general not known, one has
to perform the truncation of o* and the subsequent construction of the certificate Y for
q=1,2,...until a valid Y, as to be specified below, has been found. If this is not the
case, the number of measurements was not enough and needs to be increased.

To provide an error bound, we denote the 2-norm error made by the truncation of
o™ to rank ¢ by £ and obtain from the triangle inequality

[Pr(og=p)ll2 = [Prlog—o")ll2+Pr(c" =p)ll2+[Pr(p—p)l2 < £+26. (67)

We calculate a candidate for a certificate as Y = RPr+ (P RPr+) ~Lsgn 0;‘ where 7"
is obtained from o;. If Y is valid, i.e., | Py Y| < 1/2, and PrPrPr > (p/2)Pr
with p = m/n?, then the proof of Theorem 7 in Ref. [18] yields the robustness result

lloz = pll2 < (4 (2+pp)”+2> (26 + ). 68)

By the equivalence of the norms, this also provides a 1-norm bound at the expense of
an additional factor y/n.

Thus, with no further assumption than 2-norm closeness of the observations to
the state of interest it is possible to obtain a certified reconstruction which is also
close to the state of interest. In this sense, quantum compressed sensing can achieve
assumption-free certified quantum state reconstruction in the presence of errors. This
discussion applies to box errors, where each of the expectation values is assumed to be
contained in a certain interval. The discussion of other error models will be the subject
of forthcoming work.

4 Universal quantum compressed sensing

4.1 Universal quantum state reconstruction
The preceding discussion has focused on claims of the following form:

For every low-rank state p, most choices of the observables wi, ..., w,
can be used to successfully reconstruct p.

In some situations, however, one can actually prove a much stronger statement, in
which the order of the quantifiers is reversed:

Most choices of the observables wy, .. ., w,, will have the property that,
for every low-rank state p, the observables wi, ..., w,, can be used to
successfully reconstruct p.

This is known as universal reconstruction; more simply, it says that a fixed set of ob-
servables wy, . .., wy,, can distinguish among all low-rank states simultaneously. Be-
sides being of conceptual interest, universal reconstruction also implies stronger error
bounds for reconstruction from noisy data.

Formally, we say that our method performs universal compressed sensing if py,, <
1/2, where py,, is the “universal” failure probability. That is, we define py,, to be the
probability (with respect to the choice of observables wi, ..., w,,) that there exists
a state p (with dimension n and rank r) such that the method fails with probability
> 1/2 (where this last probability is taken with respect to the random measurement
outcomes).
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Definition 4 (Efficient universal quantum compressed sensing). Universal compressed
sensing (with dimension n and rank r) is regarded as efficient if: the number of mea-
sured observables satisfies m = O(nr polylog(n)), and the probability of failure sat-
isfies pp, < 1/2.

4.2 Universal reconstruction using any Fourier-type tight frame

In this section, we show that measurements using a Fourier-type tight frame lead to
efficient universal quantum compressed sensing. This result can be viewed as a com-
panion to Theorem 2. Essentially, it says that, by using a slightly larger number of
measurements (by a polylog(n) factor), one can construct (with high probability) a sin-
gle, fixed set of measurements that can reconstruct all possible states of rank r and
dimension n. In addition, universal reconstruction implies very strong error bounds, in
the case of noisy data; we will discuss this in the following section.

Theorem 5 (Universal reconstruction). Let (wq)acs be a tight frame. Let v = O(polylog(n)),
and suppose that, for all o € S, ||we||> < v/n. Then efficient universal compressed
sensing (for states of rank r and dimension n) is possible.

This proof of this theorem is a straightforward generalization of [6]. First, we define
the sampling operator to be A : C"*" — R™,

(A(0)); = %(wg,a), i=1,...,m. (69)

This is related to the notation used in previous sections by AfA = R. (As before,
the observables wi, . .., w,, are sampled independently from the distribution y on the
tight frame, and (A, B) = Tr(A'B) is the Hilbert-Schmidt inner product.)

A key tool in the proof is the restricted isometry property (RIP) [23]. We say that
A satisfies the RIP if there exists some constant 6 € [0, 1) such that, for all rank-r
n-dimensional states o,

(1 =d)lollz < A2 < (1 +d)llo]l2. (70)

In geometric terms, the set of all low-rank states forms an O(rn)-dimensional manifold
in C™*" and A satisfies the RIP if it embeds this manifold into C™, with constant-
factor distortion.

The importance of the RIP stems from the following fact: when A satisfies RIP,
one can reconstruct any low-rank state p from noiseless data .A(p), by solving a trace-
minimization convex program:

min||o|l;, subject to A(c) = A(p). (71)

This follows from a standard argument of [23]. This result can be generalized to the
case of noisy data; we will discuss this in the following section.

It now remains to prove that, when the observables w,, are chosen from a Fourier-
type tight frame (i.e., they satisfy [|wo||?> < v/n), the sampling operator A satisfies
RIP with high probability. Intuitively, one first shows that, for any particular low-rank

state o, and a random choice of measurements wi, ..., w,,, the sampling operator

A satisfies equation (70) with high probability. After this comes the main part of the
argument. Let p (o) denote the probability of failure on a given state 0. One now needs

to upper-bound the probability of a failure on any one of the states . The simplest
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approach is to assume that the failure events are disjoint, and so the probabilities sum
up — this is the union bound, and it does not give a useful bound in this case. Instead,
one uses an “entropy argument” that exploits the fact that failure events are not disjoint:
failures on nearby states are correlated.

Formally, the entropy argument is carried out using Gaussian processes and Dud-
ley’s inequality (following [20, 21]), and using bounds on covering numbers of the
trace-norm ball due to [22]. The proof is essentially the same as in [6]; the original
proof in [6] handles the case where the w,, form an incoherent orthonormal basis, but
the same proof goes through unchanged for a Fourier-type tight frame. This shows
that, if the number of measurements satisfies m > Cvrn log;6 n (for some constant C'),
then with high probability the sampling operator A satisfies the RIP (for rank r and
dimension n).

4.3 Robust reconstruction from noisy data

More interestingly, RIP implies strong error bounds in the case of noisy data [13]. We
sketch the basic idea here. Suppose one observes y = A(p) + z, where z denotes a
noise component. Then one can replace (71) with other estimators, such as the matrix
Dantzig selector:

min ||o||; suchthat |AT(y — A(0))] <A, (72)

or the matrix Lasso:
min 3 [ A(0) = 3 + pllo |- (73)

(See Ref. [13] for details about setting the parameters A and p.)

When the noise vector z is normally distributed, one can show particularly nice
error bounds. These hold even for states p that are full-rank (though p must at least have
decaying eigenvalues, for the bounds to be useful) [13] (see also [6]). Suppose that p is
arbitrary, and one simply assigns some value for r, and measures m = O(vrn log6 n)
observables. Then let o* denote the solution returned by either of the above estimators.
Intuitively, one expects that o* should reconstruct the first r eigenvectors of p. One can
prove a bound that is consistent with this intuition: the squared 2-norm error ||c* — p||2
will be nearly proportional (up to log factors) to the total variance of the noise acting
on the first  eigenvectors of p, plus the squared 2-norm of the “tail” of p (consisting
of its last n — r eigenvectors).

S Applications

We now demonstrate how our theory can be applied to some common experimental
setups in quantum optics. We show how pointwise measurements of the Wigner func-
tion, and histograms obtained using homodyne detection, can be expressed as mea-
surements using tight frames, and generalized tight frames. Furthermore, we propose
efficient compressed sensing schemes (with Fourier-type tight frames) using these mea-
surements.

5.1 Homodyne detection

The most common way to do quantum state tomography on continuous-variable light
modes is based on homodyne detection, which is done by combining the light field with
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a mode in a strong coherent state, called the local oscillator, in an interferometer and
measuring the difference of the intensities on the two output ports [29, 30, 31]. This
amounts to sampling € IR according to the one-dimensional probability distribution
given by the Radon transform (at angle #) of the Wigner function, i.e.,

Py(z) = /W(a: cosf — psin @, xsinf + pcos §)dp. (74)

The angle 6 is chosen by phase-shifting the mode with respect to the local oscillator.

For a general quantum state with maximal photon number N, N + 1 equidistant
choices of 6 € [0, ) are sufficient and necessary to reconstruct the state by an inverse
Radon transform of Eq. (74) or by using pattern functions [29, 30]. Here we show how
these measurements can be described by a generalized tight frame. A tight frame by
itself does not suffice because here every measurement setting, i.e., every choice of 6,
does not only give a single number as a result but an entire distribution Py.

A key observation is that the Fourier transform of the probability distribution (74)
is identical to the characteristic function, i.e., the Fourier transform of the Wigner func-
tion, written in radial coordinates. We define

W(u, v) = /d:c dp W (z,p) exp[—i(ux + vp)] (75)
which fulfills - .
Py (¢) = W (C cosb, ¢ sinf) (76)

where Py(¢) = [ dzPy(¢) exp(—iCz).
This allows us to write the projector (corresponding to measurement setting 6 and
outcome () as

(Po(C)) 5.5y, (kay = Wigpif ( cos 8, ¢ sin O)Wpy o (C cos 0, Csinf) . (77)

Because choosing a measurement setting does not mean choosing values for 6 and ¢,
but rather only choosing a phase ¢ and obtaining a whole “slice” of the characteristic
function, the operator corresponding to a measurement setting is

Po= [dcPalc). 8)
It is easy to check that Py fulfills

1 (7 1

7/ APy = —, (79)

T Jo n

which implies that it satisfies Definition 2 and forms a generalized tight frame.

5.2 Efficient compressed sensing using homodyne measurements

In the previous subsection, we have introduced the generalized tight frame correspond-
ing to homodyne detection. This can be combined with the convex program in equation
(2) to perform state reconstruction. In Section 6, we show by means of a numerical sim-
ulation that this procedure performs well in practice. However, our theoretical analysis
does not apply to this procedure, due to the generalized tight frame; it would be inter-
esting to try to extend our theoretical results to this case.
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In this section, we present a different way of using homodyne detection to recon-
struct low-rank states, which is a little less direct, but does have a rigorous guarantee
of success. We will do three things. First, we will show how homodyne measurements
can be used to estimate expectation values of displacement operators. Then, we will
use (scaled) displacement operators to construct a tight frame. Finally, we will show
that this tight frame has Fourier-type incoherence. By combining these pieces, we will
then get an efficient compressed sensing scheme.

Before continuing, we note that D(«) cannot be directly measured as it is not Her-
mitian. However, one can also use 8-port homodyning to directly measure the ob-
servables |a)(a| = D(a)|0){0| D' () [28]. Because the experimental effort is higher,
compared to standard homodyning, we will not discuss this scheme here.

Define the displacement operators

D(a) = e~1of*/2¢aaTg=a"a 4 c O (80)

Note that we have the identities D(o) = e’ —o"a = laf*/2¢—a"agaal
Now recall the definition of the characteristic function [32]:

CE(B) = Tr(eP' +iep) Be . @81

Setting o = i, we see that C'(®) (B) is precisely the expectation value of the displace-
ment operator D(c). On the other hand, C®)(3) is also equal to W (8), the (two-
dimensional) Fourier transform of the Wigner function W (§). This in turn is related,
via equation (76), to the probability distribution P (), which we can sample using
homodyne detection.

Thus, we can estimate the expectation value of a displacement operator D(«) as
follows: set § = —ic, and make homodyne measurements with phase angle § =
arg(8). This produces several points x1, ...,z € R sampled from the distribution
Py(x). Then set ¢ = |/, and compute %Zle exp(—iCx;). This gives an estimate
for Po(¢) = W(B) = C)(B), which is the desired expectation value.

Note that a lossy detector (i.e., one with efficiency less than 1) has the effect of
convolving the true Wigner function W () with a Gaussian, to produce the empiri-
cally observed Wigner function [33]. This is equivalent to pointwise multiplying the
characteristic function C*) (3) with a Gaussian envelope. We can compensate for this
by re-scaling C(®) () at each point /3, provided that our raw estimates of C'(*)(3) are
sufficiently precise, and the detector efficiency is not too poor.

Next, we will construct a tight frame using the displacement operators D(«). Note
that the D (o) form an orthonormal basis for the state space [32]:

p= l/ D(a)Tr(D(a)'p)da, for all states p, (82)
T Jc

where we are taking a 2-dimensional integral over the complex plane. Now suppose
we sample « from a 2-dimensional Gaussian distribution on the complex plane with
width o (which we will choose later). This distribution has probability density

Po(a) = siyelol/2e, (83)

Define scaled displacement operators

D(a) = \/gcrelo“z/‘l"zD(a). (34)
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Then we can rewrite (82) as
p= / D(a)Tr(D()tp) Pa(a)dey, for all states p. (85)
C

This is (up to normalization) a tight frame for the full, infinite-dimensional state space.
In fact, we are only interested in the finite-dimensional subspace consisting of states
with at most N photons; this subspace is isomorphic to CN+D*WNV+1) S0 we will
truncate the above operators. Let IIx be the projector onto span{|0),[1),...,|N)}
(where the |j) are Fock basis states). Then define truncated displacement operators

Dy(a) =TIyD(a)lly, and  Dy(a)=TyD(a)y. (86)
Then the operators w, = ﬁDN(a) form a tight frame for C(N+D*(N+1) "ag de-

sired:

WP:/ wo Tr(w] p)Po(a)de, — forall p e CN+HUXNFD —(g7)
C

Finally, we set 0 = /2N log(1 + 4N, and we claim that the above tight frame
{w4y } is Fourier-type incoherent, in the sense of Theorems 2 and 5. More precisely, we
claim that

|Dn(a)|| < V2eo = 2ey/Nlog(1+4N),  foralla € C; (88)

we will prove this below. This directly implies

2e+/log(1 + 4N)
wall < % foralla € C. (89)

Then, by Theorems 2 and 5, we have an efficient compressed sensing scheme.

We now show why (88) holds. First, note that while the displacement operators
D(«) are unitary, the scaled operators b(a) are unbounded. However, when « is
small, this is not a problem. In particular, when || < 20, we can just use the trivial
bound o

1Dy ()| < [ D(a)]| < V20elo*/4", (90)

which implies (88).

It remains to consider the case where |o| > 20. In this case, D(a) is large, but
it acts mostly on states with more than n photons, so the truncated operator D (@) is
small. Using a straightforward calculation, we can bound D (a) in the 2-norm, which
implies (88). See the appendix for details.

5.3 Pointwise measurements of the Wigner function

A quantum state p of a single optical mode can be represented in phase space by a real
Wigner function W, : R? — R [28]. Fora single mode it is given by, c.f. Ref. [26, 27],

Wp(&) = %Tr (=1)" D©)'»D(¢)) 1)

where (—1)" is the parity operator where £ = (x,p) € R2, D(&) is the displacement
operator which becomes the one defined in (80) by setting o = (1/+/2)(&; +i&2). With
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the same convention, we will, whenever it is convenient, regard the Wigner function as
a function of a complex variable.

Eq. (91) allows pointwise measurement of the Wigner function by a displacement
in phase space followed by a measurement of the parity of the photon number. This has
already been experimentally performed for optical fields in a cavity [24] and for pulsed
single photons (for the special case of a rotationally invariant state) [25]. We consider
a single mode containing up to N photons and, therefore, Hilbert space dimension
n = N + 1. Measuring the Wigner function at a point & amounts to a measurement of
the observable

Wy = m%D(a)(—l)ﬁDT(a). (92)

We make again use of the probability density Pg of Eq. (83) and define scaled, trun-
cated operators W, = n~'Pg(a)”/?MywIly. They form a tight-frame on the
truncated Hilbert space when the sampling is performed according to Pg.

We now proceed exactly as in the previous section to show that the operator norm
of the w is small enough for the Fourier type incoherence property of Theorem 2. We
do not give explicit constants but focus on the asymptotic scaling in n. If |a| < 20,
we get the bound ||, | < 4ec/n. We will show that if we set ¢ = y/nlogn one has
| exp(|al?/(202))wq]|| < 1 for all @ with |a| > 20 whenever n is large enough which
implies the requirements of Theorem 2. We need the matrix elements (I|wq|k) =
Wik (). To calculate them, first let & = (x,p) and recall the definition of the
Wigner function [28]:

1 .
Wiy ) (z,p) = p /dy U (x4 y)ve(z — y)e*PY. (93)

where we remember the identification o = (1/v/2)(x + 4p). Inserting the eigen-
functions of the harmonic oscillator v;, using the properties of the occurring Hermite
polynomials, and performing the integral allows to write

(71)l+kezz itk ,
Wiy (z,p) = T amkax,ZG(%I,p) / 94)
with the generating function
G(z,z',p) = =P’ +2ip(z—a")=2za’ (95)
From this, one gets the bound, which is by no means tight but strong enough, | Wy ()| <

n"(2]a|)™ exp(—2|a|?) which allows us to write
lexp(lal?/(20%))wall <[l exp(|al*/(20%))wall>

2
<exp (—2|a\2 + (n+2)logn + 2nlog(2]al) + %) .
(96)

We now set 0 = y/nlogn and get, for large enough n, a bound valid for all a with
|a| > 20 which reads

| exp(|af?/(202))wq || < exp (—Qn log? n 4 (n + 2)logn + 2nlog(4v/n log n)) .
N
As the first term in the exponent grows fastest, one has | exp(|a|?/(202))wy| < 1
for sufficiently large n. Thus, there is some C' > 0 such that || w,| < Clogn//n
which means that the pointwise Wigner function measurement is of Fourier type and,
therefore, can be used for efficient compressed sensing.
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Figure 1: (color online) Reconstruction of a random pure state on 4 qubits by Pauli-
measurements. Red triangles: Probability of successful state recovery. Blue circles:
Probability of successful certification.

6 Numerical examples

We now present some examples which show the performance of certified compressed
sensing for randomly chosen states. We demonstrate the method for small-dimensional
noiseless states and defer a detailed analysis of the method, especially in the presence
of noise and decoherence, to a subsequent publication. For small systems, the condition
cs < 1in Theorem 1 is hard to satisfy. However, the conditions for uniqueness can be
replaced by (2°) ¢1 := |PrY —sgn pl|la = 0 and (b’) co := | P#Y|| < 1, discarding the
condition on c3, because these conditions imply that the expression in (11) is positive,
which guarantees that any feasible change in the solution will be 1-norm increasing.

Figure 1 demonstrates certified compressed sensing for the very important case of
the Pauli basis. It is clearly visible that the certificate is only a sufficient condition and
not a necessary one as it is possible that the reconstruction is successful but no valid
certificate is produced. It is also apparent that the overhead in the number of queries
needed for certification is actually quite reasonable.

For the tight frame consisting of all Hermitian matrices, as shown in Figure 2, it is
interesting to note that taking global random observables performs superior to taking
tensor products of local random observables. The intuitive reason for this is provided
by concentration of measure. By considering a distribution of observables which is
invariant under the action of the unitary group on the full system, the proportion of
observables that are not Fourier-like, i.e., whose operator norms are too large, is much
smaller. Thus, more information is obtained per observable which leads to a faster
reconstruction.

Figure 3 illustrates that compressed sensing also works using optical homodyne
detection with a generalized tight frame, c.f. Subsection 5.1. In Figure 4, we show the
reconstruction of a single mode optical state based on the measurement of expectation
values of displacement operators as discussed in Subsection 5.2.
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Figure 2: (color online) Reconstruction of a pure state on 4 qubits. Red triangles
(blue circles): Probability of successful state recovery (certification) for local random
measurements. Green squares (black crosses): Successful state recovery (certification)

for global random measurements.
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Figure 3: (color online) Reconstruction of a random state with rank 5 on 3 modes with
up to 2 photons each by optical Homodyne detection. Red triangles: Probability of
successful state recovery. Blue circles: Probability of successful certification.
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Figure 4: (color online) Reconstruction of a random state of a single optical mode, trun-
cated at the 15-th number state, by measuring expectation values of 2-norm normalized
displacement operators D(«) where |«| is chosen uniformly at random between 0 and
5 while arg(«) is chosen uniformly between 0 and 27r. Red triangles: Probability of
successful state recovery. Blue circles: Probability of successful certification.

7 Summary

In this article, we have presented a general theory of quantum state tomography for
continuous-variable systems using compressed sensing. We have used tight frames
to describe continuous measurement families, which are very natural in a plethora of
physical situations. We have shown how our theory applies to prominent and fre-
quently used techniques in quantum optics, in particular, pointwise measurements of
the Wigner function, and homodyne detection.

e We have explored different incoherence properties sufficient for efficient com-
pressed sensing. Improved results using Fourier-type tight frames were presented
in Theorem 2. Also, it was shown in Theorem 3 that for every tight frame whose
operators fulfill

[wall1 = O(polylog(n)), (98)

most states (i.e., all but a proportion 1/poly(n) thereof) can be reconstructed
from merely O(npolylog(n)) expectation values. It would be interesting to
extend these results to generalized tight frames.

e We have introduced the idea of certified compressed sensing which allows to get
rid of all assumptions and guarantee successful state reconstruction a posteriori.
This assumption-free certified quantum state reconstruction is possible even in
the presence of errors.

e Furthermore, we have shown universal compressed sensing results for any Fourier-
type tight frame in Theorem 5. This implies strong error bounds in the case of
noisy data.

e We have presented numerical results showing the practical (non-asymptotic) per-
formance of these methods. It would be interesting to investigate this further, in
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particular to other types of feasible measurements, and to apply these ideas on
other physical systems as well.
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Appendix

Properties of the x3-distribution

In order to be self-contained, we repeat two simple bounds to the tails of a x? dis-
tributed random variable X which can be found in Ref. [15]. A right-sided bound
is

P (X N 2x) <e®, (99)
while a left-sided one is
P (k —X> wm) <e . (100)
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Random vectors on a sphere

A random vector v € C" on a sphere can be obtained by choosing an vector 7 € R?"?
with Gaussian entries and normalizing. Doing so yields

P (|vi\ > %) <P (\171| > %) +P(||o|| <e) . (101)
To bound the first term, one can use (99), obtaining
1 §2%e
P(lo]>——) < - 102
(o) e () o
while for the second terms the inequality (100) leads to
2
P (|[o]% < 1—y) < exp (7%) . (103)
Setting € = 1/2 finally gives
52
P (Jui| > 6/v/n) < 2exp (7@) ) (104)
Proof of Lemma 8
Proof: From
lP(lP(méy\weXbﬁler)gg (105)
it follows that
P(zAylr e X,yeY) <p. (106)

‘We assume now the contrary of (105), i.e.,

PPzplylzreX)>PlyeY) > (107)

™

from which follows
Pz fylr e X,y €Y)>p, (108)

which is a contradiction to (106) and, therefore, concludes the proof.

Truncating the Hilbert space of a continuous-variable-light mode

We show how large the Hilbert space must be to describe a continuous-variable-light
mode with bounded energy, i.e., bounded photon number. Let p be the state of interest,
Ninean its mean photon number, and py,unc the truncation of p to the first N Fock layers
which is not normalized

chan = ann,n Z (N+ 1) Z Pn,n
n=0 n=N+1

(N + 1)Tr(/)trunc - P) (109)

\Y

From this we obtain
NII\E&I)

N+1
To get from (110) an error to the 1-norm we need

TI“(P - ptrunc) S (110)
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Lemma 9 (Truncation of matrices). Let M be a positive semidefinite matrix, or a
trace-class operator, written as

M:(E?T g) (111)

where A and C' are square matrices. It is true that

1Bl < [AlLlIC]]1- (112)

Inserting (112) with M = p into (110) and employing the triangle inequality yields

with ||A]j; < 1.
Nmean \/Nmean \/NIIISHII
runc > 2 S 3 5 113
[l ptrunc — pll1 < N1 T2V N Nl (113)

aslongas N +1 > Nyean-

Proof of Lemma 9

We decompose the Hilbert space according to the block structure of (111) as E® F and
write M as M =), AMj, where the M}, are rank one projectors with Ay, By, and Cj,
asin (111) and A > 0. Now, we write AMj, = |, ) (V| with |Uy) = ag|dr) + bi|ew)
where |¢) € E and |[¢;) € F. From this, one obtains immediately

1Bl = larl*bx|* = | Akl Cillr- (114)

To conclude the proof, we write

181 < 1Bl < S VA VTG
k k
s\/z Aknl\/z ICklh = VAT VTCT (115)
k k

where we have used the Cauchy-Schwarz inequality.

Proof of equation (88)

It remains to consider the case where |a| > 20. We start by bounding the matrix
elements of the displacement operator D(«):

(k|D(a)|e) = e~ 1o1*/2(k|eva’ e=aa)p), (116)
¢ ‘ w\l—1
e ) = ; 7S e—z+1)|e—z>:;<};;)! 0 (i + 1))i),
- B (117)
k
(Kle~’ = Z Ve =i+ Dk =gl = 6= G+l (18)
7=0
min(k,€)
—|a|? k=i (—a*)td s A
(k|D(a)|t) = e~lo/2 ;‘) G e VE G DVE -G+ T (119)
iz
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Using the Cauchy-Schwarz inequality, and the binomial theorem,

o[ SR flapry? - 120 E a2 : 12
[(kID@)0)] < e[ 3 (B55) k-G )] ZO (B25) e G+ 1)
— -
min(k,€) n1)2 min(k,£) 12
=7 Z; O] [ X 0]
i
~lal?/2 [zk: ] 1/2 {XK: (§)|a‘2(l_j)]l/2
j=0

= e lal /2(1 + o)1 + |af?)42.
(120)

Note that, for any fixed & and ¢, this quantity decays exponentially as || becomes
large.

We now consider the N-photon truncated operator Dy (). We can bound it in
2-norm as follows:

N 1/2
IDx(@ll2 < e /2[ 37 (14 (1 + Jaf)

k=0
. N+1 -1
_ P2y 24k _ o=l 25 (1+ |af?) .
=e + la?)" = 7 (since |a]| > 0)
Z 1+ af?) -
< e P21 4 o)V a] 72 = e T2 (1 4 o)V (14 o] 72).
(121
Then we can bound the scaled truncated operator Dy () as follows:
~ 2
1D (@)l < Vo exp( 1571+ [al?)Y (1 +]a] %) (12
2
= V20 explipty — % + Nlog(L+ [al)](L+[a|2).
Let )
Bi= ol 1ol | Niog(1 +|af?) (123)

be the quantity inside the exponential; we will upper-bound it. Note the following
identity, for any z,xzo € (0,00): (by approximating log(1 + ) to first order at the
point x = xg)

log(1 + ) <log(1 + o) + T2 = log(1 + o) + 15 — 1. (124)

Set z = |a|? and zy = 4N, then we have

log(1+]af?) < log(14+4N)+1Hel 1 < log(14+4N)+ 120l 1 < jog(1+4n) 412l

T+4N
(125)
Then
E< (m——+4)|a\2+nlog(1+4N) (126)
Using the fact that o > 2 8N log(1 + 4N), we get
E<(gz—3+5+del =%+ =)l (127)
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Plugging this into (122), we get
HDN((Y)”Q <20 exp[(fé + ﬁ)|a|2}(l +]a|72).

Using the fact that ¢ > 2 and |a| > 20 > 4, we have that

1Dx(@) < V20 expl—laP)(1 +]al %) < V3o exp(~1)1f < Vo

Since the operator norm is upper-bounded by the 2-norm, this implies (88).
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‘We present a novel method to perform quantum state tomography for many-particle systems which are par-
ticularly suitable for estimating states in lattice systems such as of ultra-cold atoms in optical lattices. We show
that the need for measuring a tomographically complete set of observables can be overcome by letting the state
evolve under some suitably chosen random circuits followed by the measurement of a single observable. We
generalize known results about the approximation of unitary 2-designs, i.e., certain classes of random unitary
matrices, by random quantum circuits and connect our findings to the theory of quantum compressed sens-
ing. We show that for ultra-cold atoms in optical lattices established techniques like optical super-lattices, laser
speckles, and time-of-flight measurements are sufficient to perform fully certified, assumption-free tomography.
Combining our approach with tensor network methods — in particular the theory of matrix-product states — we
identify situations where the effort of reconstruction is even constant in the number of lattice sites, allowing in
principle to perform tomography on large-scale systems readily available in present experiments.

I. INTRODUCTION

Quantum state tomography is — for obvious reasons — a pro-
cedure of great importance in a large number of experiments
involving quantum systems: It amounts to reconstructing an
unknown quantum state entirely based on experimental data.
In many situations one indeed aims at identifying what state
has actually been prepared in an experiment. This seems par-
ticularly important in the context of quantum information sci-
ence, where quantum state and process tomography is now
routinely applied to small, precisely controlled quantum sys-
tems [1-3]. Yet, needless to say, in a number of other contexts
the reliable reconstruction of quantum states is an important
aim as well.

For finite-dimensional quantum systems, conventional
quantum state tomography can be performed by choosing
a suitable basis of B((Dd), i.e., the operators on the d-
dimensional Hilbert space of the system in question. Then, the
expectation values of these d? observables are being measured
to some required accuracy, from which one can reconstruct the
unknown density matrix p. The same approach, however, is
doomed to failure when applied to quantum many-body sys-
tems: If one has a many-body system at hand with & lattice
sites of local dimension d;, the number of necessary differ-
ent measurement settings is given by m = d?*, i.e., it scales
exponentially with the size, rendering the treatment even of
reasonably large systems impossible. Techniques of quantum
compressed sensing [4-8] allow to significantly reduce the re-
quired number of measurement settings, if the state is of rank
r, to m = O(rdlog? d) (where © denotes asymptotic equal-
ity). If r < d, this is an impressive reduction, and gives rise to
feasible quantum state tomography in medium-sized quantum
systems, but this number is still exponential in the number of
sites. Such a scaling cannot be overcome without further re-
striction of the class of possible states, simply because even a
pure state needs of the order of d parameters to be described.
However, if the state is not only pure but also described by a

A,

FIG. 1. Realization of a random quantum circuit by an optical su-
perlattice. The lattice with the larger period is switched between the
two depicted situations, and the lattice depth is changed locally by
A; which is uncorrelated between the lattice sites.

generic matrix product state (MPS), the necessary number of
measurements only scales linearly with the system size and is
even independent of it for the important special case of trans-
lationally invariant MPS. What is more, in several instances
the classical procedure to reconstruct the MPS matrices from
the measurement data is efficient [9].

This small number of parameters ought to make tomogra-
phy an easier task, but in many practical settings involving
quantum many-body systems, a serious challenge arises: In
most interesting systems it is very difficult if not impossi-
ble to directly measure a full operator basis. Instead, merely
measurements of some preferred observables might be readily
available.

In the present work, we propose a solution to this problem.
We do so by combining the action of a suitable random quan-
tum circuit with a measurement of a very small number of
different observables (even a single one can be enough). Such
random circuits are just becoming a tool of great theoretical




importance in several subfields of quantum information the-
ory [10-12]. Here, we show that they also offer technological
advantages, in that they allow for the natural implementation
of quantum state tomography in systems of ultra-cold atoms
using only the techniques of super-lattices and laser speck-
les. Both techniques have already been experimentally proven
to be feasible [13—15]. Combining these new insights with
the above mentioned methods of MPS tomography brings, for
the first time, full tomography of many-particle systems close
to experimental reach. Needless to say, it still amounts to a
very difficult prescription. But while conventional measure-
ments in ultra-cold bosonic systems amount to measuring cer-
tain correlation functions or estimates of the temperature in
thermometry, say, the path described here eventually allows
for the full reconstruction of an unknown state of a quantum
many-body system — quite a promising perspective.

The remainder of this article is organized as follows: First,
we introduce in Section II tomographically complete sets of
observables and a generalization of operator bases, called tight
frames, and discuss their realization by means of random uni-
tary matrices. In a next step, we show in Section III how ef-
ficient compressed sensing is possible with families of uni-
tary matrices which form approximate unitary 2-designs [10—
12, 16-18]. In Section IV, a way to efficiently realize such
unitary 2-designs with the help of random quantum circuits is
presented, before we discuss the application of this approach
to ultra-cold atoms in optical lattices in Section V. Finally,
Section VI shows how, under certain assumptions on the state,
tomography is possible with a number of measurements which
is linear or constant in the number of lattice sites before a con-
clusion is given in Section VII.

II. TOMOGRAPHY BY MEANS OF UNITARY
EVOLUTION

Before we turn to the question of how tomography is pos-
sible, we provide general conditions for sets of observables to
be suitable for reconstructing quantum states. We discuss why
tomographic completeness as such is not sufficient and intro-
duce generalizations of operator bases which allow for robust
tomography.

A. Tomographically complete sets of observables and tight
frames

We consider a quantum system consisting of k subsystems,
called (lattice) sites which all have local dimension d;. Let p €
S(#) be a quantum state on the Hilbert space H = C? with
dimension d = d¥ and S the set of corresponding normalized
observables, i.e., Hermitian matrices w € B(H) with |Jwl||2 =
1. In this whole work, we denote by || - ||, the Schatten p-
norm, where p = 2 and p = oo are the Frobenius norm and
operator norm respectively. Furthermore, we use the Hilbert-
Schmidt scalar product defined as (A, B) = Tr(AfB) and the
projection on the subspace spanned by some w € S which is

defined as
Puw : p— (w, p)w. 1)

Noting that a measurement of the expectation value of w cor-
responds to determining (w, p), we define the total sampling
operator

Wy = d? / du(w)Py € B(B(H)), @

where 4 is a probability measure on .S.

A finite set of observables is said to be tomographically
complete if any two different quantum states have distinct ex-
pectation values for some observable: This implies that one
can theoretically reconstruct the state if one knows all expec-
tation values. If Wy has full rank, i.e. rank(Wy;) = d?, the
state p can be obtained from W;(p) by matrix inversion if
issues of statistical errors and numerical imprecisions are ne-
glected. For general probability measures we make use of the
subsequent definition.

Definition 1 (Tomographic completeness). The measure (i is
said to be tomographically complete if W, as defined in Eq.
(2), is full rank.

In practice, not every tomographically complete measure
on the observables is necessarily useful: The observables,
viewed as vectors in ]Rdz, should not be too unevenly dis-
tributed over the sphere. That is to say, if the ratio between
the largest and smallest eigenvalues of W, is large, small er-
rors in the expectation values can lead to large errors in the
reconstructed state. The ideal situation is that of a tight frame,
also known as spherical 1-design:

Definition 2 (Tight frame). A probability measure i on the set
of 2-norm normalized Hermitian matrices S is called a tight
frame if Wy = 1 with W, given by Eq. (2).

Examples for tight frames include any operator basis and
the rotationally invariant measure on the 2-norm sphere S [8].
When observables are taken from tight frames, the reconstruc-
tion problem is well conditioned and small errors in the ex-
pectation values only lead to a small error in the reconstructed
state [8, 19].

B. Evolution of observables

A tomographically complete set of observables must con-
tain at least d? observables, which might be difficult to mea-
sure directly. We introduce a way to do tomography by per-
forming suitably random unitaries, followed by the estimation
of the expectation value for a single observable. A different
but related approach has been employed in Ref. [20] to per-
form high-fidelity quantum state reconstruction in situations
where the knowledge about the state is not tomographically
complete. In the present work, the time evolution is a tool to
obtain knowledge about the quantum state of the system leav-
ing the question of determining Hamiltonians aside [21].




Switching to the Heisenberg picture, the outlined procedure
amounts to measuring the time-evolved observables. Simple
as this idea is, it allows the economical reconstruction of un-
known quantum states, as it turns out:

Definition 3 (Induced observables). To a measure [i on the
special unitary group SU(d) and an observable wy we asso-
ciate the following induced measure on S:

1\. .- 1
M:<17ﬁ)uof1+ﬁél/\/ﬁ (3)

where f : U(d) — S is defined by f(U) = UtwoU, and
0, denotes the Dirac in x. Notice that if [i is a probability
measure, then so is (L.

An important insight is provided by the following observa-
tion.

Observation 1 (Tight frame induced by random unitary). Let
w be a traceless, normalized observable and iy be the Haar
measure on SU(d). The measure induced on S is a tight
frame.

Proof: To show this observation, we use (3) to calculate the
sampling operator (2) for a state p with Tr(p) = 1:

1
Wanlp) = (d> = 1) /dMH(U)(UTwOU, p)UTwoU + =

@
As w is diagonalized by a unitary matrix, we can assume it to
be diagonal and obtain

(WdH(p))LI :(d2 - 1) Z IEUN;LH {Uk,lUm,jUk77LU7n,i}

k,l,m,n

5i s
X Wk Wrn,mPln + ZIJ %)

where U ~ py indicates that U is distributed according to
the Haar measure. The occurring expectation values can be
obtained from Ref. [22]. We first consider the off-diagonal
elements, i.e., the ones with ¢ # j. Here, the expectation
value vanishes unless [ = ¢ and n = j, in which case we get

Eveun [Uk,iUm,j[jk,ij,i] =

We now turn to the diagonal elements and note that if i = 7,
one needs | = n to get a non-vanishing expectation value. We
consider two cases separately: If m = k we get

Ev s [UaUs, iU U] =
1

d(T—l) (5712(71 — 1) + (1 — (5771)(71 - 1)) s (7)

while for m # k we obtain

Eve, st [UkUnm,iUx iU i] =
1

AR =1 (0ip(n—1)+ (1 -

din). (8)
Inserting now (6), (7), and (8) into (4) and using 3, p; ; = 1,
> wii =0,and >, |w; > = 1, we get Wan(p) = p which
concludes the proof.

C. Tight frames under physical restrictions

In many situations of interest, the quantum state is not com-
pletely arbitrary but satisfies some additional conditions. In
experiments with ultra-cold atoms, for example, the total par-
ticle number is conserved and super-selection rules forbid su-
perpositions of states belonging to different eigenvalues of the
corresponding operator. Assume that the quantum state p acts
only on the eigenspace of some operator N corresponding to
the eigenvalue N and denote the corresponding matrix valued
projection operator as Py . In this case, Definition 2 can be
relaxed to

Wiy PN = Pn )

where d denotes the dimension of the subspace correspond-
ing to the eigenvalue N of N. If one aims at realizing such a
restricted tight frame by the means of Observation 1, one can
replace the group SU (d) by

SUg(d) = {U € SU(d): [U,N] = o} .0

As this group is compact, there exists a unique Haar probabil-
ity measure on it. We adapt Definition 3 to this situation.

Definition 4 (Induced observable on subspace). Let N €
B(H) and Sy its dn dimensional eigenspace corresponding
to the eigenvalue N. To a measure [i on the group SU g (d)
and an observable wy € Sy with ||wo|l2 = 1, we associate
the following measure on Sy :

1. _ 1
/L:(l—dT>;Lof 1+d751/m (11)
N N

where f(U) = Utw,U.

The matrices p, wo, and all V' € SU(d) are block di-

agonal with respect to the eigenbasis of N. We consider the
block corresponding to the eigenvalue N. Invariance of the
Haar measure on SUy implies that if V' ~ pn su, @ then
Pn(V) ~ pm,su(dy)- Thus, one can apply the proof of Ob-
servation 1 to this block and obtain Eq. (9).

III. UNITARY ¢-DESIGNS

The effort to implement random unitaries drawn from the
Haar measure scales exponentially in the number of lattice
sites k, making an implementation both theoretically ineffi-
cient and pratically unfeasible. However, this problem can be
circumvented by replacing the Haar measure by a unitary 2-
design which is much easier to sample from as we will see
later on. Unitary t-designs behave like the Haar measure in
specific situations [12, 17, 18]. The definition most suited to
our problem is the following: Let v be a probability measure
on SU(d). We define two channels on B(H®?):

G (p) = Bums [USp(UT)#!] (12)




and Gy ,,;;, where g is the Haar measure. We say that v
is a unitary ¢-design if G, = Gy. We say that v is an e-
approximate ¢-design if

Gt — Gemll < e 13)
where || - || denotes the superoperator 2 — 2-norm which is
defined as

10l = sup  [|O(X)]f2. 14
X1 X][2=1

This superoperator norm is equal to the Schatten oo-norm
when the channel is seen as a mere linear operator acting on
the real vector space of Hermitian matrices. In the remain-
der we only consider the case ¢ = 2 and drop the index ¢ for
simplicity.

A. Tight frames from unitary 2-designs

For our purpose, i.e., replacing the Haar measure random
unitary in Observation 1, we need an approximate unitary 2-
design. This is the case because when Haar measure induces
a tight frame, c.f. Eq. (4), both U and U appear twice.

Observation 2 (Tight frames induced by unitary 2-designs).
Let wg be a traceless, 2-norm normalized observable and v
be an e-approximate unitary 2-design. Then the sampling op-
erator Wy, corresponding to the induced measure fulfills

W — 1| < Vd(d? — 1)e. (15)
Proof: We have

Wapy = 1 =[Wap = Wanl
[Wa,p (X) = Wau(X)[l2. (16)

= sup
X[ X[l2=1

We note that

1
Wi (X) =(d*> = )Ey~, [(UTwoU, X)UTwoU] + ETrX

=(d® —1)VdTr, (EUW [(UT ®U")

X (wo ® wo) (U ® U)] (X ® \%)) n %TrX,

A7)

where Tr; denotes the partial trace with respect to the first of
the two subsystems of equal dimension. Note that we have ex-
tended the definition of WV, ,, to operators with non-unit trace.
This relation yields (15) after inserting it into Eq. (16) and
applying (13).

The same argument holds also for restricted tight frames as
defined in (9): Let v be a distribution on SU (d) such that if
U ~ v, then Py (U) is drawn from an e-approximate 2-design
on SU(dy). This implies

Wiy wPn =Pl < Vdn(di — 1), (18)

as follows from the application of the above proof to the block
in U corresponding to the eigenvalue N of N.

B. Compressed sensing

The technique of compressed sensing allows to reduce the
number of measurements which are needed to reconstruct a
quantum state from ©(d?) to ©(d polylog(d)) if the rank of
the state does not increase with d. To perform this method, one
has to choose m = O(d polylog(d)) observables wy, . .., Wy,
randomly from the tight frame according to the correspond-
ing probability measure and determine their expectation value
(w;, p) by measurement. Then, one can efficiently solve the
optimization problem

II}IiIl loflist.Vi=1,...,m: (w;,o0) = (w;,p). (19)
The theory has been developed for observables forming oper-
ator bases in Refs. [5, 6] and extended to tight frames in Ref.
[8]. There, it was also shown that the tight frame condition
may be violated and compressed sensing is still possible if

1

=1l < g (20)
where r is the rank of the state we want to reconstruct. Not
all tight frames are equally suited for compressed sensing as
can be seen with a simple example: Let wy,..., w2 be the
elements of an orthonomal operator bases of B(C%) where w;
is a rank-one projector and p = wy. In this case, one has to
measure of the order of d? observables before one “hits” w;
and gets any information on the system. In Refs. [5, 6, 8], it
has been shown that this problem cannot occur if all observ-
ables fulfill the so-called “Fourier type incoherence condition”
which reads

A
Py <||w|\§o > 3) =0, 1)

where A must fulfill A = O(polylog(d)). Note that statements
like (21) make only sense when considering families of tight
frames with growing dimension d. As we are mainly inter-
ested in the asymptotic efficiency of our scheme, we restrict
ourselves to the scaling behavior and omit explicit prefactors.
We now give a condition under which (21) is fulfilled in the
situation of interest.

Observation 3 (Compressed sensing with induced observ-
ables). Let wy be a traceless, normalized observable fulfill-
ing ||woll2, < A/d with X = O(polylog(d)), and let v be a
1/(8V/rd(d?® — 1))-approximate 2-design. The induced tight
[frame fulfills (21), which implies that it allows for compressed
sensing.

Proof: Since
10 woU |2, = [lwollZ (22)

and ||1/v/d||2, = 1/d, condition (21) is fulfilled and from
(15) it follows that (20) is satisfied which proves that com-
pressed sensing is possible.

Observation 3 holds especially in the important case of a
observable which acts non-trivially only on a few number of




lattice sites because here it is of the form

-

RO =

UJ(]:’U®

for some normalized, traceless observable v and some small
constant m.

IV. APPROXIMATION OF UNITARY 2-DESIGNS BY
RANDOM QUANTUM CIRCUITS

In the previous section, we have shown that unitary 2-
designs can be used to realize tight frames. We now show how
they can be approximated by parallel random circuits and gen-
eralize the results of Refs. [10, 11, 16] to show the following:

Observation 4 (Random circuits). Assume k to be even. Con-
sider a parallel random circuit where in each step either
U20U34®...0Uk_1,0rUs3®@Uss®...Q0Up_2 11
is performed with probability 1/2 where U; ;11 acts on the
neighboring sites i and i + 1. If the nearest-neighbor uni-
taries are drawn, in each step independently, from a probabil-
ity measure vo which is universal, as defined below, there ex-
ists a constant C' (depending on the local dimension) such that
the random circuit forms an e-approximate unitary 2-design
after n = C'log(1/¢)klog k steps.

A finite set of nearest-neighbor unitary quantum gates is
called universal if they generate a dense subgroup of SU (d?).
For an arbitrary probability measure on SU (d?), the notion of
universality can be generalized, according to Ref. [16]:

Definition 5 (Universality). We say that u is universal if for
any open ball S there exists | > 0 such that S has a nonzero
weight for the l-fold convolution product of L.

Proof: The proof of Observation 4 is an extension of that of
similar results in Refs. [10, 11]. Readers mostly interested in
the application to optical lattice systems can safely skip to the
next section.

In Ref. [11], it is shown that parallel random circuits with
periodic boundary conditions form e-approximate 2-designs
after n = C'log(1/e)k steps if the unitaries are drawn from
the Haar measure on SU (d?).

We now proceed in three steps: First, we show that the
nearest-neighbor unitaries can be drawn from an approximate
2-design on SU(d?) instead from the Haar measure. We de-
note the measure corresponding to a single step of the random
circuit by v, and define the linear operator G, by

G, = /duk(U) U®? @ U®2. (24)

This operator can be decomposed as G,, = (M. + M,)/2
with

Me=Pio@P3,®...0 Py_1, (25)
My=Pr1@P3®...0 Pr_oj_1 (26)

where
Pj= / A (U ) U} @ U2 7)
‘We have to bound

HGZ,C - GH”OO = /\2(GVk)n (28)

where n is the depth of the circuit and A2 denotes the second
largest eigenvalue. In Ref. [11], it is shown that if the nearest-
neighbor unitaries are drawn from the Haar measure, there
exists a constant A > 0 such that the corresponding operator
Gy, fulfills A2(G,, ) < 1 — A. Using now the fact, that v5 is
a J-approximate 2-design, we get

A2(Gu) < A2(Goy) +E||Gry — Gy lloo < 1+k6—A. (29)

For the right-hand side to be smaller than one, which is nec-
essary and sufficient for an exponentially fast convergence,
one has to choose 6 = O(1/k). To realize this local approx-
imate 2-design, we use a result from Ref. [16] which states
that one needs to draw only s = O(log(1/4)) gates from an
arbitrary universal gate set to achieve this. Thus, we have a
circuit with depth

ne = O(ns) = O(log(1/e)klogk) (30)

where the random choice between M, and M, is not made in
every step but in blocks of s steps which corresponds to the
operator (Mg + Mg)/2 while s steps of the actual quantum
circuit performed are described by ((M, + M,)/2)*. As they
have the same fixed point and

M, + M,\* M + M
() (55).

the convergence of the actual circuit cannot be slower and (30)
holds. The last thing needed to obtain Observation 4 is to
switch to open boundary conditions, i.e., remove the first ten-
sor factor in Eq. (26). As this does not affect the fixed point
and the operator norm difference is on the order of J, only
the prefactor is changed slightly. We note that the prefactor
depends on the actual choice of vs.

The conditions for Observation 3 to apply are fulfilled if
1/e = O(d?/?). Using this in Eq. (30), we get

nt = O(k*logk). (32)

This means compressed sensing is possible with a single trace-
less observable and a parallel random quantum circuit with a
depth given by Eq. (32).

We did not explicitly discuss the case of restricted tight
frames because it can be, again treated by block-decomposing
all matrices according to the spectral decomposition of the op-
erator N describing the symmetry, c.f. Eq. (10). Thus, with a
parallel random quantum circuit as in Observation 4 with uni-
taries which are universal for SU g (d?) with a depth as in Eq.
(32), one can perform compressed sensing for states within
some eigenspace of N.




V. OPTICAL LATTICE SYSTEMS

Ultra-cold atoms in optical lattices form some of the clean-
est quantum many-particle systems available for experiments
and allow for the realization of well-known effects from con-
densed matter. For example, both the bosonic super-fluid
Mott-insulator transition and the Mott state of fermions where
observed by changing the intensity of the laser forming the
lattice [23, 24]. Such systems also have the potential of func-
tioning as quantum simulators which means, they allow to
simulate systems from other branches of physics like the no-
toriously difficult quantum chromodynamics (QCD) [25].

A. Time-of-flight measurements

Even though measurements with spatial resolution have
been demonstrated in recent experiments [15], the standard
technique is still provided by time-of-flight absorption imag-
ing. Here, the lattice and the confining trap are instanta-
neously switched off and, after some time during which the
atoms expand approximately without interaction, an absorp-
tion image is taken [23, 27]. As the distance that the atoms
fly during the expansion is proportional to the initial momen-
tum, this procedure amounts to a measurement of the den-
sity in momentum space. We restrict ourselves to the bosonic
case, while noting that fermions can be treated in a completely
analogous way, and expand the field operators of the one-
dimensional bosonic field as

k

() =D > WO (z—2,)bf) (33)

j=1s=1

where W (@) is the Wannier function of the j-th band, z is the
position, and l;ff ) the corresponding annihilation operator at
site s. If the lattice is sufficiently deep, all bands but the lowest
one can be neglected, and we drop the upper index in (33).
The momentum-space distribution, which is measured in the
time-of-flight experiment, is given by n(p) = |W(p)|>S(p)
where W is the Fourier transform of the Wannier function and
the quasi-momentum distribution is given by

k
S(p) = eP@mm(bih). 34

s,l=1

As we do not assume the state to be translationally invariant,
Eq. (34) cannot be inverted to get the two-point correlation
functions in real space but we can get for integer [

k

. 1
> (blbeyi)y = g/ dpe™'S(p), (35)

s=1 -

where we have set the lattice spacing to one. If the atoms are
bosons, the local Hilbert space is infinite-dimensional. How-
ever, as the interaction between the atoms must always be re-
pulsive to ensure stability of the quantum gas, one can neglect
state where more than a given cut-off number of atoms are

present on a single lattice site. This allows us to work with
a finite-dimensional Hilbert space. We note that this does not
even needs to be an approximation as one can set the maximal
number of bosons per site Ng to their total number N. How-
ever, in any practical setting, one would use Ng < N and
still get a very good approximation. For an arbitrary 4, we set

k
ws” oc S (blbiss + bl ;b)) (36)
j=1

which is traceless. Due to the sum, which stems from the
absence of translational invariance, Eq. (36) is not exactly of
the form given by (23) but a sum of few, i.e. logarithmically
many in the Hilbert space dimension d, terms of this form.
This implies

k
w5 oo < 3 blbiss + b, bille < Ck - (37)
j=1

where C' and C are constants. Because k = ©(logd), we
can employ Observation 1 to show that a measurement of the
momentum space distribution, together with an approximate
2-design, allows for efficient compressed sensing.

Although already a single choice of ¢ yields an approxi-
mate tight frame, we can use the data corresponding to all
i=1,...,k, as they are measured anyway, to reduce the nec-
essary number of experiments.

B. Realization of the random circuit

‘We now discuss how a probability measure on the nearest-
neighbor unitaries that is universal can be obtained. To be as
specific and simple as possible, we use the single-band Bose
Hubbard model with Hamiltonian [28]

k
T3 s 480+ Lt )
H=— Jz-(bzb,ﬂ,_*_l+b}+1bi)+?n,1(7Li—1)+Am7;, (38)
i=1

where n; = IA)IEZ and Jy ..., Jg; A1, .., AU, .. Uy €
RR. To realize the parallel random quantum circuit, we make
use of the techniques of super-lattices [14, 15, 26] and speckle
patterns [13]. As the total number of atoms is conserved and
super-selection rules forbid the superposition of states with
different particle numbers, we restrict ourselves to particle-
number conserving operations.

By using an additional lattice for which the lattice constant
is twice as large, one can change the height of the wells be-
tween alternating pairs of site. This mainly affects the hopping
constants .J; and to much less extend the interaction parameter
U;, an effect which we neglect. By choosing the depth of the
super-lattice large enough, we get .J; = 0 for the non-coupled
pairs and J; = J for the coupled ones. Such a double-well
structure has been used in Ref. [15] to probe correlation func-
tions. A speckle pattern is created by illuminating an uneven
surface with a laser and can be modelled by a spatially fluctu-
ating A;. The situation is sketched in Figure 1. For reasons of




simplicity, we only consider the regime for which the strength
of the speckle potential is not correlated over the lattice sites,
i.e., all A; are independently distributed. Thus, we have a ran-
dom circuit as in Observation 4 and we only need to show that
the corresponding gates generate a dense setin SUn (d?). The
local gates are

Ui j(A1, Ao, t) = exp(—it(—J (b1by + bhbr)
v, .. PR
+ g(nl(m — 1) + ng(nz i 1))
+ Ay +A2ﬁ2)), (39)

where ¢ > 0 is the time after which the super-lattice is
switched and a new realization of the laser speckle is cre-
ated. We assume A;  to be Gaussian distributed, and we
have neglected global phases. Now one can adopt an argument
used in Ref. [29] for showing that the Gaussian operations to-
gether with a single non-Gaussian one allow for continuous-
variable quantum computation. For universality to hold, one
has to generate all operations where the corresponding Hamil-
tonian is a polynomial in the creation and annihilation opera-
tors where every monomial must contain an equal number of
creation and annihilation operators, i.e., must be balanced, to
ensure particle-number conservation. This is true as Eq. (39)
contains all quadratic terms and a single quartic one. Since
one can generate the entire algebra generated from the origi-
nal set of Hamiltonian by commutation, one can approximate
an arbitrary unitary [29]. Thus, by varying A; 5, we can ap-
proximate any gate to arbitrary accuracy which implies, by
continuity of Eq. (39) universality as in Definition 5. By ap-
propriately choosing the distribution from which ¢ is chosen,
the set can be made closed under Hermitian conjugation. Now,
we can apply Observation 4 which shows together with Ob-
servation 1 that one can perform efficient compressed sensing
by using a optical super-lattices, laser speckles, and time-of-
flight imaging.

VI. MORE EFFICIENT TOMOGRAPHY SCHEME FOR
MATRIX PRODUCT STATES AND OPERATORS

Even though compressed sensing notably reduces the num-
ber of necessary measurements, it still scales exponentially
with the number of lattice sites. Without any further assump-
tion on the state, this cannot be overcome. However, when
the state is described by a generic matrix-product state (MPS)
with a fixed bond dimension, tomography is possible with the
number of measurements growing, in general, almost linearly
with the system size and being constant for translationally in-
variant MPS. Ground states of gapped Hamiltonians which
are a sum of terms acting only on a constant number of lattice
sites are, generically, of this type [30].

A. Reconstructing reduced density matrices

The exponential reduction of the necessary number of mea-
surements if the state is a MPS is due to the fact that such

states are completely determined by their reduced density ma-
trices on all blocks of [ consecutive sites where [ only depends
on the bond dimension [9, 30]. In Ref. [9], an efficient algo-
rithm is given for finding the MPS matrices from these re-
duced density matrices. Note that this procedure only works
if an upper bound to the bond-dimension, or, equivalently, to
the locality size of the Hamiltonian is known. This is obvious
as there could always be long range correlations which do not
affect the [ site reduced density matrices.

Let d = d} be the dimension of the subsystem under con-
sideration and define the operator Tr, : B(C?) — B(C?#) be
the operator acting as Tr, (p) = Trg,p and R, denote all lat-
tice sites but ¢, . .., ¢ + [ — 1. Then, the tight frame-condition
of Definition 2 becomes

TrWay = Tr, (40)
If additional constraints apply, the condition reads
Tr,Wasn PN = Tr, PN 41

where dp is the dimension of the matrix block correspond-
ing to the eigenvalue N of N, restricted to the subsystem of ]
lattice sites. We concentrate on the former case as the second
follows in an analogous way and show that a random circuit
with a depth which does not depend on the system size can
realize such a reduced tight frame: Assume wy to be a sum of
traceless observables, each acting non-trivially only on some
block of [ lattice sites. For compressed sensing to be possi-
ble, it is sufficient for v to induce, for every ¢, an approximate
reduced tight frame with

TR, Wag — 1)l < Vdg(d} — 1)e. 42)

This is the case if it is an approximate reduced unitary 2-
design with

<e 43
2

Yq: sup

Trg, (G — G))(X)
XX l2=1

where ggll ) denotes the channel which acts as Gy on a block of

[ sites starting at ¢ and as the identity on the rest of the system.
To see that this is true, we calculate

TR, Wag,, — DIl =
sup  ||Trr,(Wap v (X) = Wag un(X))ll2, (44)
X[ X]l2=1

which yields the desired result after inserting (17) and apply-
ing (43).

To show that obtaining such a tight frame is efficiently pos-
sible, we adapt Observation 4:

Observation 5 (Reduced tight frames by reduced unitary
2-designs). Let the parallel random circuit be as in Obser-
vation 4. There exists some constant C such that it forms an
e-approximate reduced l-site 2-design as defined in (42) after
n = C'log(1/e)llogl steps.




FIG. 2. Top: Parallel random circuit acting on the entire system.
Bottom: Random circuit used in the proof of Observation 5 which
acts only on the inner sites. The above circuit randomizes the states
of the inner sites not less than the above one.

Proof: We show the fast convergence of our random cir-
cuit to a reduced unitary 2-design by comparing it with an-
other random circuit which is easier to deal with, see Fig. 2.
In analogy to Eq. (24) we denote by (_},S‘,Z) the channel corre-
sponding to an application of the parallel quantum circuit to a
block consisting of [ lattice sites starting from g. Observation
4 implies

sup || Teg, (G)" — GEN(X)|l2 < (45)
XX [2=1

for n = C'log(1/e)llog! where C' is a constant. Using that
A2(Gy,.) < A2(Gy,), one obtains (43) concluding the proof.

B. Complexity of classical post-processing

Observation 5 implies that a random quantum circuit of
constant depth is sufficient to perform tomography on a re-
duced density matrix of constant size. The number of opera-
tions, i.e. random unitary gates and measurements of expecta-
tion values of wy, does only scale polynomially with the num-
ber of lattice sites. Therefore, we regard the quantum part of
the protocol as efficient. However, this says nothing about the
amount of post-processing needed because the reconstruction
of the [-site reduced density matrices requires the knowledge
of Trgr,w for all observables w obtained by the realizations of
the random quantum circuit. If one needed to keep track of the
evolution of observables on the entire Hilbert space this would
require an exponential amount of computational resources. To
see that this is not a problem in the present situation, we use
the fact that wy is a sum of terms which act non-trivially only
on blocks of constant size. Thus, the observables induced by
the constant-depth random circuit can be written as

w(U) =Y wi(U)® 1g,/(dgr,)"? (46)

T s 0 |
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FIG. 3. Influence region for a local observables. Only the action of
the darkly colored gates influences the measured observables.

where w;(U) acts non-trivially only on a block of constant
size L starting with site ¢ and where R; denote all lattice sites
buti,...,i+ L — 1, see Figure 3. From Eq. (46), we get

Trr,(w(U)) =Y /dr, Trg, (wi(U)), (47)

i

which means that one only needs to deal with observables on &
Hilbert spaces which all have dimension dF not depending on
k making also the classical part of the protocol efficient. If the
system is assume to be translationally invariant, all reduced
density-matrices are equal, reducing the necessary number of
measurements to a constant. Roughly speaking, the random
circuit transforms a local observable to a reduced tight frame
on [ lattice sites with some influence on L > [ sites and none
on the rest of the system.

C. Mixed states

Even though the method developed in this section is, in its
present form, limited to pure states, it can be naturally ex-
tented to mixed states by using recent results on tomography
for matrix-product operators (MPO) which are a natural gen-
eralization of MPS [31, 32]. In Ref. [33], it is shown that large
classes of MPO states can be efficiently reconstructed from
the reduced density matrices on a constant number of sites
not depending on the system size. As we have presented a
method of recovering these objects, one directly obtains a way
of performing tomography on states in optical lattices which
are described be MPO while requiring the same experimental
techniques.

VII. CONCLUSION

In this article, we have presented a new route towards ef-
ficient quantum state tomography for quantum many-body
systems, specifically for bosons in optical lattices. By us-
ing random circuits, which can be implemented by means of
super-lattices and laser speckles, one can avoid the use of to-
mographically complete local measurements. These are very
challenging, needless to say, but rely solely on time-of-flight
imaging techniques, and seem conceivable with present tech-
nology. Without any further assumptions to the state, the num-
ber of necessary measurements is optimal up to constants and




logarithmic factors in the systems dimension. Restricting the
set of possible states to matrix product states, both the number
of measurements and the depth of the required random quan-
tum circuit does not at all depend on the system size. This
idea gives rise to the exciting perspective of actually measur-
ing out the quantum state of a quantum many-body system in
the laboratory.

There are a number of questions arising from this: For ex-
ample, it would be very interesting to compare the perfor-
mance of the present scheme, which is based on random cir-
cuits, with one where the quantum gates are chosen in an op-
timal way from some set of feasible operations. While there
is not much room for improvements concerning the asymp-
totic behavior, the performance for small systems might differ
notably. This will be studied extensively by numerical means

in forthcoming work. We hope that this work stimulates fur-
ther work — both of theoretical and especially experimental
kind — in “quantum system identification”, in order to inno-
vate ways of rendering quantum state tomography feasible for
large quantum systems.
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We identify a large class of quantum many-body systems that can be solved exactly: natural frustration-
free spin-1/2 nearest-neighbor Hamiltonians on arbitrary lattices. We show that the entire ground-state
manifold of such models can be found exactly by a tensor network of isometries acting on a space locally
isomorphic to the symmetric subspace. Thus, for this wide class of models, real-space renormalization can
be made exact. Our findings also imply that every such frustration-free spin model satisfies an area law for
the entanglement entropy of the ground state, establishing a novel large class of models for which an area

law is known. Finally, we show that our approach gives rise to an ansatz class useful for the simulation of

almost frustration-free models in a simple fashion, outperforming mean-field theory.
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Understanding the physics of quantum many-body sys-
tems is a central goal of modern physics, as they can
exhibit exotic phenomena with no parallel in classical
physics, including topological effects and quantum phase
transitions at zero temperature. However, the very source
of their rich physics also leads to a major roadblock in their
study: The Hilbert space dimension of these systems scales
exponentially with the number of particles. This means that
brute-force numerical techniques fail even for systems of
only a handful of particles.

A key insight in the study of local quantum many-body
systems is that naturally occurring states occupy only a
small subspace of the Hilbert space which, in principle, is
available to them. Specifically, it has been realized that
ground, thermal, and dynamically evolving states are only
weakly entangled: The entanglement entropy satisfies what
is referred to as an ‘“‘area law” [1-3]. This insight is the
basis of the density-matrix renormalization group ap-
proach and higher-dimensional analogues [4]. So success-
ful are these methods in practice that one is tempted to
boldly conjecture that all physically relevant systems will
soon be tractable to one or another of the numerical tools
we have at hand. Recent results give cause for caution,
showing that general numerical methods cannot well ap-
proximate the physics of an arbitrary local quantum sys-
tem, even in 1D; these include local glassy models where
approximating the ground-state energy is NP-hard [5],
suggesting that such systems would be intractable.
However, these results do not give much reason for prac-
tical concern thus far, as at least in 1D they rely on rather
baroque constructions (involving very large local
dimensions).

In this work, we approach the issue of the complexity or
“hardness” of finding ground states from the other di-
rection: We establish a large class of models for which
the task of finding the ground state is easy, in that the
ground-state manifold can be described exactly and effi-
ciently. This is the class of all natural frustration-free

0031-9007/10/105(6)/060504(4)
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PACS numbers: 03.67.Mn, 03.65.Ud, 05.50.+q, 89.70.Eg

spin-1/2 models with nearest-neighbor interaction on gen-
eral lattices. (By the qualifier “‘natural,” we mean that all
two-spin interaction terms have excited states which are
entangled, which might be taken as implicit in the seman-
tics of an ““interaction term.””) Extending ideas of Ref. [6]
on QUANTUM 2-SAT and going beyond 1D models as in
Ref. [7], we find that the complete ground-state manifold
of such Hamiltonians can be constructed by reduction to
the symmetric subspace of a smaller system. In doing so,
we find that the resulting ground-state manifold can be
efficiently grasped in terms of tree-tensor networks. We
discuss how this allows expectation values of local observ-
ables to be computed efficiently. What is more, the ground
states satisfy an area law. Physically, we can view this work
as describing a large class of models for which an instance
of real-space renormalization provides an exact solution to
the true genuine quantum many-body model. Finally, we
see how this construction—a tree-tensor network with a
symmetric subspace as an input—can serve as an ansatz
class to simulate systems which are “close” to frustration-
free models, outperforming mean-field approaches in a
very simple fashion.

In our analysis, we allow for nearest-neighbor
Hamiltonians on arbitrary lattices. This could be a cubic
lattice of some dimension or, more generally, any graph,
the vertex set of which we denote by V. On this lattice, the
spin Hamiltonian H is represented as

H= h, (1
{a,b}

for terms h,; acting on pairs of spins {a, b} C V. By
rescaling, we may require that the ground energy of each
term h,; is zero. The ground-state manifold M of such a
Hamiltonian may be degenerate: We identify the ground
state p with the maximal mixture over M. (This is a pure
state only if H is nondegenerate.) We describe properties of
the ground state p and, more generally, the manifold M,
given H as in Eq. (1). The Hamiltonian H is frustration-

© 2010 The American Physical Society
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free (or unfrustrated) if the ground-state vectors |®) € M
correspond to ground states of individual coupling terms,
that is, if A, ,|®P) = 0 holds for all i, and all |®) € M;
we say otherwise that H is frustrated.

We will call a spin Hamiltonian H natural if it contains
no isolated subsystems, and each interaction term A,
(considered as an operator on C?> ® C?) has at least one
entangled excited state (i.e., an entangled state orthogonal
to the ground-state manifold of %, ;). In what follows we
will consider only such natural Hamiltonians.

Frustration-free spin Hamiltonians.—Our main results
concern the class of frustration-free spin Hamiltonians H.
We show that the ground-state manifold M of such a spin
Hamiltonian on N spins has dimension at most N + 1.
What is more, it is the image of a space of low Schmidt
measure [8] under a tree-tensor network.

First, we describe the needed components of Ref. [6], in
the language of frustration-free models. Consider a
Hamiltonian Hy containing terms #,, of rank 2 or 3. If
Hy is frustration-free, the reduced state p, , of any state
vector |®) € ker(H) is in the kernel of &, ,; we may then
consider a subspace S,, C H,® H, of dimension 2
which contains supp(p, ,). By defining an isometry

Ru:uv:g-[f{u} - Su,v - }[?{u’v}’ (2)
we can reduce to a Hamiltonian on fewer spins: We let

H;j = Rt]::uvHURu:uv = ZRI]::uvha,hRu:uw (3)
{a,b}

Such a spin Hamiltonian H}, is a sum of two-spin inter-
actions (and possibly single-spin terms) of the form £/, , =
R:E;u,,hathu:m,. (If h,,, has rank 3, then A}, is a nonzero
single-spin operator acting on u alone.) If H contains
nonzero terms h,, and h,,, we obtain two nonzero con-
tributions hlt,u = Rz:uvht(,uRu:ttu and hilv = RI:Ltvha,vRu:uv
in the Hamiltonian H’, each of which act on {u, a}. The
sum gives a combined term 7, =k, + k., in Hy,
possibly of higher rank than either A/, or 4/, [9]. If the
new Hamiltonian Hj, contains terms of rank 2 or 3, we may
perform another such reduction, and so on. This reduction
procedure has the following features:

a. Preservation of the kernel dimension.—By construc-
tion, we have ker(Hy) = R,.,, ker(H},). Thus, the kernels
of Hy and Hj, have the same dimension. In particular, if
Hj, has any terms of full rank acting on either one or two
spins, then dim[ker(H;)] = 0, in which case Hy, is frus-
trated. If no full-rank terms are produced, each reduction
leads to an operator acting on fewer spins, until we obtain a
Hamiltonian having only terms of rank 1.

b. Arbitrariness of reduction order—The dimension of
the kernel is preserved by these reductions. We may per-
form such reductions until we obtain a Hamiltonian which
either (i) contains only terms of rank 1 or (ii) contains a
full-rank term. The latter cannot occur in the reduction of a
frustration-free Hamiltonian; we discuss below the analy-

sis for Hamiltonians having only rank-1 terms. Thus, we
may choose any convenient reduction sequence.

The above features allow us to reduce to the special case
of a Hamiltonian Hj, (acting on a system V') which has
only interaction terms of rank 1. Each two-spin
Hamiltonian term %, , = |B,,)XB,,| may be regarded as
imposing constraints on the corresponding two-spin mar-
ginals p,, of states |®) € ker(H): We aim to obtain addi-
tional constraints on pairs of spins u, v € V'’ by combining
the known constraints. To this end, Ref. [6] shows that a
state |®) which is in the kernel of two functionals (3|
and (B, .| is also in the kernel of

(Biel = (Busl @ Byl @ [VT) @ 1) “

acting on the spins {a, ¢}, where |¥~) is the two-spin
antisymmetric state vector. For each such “induced” con-
straint (8, | on spins {u, v}, we may add the term %, =
|8, ,)Bl | to Hy;, resulting in a Hamiltonian H;; which
has the same kernel as H},. (If H}, contains a term A/, #
Iy, it can be subsumed into a term J,, ,, with rank at least
2, in which case we apply a reduction R,,.,,, as above.) One
may induce further constraints from the terms of A, until
we arrive at a “‘complete homogeneous” Hamiltonian H,,
having only terms of rank 1, for which the constraints
(B.»| are closed (up to scalars) under the constraint-
induction procedure of Eq. (4).

Reference [6] shows that such a Hamiltonian H.., acting
on at least one spin and lacking single-spin operators [10],
has a ground space containing product states. Thus, the
above remarks essentially recap the following result.

Observation 1.—There is an efficient algorithm to de-
termine whether a spin Hamiltonian is frustration-free.

We now extend the above results, to obtain a strong
characterization of ground-state manifolds for natural
frustration-free systems. We note the following three addi-
tional features of the isometric contraction scheme above:

c. Tree-tensor construction.—The complete network of
isometric reductions 7 represents a tree-tensor network, a
special case of the multiscale entanglement renormaliza-
tion ansatz [11] which is related to real-space renormal-
ization. Each isometry R,,.,,, has one free input tensor index
and two free output indices, and the sequential nature of the
reduction ensures that the network is directed and acyclic.
Thus, any spin v introduced by an isometry R,.,, is a
“daughter spin” of a unique parent u, leading to a treelike
structure on the tensor network 7. Note, however, that T’
has free input indices, corresponding to the roots of each
tree: By construction, the ground space of Hy; is the image
T|W) of states |¥) € ker(H,).

d. Preservation of natural Hamiltonians.—Importantly,
the isometric reductions above preserve the class of natural
frustration-free spin Hamiltonians: That is, the mapping
hgyu—> R:E:uuha,uRu:uU does not decrease the rank of the
interaction on {a, u} and does not map the orthocom-
plement of the kernel to the space |¢) ® C? for any |¢).
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e. Reduction to the symmetric subspace.—As a conse-
quence of the previous feature, we may use the isometric
reductions to map any natural frustration-free Hamiltonian
to a complete homogeneous Hamiltonian H, on a system
V., in which the nonzero terms h,;, = |B,,XBa.s| are
supported on entangled states |B3,,). We show that the
kernel of such a Hamiltonian has small dimension and is
spanned entirely by product states. For an arbitrary spin
a € V., we may let L, = 1 and define a family of opera-
tors L, satisfying

Baol = (¥ 1, (1,® L) (&)
for spins v € V, and operators {8,,,|. One then finds that
C = ®,ev, L, is alinear isomorphism (not necessarily an
isometry) from the subspace Symm(JH ? Ve) of symmetric
states to the ground space of H,.. (This isomorphism is also
noted in Ref. [12], Sec. III A, for generic Hamiltonians
with rank-1 interactions.) As Symm(H ? Vo) is spanned by
uniform superpositions | W) of standard basis states having

Hamming weight O0=k=n,=|V,/|, we have
dim[Symm(H$")] = n, + 1. This subspace may also
be spanned by product state vectors |ag)®", ..., |a, )®"

for any set of n. + 1 pairwise independent state vectors

la;) € JH,. Thus, any complete homogeneous (natural)

Hamiltonian H._ has a ground space spanned by vectors
1) = @ (Llay) = Clay®, ©)

veEV,

for some |a ) E JH, as above. Coupled with the tree-

tensor structure of the isometric reductions, this character-

ization has the following consequences.

Observation 2.—For an unfrustrated spin Hamiltonian
Hy, any constant k, and k-local operators A, (A) can be
efficiently computed with respect to ground states of H.

Let H. be a homogeneous Hamiltonian acting on n,
spins, obtained by isometric reduction of an unfrustrated
Hamiltonian Hy. Consider a k-local operator A. As
ker(H,) is spanned by product vectors [W¥,) =
Clag)®", ..., |¥, ) = Cla, )®" as in Eq. (6), we can
efficiently compute the restriction of A to ker(H,) by
evaluating

WA) = Y XAk @)
k=0
followed by a suitable transformation. Specifically, con-
sider the operator B = W(1); we have B = UAU' for
some U unitary and A positive and diagonal. We find

ATI2UE S iKY =Y XD, ®)
=0 =0
for some orthonormal basis [®y), ..., |®, ) of ker(H,);

thus, the restriction of A to ker(H.) with respect to the
basis of states I(I)J) may be computed as

A= A"12UtwAUATY2, 9)

[For A consisting of a single k-spin term, the inner products

of Eq. (7) are products of constant-dimensional inner prod-
ucts; for A a sum of multiple terms, we extend linearly.] Let
T:ker(H_.) — ker(Hy) be the network of isometric reduc-
tions. Then, by considering operators A = TTAT, we may
compute the restriction A of such operators A to the ground
space of Hy. We may then efficiently compute expectation
values by using such matrices.

Observation 3.—Ground states of frustration-free spin
Hamiltonians H, on lattices obey an entanglement area
law.

For any contiguous subsystem A containing a spins, we
may reduce the Hamiltonian HE’,“) acting internally on A—
by a tree-tensor isometry 74 acting on A alone—to obtain a
homogeneous Hamiltonian HY, acting on at most a spins.
The ground space of HE-A ) has dimension at most a + 1; as
the ground space of H gf) is an isometric image of that of
HE-A), the same is true of HE;‘). As Hy is unfrustration, any

ground state of Hy, is also a ground state of H ﬁ); it follows
that the Schmidt measure [8] of | W) with respect to the
bipartition V = AU (V \ A) is at most log(a + 1). For a
spin lattice of any dimension, we obtain an area law for
arbitrary subsystems by summing this logarithmic bound
over the number of distinct connected components.

“Almost”  frustration-free Hamiltonians.—We now
leave the rigorous exact setting and turn to the observation
that the above techniques can be used to grasp approxi-
mately frustration-free models. Observation 2, in particu-
lar, suggests a variational approach to estimating ground
energies for Hamiltonians H for which

H=H,+ \Hy (10)

for some A < 1, where Hy is frustration-free but the
Hamiltonian H itself is frustrated. For such Hamiltonians
H, if no phase transition is encountered, the eigenvalues
and eigenstates may differ little from those of the unfrus-
trated Hamiltonian H; (for related bounds on eigenvalues,
see, e.g., Ref. [13]). If the lowest k eigenvectors (for some
suitable 1 = k = n + 1) have a sufficiently high overlap
with the lowest k eigenvectors of Hy, we may approxi-
mately sample from the low-energy eigenvectors of H by
restricting to the kernel of Hy, by using the efficient
algorithm above. In particular, as this procedure is varia-
tional, estimates obtained in this way for the ground-state
energy of H are guaranteed to be upper bounds.

We may consider improvements to this ansatz which
retain more information about the “frustrating” compo-
nent AH than in the tree-tensor renormalization procedure
for Hy. To obtain better estimates—and to extend these
techniques to the case where A may be significantly
large—we may consider partial reductions by tree-tensor
networks, having many free input spins, and isometries
depending on the terms of the perturbed Hamiltonian H
(rather than those of Hy)).

If the ground-state manifold of Hy is contained in a
subspace K which is spanned by product states and has
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FIG. 1 (color online). Left: Ground-state energy for XXZ
model on a trigonal lattice on a 3 X 3 torus, h;; = —X;X; —
Y;Y; — (1 = A)Z,Z;, by symmetric subspace estimate compared
to product state ansatz and exact diagonalization. The inset
shows the same model on a 6 X 6 torus where exact solution
is not feasible and, therefore, is replaced by an Anderson lower
bound. Right: Magnetization in z direction for Ising model in a
transverse field on a 4 X 4 torus, h;; = —Z;Z;, h; = —AX;, by
symmetric subspace estimate compared to mean-field approxi-
mation (product state ansatz) and exact diagonalization.

“small”” dimension (i.e., polynomial rather than exponen-
tial in the system size, as in the case of the symmetric
subspace for ferromagnetic Ising or XXX models), we may
indeed forgo isometric reductions entirely and estimate the
ground energy of H by considering the restriction of H to
XK by using the techniques described for Observation 2. In
contrast to a full tree-tensor contraction, this has the ad-
vantage of yielding exact results for the frustration-free
case A = 0 while retaining more information about the
frustrating component Hy. The resulting estimate for the
ground-state energy will be a linear function of A, whose
value and first derivative with respect to A agree with that
of the exact ground energy at A = 0. For small A and
modest system sizes, this may yield a good estimate of
the ground-state energy of H; see Fig. 1 [14].

To obtain estimates which account for spatially decaying
correlations, we may perform a partial tree-tensor reduc-
tion with a small number of contraction layers and sample
with respect to a subspace K as described above. In each
layer, we may fix a collection of (nonintersecting) adjacent
site pairs {a, b} to contract and for each such pair {a, b}
apply some isometric contraction as described in Eq. (3).
However, rather than apply the reductions which would be
suggested by the frustration-free Hamiltonian H;, we may
use isometries

Quap = 195,01 + |yl 11, (11)

where |9 ) and | ,) are the lowest energy eigenvectors
of the interaction term of H on sites a and b. Given a tensor
network 7| consisting of a product of such two-site opera-
tors Q,..,,» we may then consider the spin model given by
H' = T/HT, and estimate the ground energy of H' with
respect to a low-dimension subspace or another isometric
contraction; this yields an upper bound on the ground
energy of the original Hamiltonian H.

Summary.—In this work, we have introduced a class of
spin models that can be completely solved: The entire

ground-state manifold can be explicitly given and parame-
trized by an entire symmetric subspace under a tensor
network. This class of models is expected to provide a
rich playground of exploring ideas on quantum lattice
models, complementing work that exemplifies how com-
putationally difficult it can be to approximate ground-state
energies. The considered models can also be viewed as the
parent Hamiltonian of the network, in a converse approach
taken for tree-tensor networks in Ref. [15]. The models we
consider obey area laws, establishing a class of models
beyond free systems for which this holds. It is the hope that
this work stimulates further research on models for which
tensor networks arise not only as computational but as
essentially analytical tools.

We acknowledge support by the EU (QESSENCE,
MINOS, COMPAS) and the EURYI scheme.

[1] J. Eisert, M. Cramer, and M. B. Plenio, Rev. Mod. Phys.
82, 277 (2010).

[2] M. Srednicki, Phys. Rev. Lett. 71, 666 (1993).

[3] K.M.R. Audenaert, J. Eisert, M.B. Plenio, and R.F.
Werner, Phys. Rev. A 66, 042327 (2002); G. Vidal, J.1.
Latorre, E. Rico, and A. Kitaev, Phys. Rev. Lett. 90,
227902 (2003); B.-Q. Jin and V. Korepin, J. Stat. Phys.
116, 79 (2004); P. Calabrese and J. Cardy, J. Stat. Mech.
(2004) P06002.M. B. Plenio, J. Eisert, J. Dreissig, and M.
Cramer, Phys. Rev. Lett. 94, 060503 (2005); M.B.
Hastings, J. Stat. Mech. (2007) P08024.

[4] F. Verstraete, J. 1. Cirac, and V. Murg, Adv. Phys. 57, 143
(2008); U. Schollwoeck, Rev. Mod. Phys. 77, 259 (2005).

[S] D. Aharonov, D. Gottesman, S. Irani, and J. Kempe,
Commun. Math. Phys. 287, 41 (2009).

[6] S. Bravyi, arXiv:quant-ph/0602108.

[71 R. Movassagh, E. Farhi, J. Goldstone, D. Nagaj, T.J.
Osborne, and P. W. Shor, arXiv:1001.1006 [Phys. Rev. A
(to be published)].

[8] J. Eisert and H.J. Briegel, Phys. Rev. A 64, 022306
(2001).

[9] We similarly accumulate any single-spin contributions in
H}, which arise from single-spin contributions in Hy.

[10] While we effectively ignore single-spin terms in our an-
alysis, such terms do impose constraints on the ground-
state manifold and thus on whether the Hamiltonian is
frustration-free. However, these may be accounted for
with little difficulty.

[11] G. Vidal, Phys. Rev. Lett. 99, 220405 (2007).

[12] C.R. Laumann, R. Moessner, A. Scardicchio, and S.L.
Sondhi, arXiv:0903:1904.

[13] S. Bravyi, M.B. Hastings,
arXiv:1001.0344.

[14] For systems whose ground states have very localized
correlations, estimating with respect to a subspace
spanned by a small number of product states may scale
poorly for large systems. When K = Symm(C"), the
very symmetry of states in XK entails that correlations
do not decay spatially but are constant.

[15] P. Silvi, V. Giovannetti, S. Montangero, M. Rizzi, J.L.
Cirac, and R. Fazio, Phys. Rev. A 81, 062335 (2010).

and S. Michalakis,

060504-4




92

Chapter 7 - Solving frustration-free spin systems




Chapter 8

Discussion and conclusion

In the five articles, we have elaborated on various aspects of quantum systems
which are relevant for quantum information where we have put an emphasis
on measurement-based quantum computing and quantum state tomography.
In the present chapter, we give a short summary of those articles and also
mention what the contributions of the author were. Furthermore, we provide

a brief conclusion and give some outlook to future research projects.
¢ Limitations of quantum computing with Gaussian cluster statesa

In this article, we have discussed the limitations of using Gaussian states
as resources for measurement-based quantum computing. Gaussian clus-
ter states are the natural continuous-variable generalizations of qubit
cluster states, which were the first known resource for MBQC. Gaussian
cluster states allow for universal MBQC where only Gaussian measure-
ments and a single non-Gaussian one are necessary [37]. Unfortunately,
in their ideal form, they need an infinite amount of energy to be pre-
pared which renders them unphysical. We have shown that in any Gaus-
sian state with finite energy, the entanglement localizable by Gaussian
measurement decays exponentially in the distance between the modes.
This is true on any graph and shows that every scalable MBQC scheme
would need non-Gaussian measurements already to just transport a sin-
gle qubit. Furthermore, if the modes are arranged on a one-dimensional
lattice, transport is impossible even when allowing for completely ar-
bitrary measurements. These results gravely limit the use of Gaussian

states in creating a scalable measurement-based quantum computer.

The author’s contribution was to show the technical results and to write
the manuscript while acknowledging support from KK and JE especially
on section IV.C, V.B, and the appendix.
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e Efficient measurement-based quantum computing with conti-

nuous-variable systems

In this chapter, we have continued the investigation of continuous-variable
MBQC and have both introduced a unifying framework allowing for
the description of MBQC schemes both with qudits and CV systems.
We have formalized the requirements for efficient quantum computing
in this paradigm which helped us to find another important no-go re-
sult: In a system composed of one-dimensional quantum wires, scal-
able measurement-based quantum computing with Gaussian measure-
ments only is impossible when the one-dimensional resource state can
be described by a matrix product state with constant bond dimension.
Thus, both non-Gaussian resource state and non-Gaussian measure-
ments are necessary. As a second main result, we have provided the
first scalable CV-MBQC scheme. It only uses coherent states as an in-
put, beam-splitters and cross-Kerr cells as interactions, and displaced
photon-counting as measurement. Even though the last two require-
ments are experimentally quite challenging, they have all already been

demonstrated at least in proof-of-principle experiments [38].

The main contribution of the author was to formulate and show the
observations made in this article and to write the manuscript. He ac-
knowledges contributions of JE to this article, especially concerning the

presentation.

Continuous-variable quantum compressed sensing

We have introduced the concept of continuous-variable compressed sens-
ing. We were able to provide sufficient conditions observables must fulfill
to be of use for efficient tomography. These conditions are not merely
of purely theoretical interest but they are fulfilled for the measurements
most commonly used in continuous-variable quantum optics. Further-
more, we have presented a method to certify the success of the tomogra-
phy protocol from the measured data. This is especially of interest when
considering medium sized systems which are accessible to present day ex-
periments. We have exemplified this with numerical studies showing the

superior performance of compressed sensing.

The main part of manuscript of this article has been written by the au-
thor who also showed, together with his co-authors, most of the technical

results. This excludes sections 4 and 5.2 as well as the last appendix.
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e Efficient and feasible state tomography of quantum many-body

systems

We have made use of the technique developed in the previous chapter
to propose a scheme for full quantum state tomography of ultra-cold
atoms in optical lattices which only relies on the techniques of speckle-
patterns and super-lattices which have both already demonstrated in
experiment. Under the assumption that the state is a generic ground
state of a Hamiltonian, which is a sum of local terms, the required effort,
both measurement procedure and post-processing, grows only polynomi-
ally in the system size. This is to be compared to a necessarily expo-
nential growth in the general situation. The protocol is based on the
observation that compressed sensing is possible by applying a random
unitary to the quantum state in question followed by a measurement
of a fixed observable and repeating this procedure to get the required
amount of expectation values. We have shown that such random unitary
matrices, called approximate unitary 2-designs, can be realized by suit-
able random circuits which, in turn, can be performed by means of the
mentioned super-lattices and speckle-patterns. We have discussed the
scaling of the necessary depth of the random circuit, i.e., the number
of operations performed before the measurements, with the system size
and have shown that it is, in the particular important case of matrix

product state tomography, independent of it.

The manuscript was written by the author. Contributions of VN and
JE to the idea of this research projects, the mathematical foundations,

and the presentation of the results are acknowledged.

e Solving frustration-free spin systems

In the first four articles, we have investigated the particularities of con-
tinuous-variable systems with respect to measurement-based quantum
computing and compressed sensing while in this chapter, we have con-
sidered quantum many-body systems consisting of qubits, in this context
often called spins. We have presented a method to find the ground-state
manifold of a large class of Hamiltonians, i.e., frustration free nearest-
neighbor ones on any graph. Such Hamiltonians are sums of terms acting
non-trivially only on two neighboring systems. In addition, the global
ground state is simultaneously the ground state of all the terms con-
tributing to the Hamiltonian. We have done this by adapting the method

used in Ref. [39]. The key idea is to perform a sequence of isometric re-
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ductions which leave the ground-state invariant. At the end, one obtains
an isometric tree-tensor network which has the property that the image
of the symmetric subspace under it is exactly the ground-state manifold.
As the algorithm to find this tree-tensor network scales polynomially in
the number of spins N and the dimension of the symmetric subspace is
N +1, the solution fulfills the requirements of efficiency. The notable dif-
ference to other techniques based on tensor-networks is that we were able
to provide an analytic, compared to a merely numerical, algorithm. Fur-
thermore, our algorithm can be used as an approximative technique to
find solutions of Hamiltonians which are close to being frustration free.
We have applied this technique to the XXZ model and compared our
findings to results obtained by exact diagonalization, variational meth-
ods, and Anderson bound techniques showing a favorable performance

at least in part of the parameter range.

The main contributions of the author to this work were the numerical
results and the part on the idea of using the presented method as a

simulation technique for slightly frustrated systems.

The main aim of this thesis was to investigate and characterize continuous-
variable quantum states where we have focused on two important aspects.
The first two articles have discussed the possibility of using such states as
resources for measurement-based quantum computing (MBQC). This was of
particular interest in the view of the research program started with Ref. |37]
in which Gaussian analogs of the cluster state, as used in the first MBQC
protocol [6], were introduced and which inspired a substantial amount of re-
search in this direction. We have contributed to this efforts by developing a
framework to describe a very general class of MBQC schemes both discrete
and continuous. This allows to clearly state the requirements any efficient
MBQC scheme has to fulfill. Using this framework, we have shown serious
limitations of the Gaussian cluster state approach on one hand and presented
a measurement-based computing scheme not suffering from these drawbacks
on the other hand. Besides the direct implications, these results highlight
again the necessity of non-Gaussian elements in quantum information. While
it was known before that non-Gaussian measurements are needed, we have
shown that non-Gaussian resource states are required at the same time. This
is a substantial difference to the situation of entanglement distillation where
non-Gaussian resource states are sufficient [19-21]. This motivates a closer in-
vestigation of the resource character of non-Gaussian states as already started
in Appendix [A]
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The second subfield of quantum information, this thesis has contributed
to, is quantum state tomography. We have addressed this problem from three
directions. On the theoretical side, we have generalized the technique of com-
pressed sensing such that a large class of measurements can be used. This has
allowed us to give detailed description how compressed sensing can be per-
formed in experiments involving quantum optics or ultra-cold gases in optical
lattices. To connect our theoretical findings, which are mainly concerned with
asymptotic statements, i.e., the scaling of the effort with the system size, to
experiments, we have also performed numerical simulations. They show that
compressed sensing outperforms other methods of quantum state tomography
not only in the asymptotic limit but also in medium size systems accessible
in present day experiments. A next step in this research program is to ap-
ply these results to actual experimental data to show the superiority of this
method also in real-life situations.

We hope the present work is a little puzzle piece in the quest for a bet-
ter understanding of the properties of quantum mechanical systems and for

realizing a quantum computer and other quantum information devices.
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Appendix A

Measures of non-Gaussianity

As discussed in Chapter 4] non-Gaussian quantum states are necessary for
measurement-based quantum computing. Another important task in quantum
information, where Gaussian states are required, is Gaussian entanglement
distillation. Assume that two parties, called Alice and Bob, want to perform
a quantum information protocol which requires them to share an entangled
quantum optical state, e.g. entanglement-based quantum key distribution [40].
Now, Alice prepares such a state locally and then sends half of it to Bob. In
reality the link connecting them, e.g. an optical fiber, will always be lossy.
Thus, if the distance is too long, the state shared between Alice and Bob might
not possess enough entanglement or might be too mixed. An entanglement-
distillation protocol now allows to convert a number of weakly entangled,
mixed states to a smaller number of highly entangled, purer states which can
then be used to perform the required task. However, if Alice and Bob share
only Gaussian states, entanglement distillation with Gaussian operations only
is impossible [19-21]. Non-Gaussian states, on the other hand, allow to be

distilled with Gaussian operations [19}22].

This motivates the search for a quantification of non-Gaussianinity. The
measure proposed first was based on the Hilbert-Schmidt distance [41], which,
unfortunately lacks an operational meaning. A second one was based on the
quantum relative entropy, which is connected to the distinguishability of two

quantum states in the limit of many copies [42].

In this section, we define another non-Gaussianity measure based on the
trace-distance between the state and a reference Gaussian state. As the trace-
distance determines the probability to distinguish two quantum states in a
single measurement, our measure has a operational meaning which is relevant

for quantum information processing.
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A.1 Non-Gaussianity based on trace-distance

For a quantum state p, we denote the Gaussian state with the same first and

second moments by 7. We then define the non-Gaussianity by

5(0) = 3llo =7l (A1)

where || - ||1 denotes the trace norm which is also called the Schatten 1-norm,
and which is given by the sum of all singular values. From the properties of
the trace norm, it is clear that d is continuous, takes values only in the interval
[0, 1] and is zero if and only if p itself is a Gaussian state. Furthermore, it has

the following properties:
Lemma 1. The measure § is invariant under Gaussian unitary transformations.

Proof: The state p transforms as p’ = UpUT. Its covariance matrix trans-
form as 0/ = T'oT'T where T is the symplectic transformation corresponding
to U while the vector of the first moments d transforms as d’ = I'd. The first
and second moments of the Gaussian reference states undergo the same trans-
formation. Because the Gaussian reference state is completely determined by
its first and second moments, it must also transform as 7 = UrUT. Then, the

invariance of ¢ follows from the unitary invariance of the trace norm.

Lemma 2. The measure § stays invariant when adding a Gaussian state to the

System.
Proof:
1
§(pa®7B) :QH(PA ®@78) — (Ta®78)|1

1 1
= 5lllpa —=ma) @ 75ll1 = Slloa = mallill7ally = 8(pa).  (A.2)

Lemma 3. The measure  does not increase under the partial trace-operation,
i.e., 8(Trp(pap)) < d(paB).

Proof: Because the second moments of the reduced state form a block
in the covariance matrix, the Gaussian reference state of the reduced state
is 74 = Trp(7Tap). As the trace distance does not increase under the partial

trace,  must also be non-increasing.

Lemma 4. The measure ¢ does not increase under the application of a Gaussian

channel.

Proof: Every Gaussian channel can be performed by the following proce-
dure: Adding a Gaussian ancilla state, performing a Gaussian unitary oper-
ation, and tracing out the ancilla state |[43]. Thus Lemma (4] follows directly
from Lemmata 2] [I} and [3]
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Lemma 5. The measure § is subadditive under tensor products, i.e.,

6(pa® pB) < 6(pa)+9d(pB). (A.3)

Proof:
1
(pa ® o) =3l (4 © p5) — (T4 © B
1
:§HPA ®pp—TAR®pB+T4® (pB — TB)[1

ng(pA —74) @78l + ITa ® (pB — 78) |1
=8(pa) + 0(pp)- (A4)

Single-mode continuous-variable quantum optical states are most conve-
niently described in terms of the Wigner function which is a real quasi-
probability distribution of two phase-space coordinates and the most straight-
forward generalization of the classical phase-space distribution to the quantum
regime [16].

Unfortunately, it is not possible to calculate ¢ directly from the Wigner
function without first reconstruction the density matrix. However, there exists
a lower bound to the non-Gaussianity which follows from the ordering of the

different p-norms:

1 1 1
5 =5l =7l 2 5llo = 7lle = 5v/Telp — )2

:;\/% [ e, - w2 (A.5)

where || - [|2 denotes the Schatten 2-norm, i.e., the square root of the sum of

the squares of the singular values.

A.2 Negativity of Wigner function

We note that the non-Gaussianity § is not convex. Even more, a non-trivial
convex combination of Gaussian states with different first moments can have
a non-vanishing §. This already points in the direction that § may not be a
suitable measure if one is interested in the properties of non-Gaussianity as
a resource. For this reason, we examine a measure of non-classicality, which
was introduced in Ref. [44] and which is given by the volume of the negative

part of the Wigner function

53(p) = / 4 (W, ()] — 1, (A.6)
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where W,(§) is the Wigner function of the state p. One can show that it fulfills
Lemmas and [4 Furthermore, it is convex.

Lemma 6. The measure dy is convex, i.e., dn(p1p1+p2p2) < v = pion(p1) +
p20n(p2) where p1,ps > 0.

Proof: The proof directly follows from the definition and the triangle
inequality.

We now consider Gaussian measurements: As a Gaussian measurement can
always be written as an x-quadrature measurement proceeded by a Gaussian

unitary, we restrict ourselves to this case.

Lemma 7. The measure 5 does not increase on average when performing a

Gaussian measurement on a subsystem.

Proof: We state the proof for a two-mode system, however, it is valid for
any number of modes. The Wigner function of the remaining system (p4(x2))
after performing a z-quadrature measurement on the second subsystem and
obtaining the result x is

W (a1, p1) = pé)

where p(z3) is the probability distribution for the measurement results. The

/dp2 W(xl)plaI25p2)7 (A7)

average Wigner function negativity is
(ox(pa)) = [ deapla)on(pa(ea)). (A%)
Inserting (A.7) into (A.8) yields

ontoa)) = [ dos [do [

< /dm /dxl/dpl/dm |W (1, p1,22,p2)| —1 =dn(pap) (A.9)

/dp2 W(x1,p1,22,p2)| — 1

which concludes the proof. Note that this statement is only true on average.

For some measurement outcomes, §y does increase.

A.3 Distance to states with positive Wigner func-

tion

The measure of non-classicality oy defined above unfortunately lacks an oper-

ational meaning. To cure this problem, we define yet another non-classicality
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measure by means of the trace distance to the set of states with positiv Wigner
function: )

N(p) = min lp — o], (A.10)
where the minimization runs over all states with positiv. Wigner-function
(W, > 0). This measure has nice properties too:

Lemma 8. The negativity N is invariant under Gaussian unitary operations.

Proof: We observe that Gaussian unitaries conserve the positivity of the

Wigner function. Denoting the optimal reference state for p by p*, we get
< Yoot — oot = Lo — ot
NUpU") < 5|IUpUT = Up™UTlr = Sllp = p7 Ik (A.11)

This shows that N cannot increase. However, if it could decrease, the inverse
operation U ™! would increase the negativity of the state p’ = UpUT. As this

is not possible, N must stay invariant.
Lemma 9. The negativity N does not increase when tracing out a subsystem.

Proof: Here we only need the fact that the partial trace operation also

preserves Wigner function positivity and get

1

N(Trapag) < 5| Trapas = Traphplh < Nlpag), (A.12)

where we have also used that the trace distance is non-increasing under partial
trace.

Lemma 10. The negativity N is convex.

Proof: We use the convexity of the set of states with positive Wigner

function and get

1
N(pip1+pap2) < 5l (p1p1+pap2) = (p1p] +p193)1
1 n 1 n
< gpillor = p1 I+ Sp2llez = p2lln = 1N (p1) +p2N(p2).  (A.13)
Lemma 11. The negativity N does not increase when performing a tensor-

product with a positive state.

Proof: We pick a possible reference state to get a lower bound

1 1
N(pm@py) < Sll(er@pg) = @p3) e = Sler=pilalles [h = N(pr). (A.14)

Note that we can only proof an inequality here because the optimal reference
state of the tensor product does not need to be the tensor product of the

optimal reference states of the factors.
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Lemma 12. The negativity N is sub-additive under tensor products.

Proof: We take Lemma [T1] and procede exactly as in the proof of Lemma
bl

Those lemmata show together that the negativity can only decrease under
Gaussian channels, which can be also shown directly using the contractive

property of the trace distance. In addition, we have:

Lemma 13. The negativity N does not increase on average under Gaussian

measurements.

Proof: We denote the (non trace-preserving) quantum operation corre-
sponding to the Gaussian measurement by &, where k denotes the measure-
ment outcomes. This operation preserves positivity, i.e., Wg, (,+) > 0 and,
therefore, & (p™) is a valid possible reference state for remaining the system

after the measurement. This yields
D ONE(P) <Y lIE(p) = Elp) Il =D IEk(p = pT)Ir- (A.15)
k k k

The trace distance can not increase on average under any quantum operation.

Thus, we obtain

> N(Ek(p)) < N(p) (A.16)
k

which completes the proof. Again, the statement is only true on average as
for some measurement outcomes, the negativity can increase.

A reason why negativity is a better description of the resource character
of non-Gaussian states than the non-Gaussianities discussed in the literature
and above is that convex mixtures of Gaussian states can be non-Gaussian.
However, they are, for example, not useful for teleportation as the following

lemma shows:

Lemma 14. Non-trivial entanglement distillation with states which are mix-

tures of Gaussian states is impossible under Gaussian operation.

Proof: Suppose the states to be distilled are of the form p = )", prps,
where the py are positive and sum to one and all p; are Gaussian. An entan-
glement distillation protocol is a (non-trace preserving) quantum operation.
The input state p®V is also a convex mixtures of bipartite Gaussian states,
ie., poN = Zj gjo; where ¢; and o; can be easily obtained from p; and p;.

Applying now the protocoll, we can use linearity to get

mi= E(pPN) = 3 a;€(0y). (A17)
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Now all o; are Gaussian states which are no more entangled than pj due
to convexity of entanglement measures. Using now the no-go theorem from
Ref. [19], we get E(E(0;)) < E(pi) where E(p) is an entanglement measure.
Using convexity again we finally get F(7) < maxy;FE(pg). This means, it is
not possible to distill a state which is more entangled than the most entangled
state forming the convex mixture p. It is possible to get a state which is more
entangled than the mixture p itself but this is not surprising. With the same
technique, one can also show similar results for other quantum information
tasks where Gaussian no-go theorems exist.

Not all states with positive Wigner functions are convex combinations of
Gaussian states. One example is the single-photon state which has undergone
a sufficient amount of photon loss, i.e., p = (1 —n)|1)(1] +7|0)(0| for n > 1/2.
The general question of deciding whether a state can be written as a mixture of
Gaussian states can be translated to the level of the Wigner function. Denoting

a Gaussian centered around ¢ with the matrix M ~! as done in Ref. [45] by

a6 M0 =Y exp (€~ O"ME-Q], (A1)
we ask if we can write
W,(€) = / 4¢ p(Q)G(E: M(C), C) (A.19)

with a positive normalized probability distribution p(¢). For constant M (()
this is just a folding integral which can be converted to a product when making
the transition to Fourier space. This renders it possible to calculate p(¢) and
to check whether it is positive. In the general case, however, on has to solve
an integral equation for p(¢) and M (¢) which might be complicated.

It is important to note that negativity of the Wigner function is not neces-
sary for entanglement distillation as the following example shows [19]: Let the
density matrix elements be pgo00 = 1/(1+ €2), £1,1,00 = P0,0,1,1 = €/(2+ 2¢),
PL111 = €2/(1 + €2) with zeros everywhere else. This state allows for en-
tanglement distillation with Gaussian operation for all ¢ > 0 but its Wigner
function is positive for small enough e. This means that to investigate the
resource character of non-Gaussian state, one should define a measure which

we will call the essential non-Gaussianity
.1
Ne(p) = min 5o = o1, (A.20)

where the minimization runs over all states which can be written as a convex

combination of Gaussian states, i.e., whose Wigner functions are of the form



110 Chapter A - Measures of non-Gaussianity

(A.19). This measure is bounded by the trace distance non-Gaussianity and
the Wigner function negativity by

N(p) < 2Ng(p) < 25(p). (A21)

Furthermore, Ng(p) fulfills all Lemmata shown for N(p) as can be easily
shown. The explicit calculation of Ng(p) is difficult, but bounds can be cal-

culated using (A.21)).

A.4 Summary and Conclusion

In this appendix, we have introduced various measures which allow to quantify
non-Gaussianity and non-classicality. By measuring the distance to a reference
state by means of the trace norm, the non-Gaussianity d obtains an operational
meaning. However, states with large 0 can be created by classical mixing of
Gaussian states, and such states are not useful for entanglement distillation
and other protocols where non-Gaussian states are necessary. For this reason,
we have introduced the essential non-Gaussianity Ng which is defined as the
minimal trace distance to the convex hull of Gaussian states. This quantity is
a good candidate for measuring the resource character of non-Gaussian states
but its use is limited as it is not easily calculable.

Regions where the Wigner function are negative are a clear indication for
the non-classicality of the corresponding state [17]. Nevertheless, we have
shown that negative Wigner functions are by no means necessary to circum-
vent the no-go theorems, e.g. for entanglement distillation with Gaussian op-
erations. Thus, non-classicality measures which are based on the negativity of
the Wigner function, as dny defined in and N defined in are not
suited to measure the capability of a state in entanglement distillation with

Gaussian operations and related protocols.



Appendix B

Ultra-cold atoms in optical
lattices beyond the

single-band approximation

In this appendix, we investigate the behavior of Bosons and Fermions in optical
lattices. We start with solving the Schodinger equation for a single particle
in a periodic potential. Then, we go the picture of second quantization and
derive a Hamiltonian describing the mixture of interacting spinless Bosons
and Fermions and numerically calculated the various hopping and interaction
parameters characterizing the systems as well as the Wannier functions of
the lowest few bands. This allows us to assess the single-band approximation
commonly employed when discussing such systems [46]. Then, we solve the
Hamiltonian, we have derived, numerically in the limit of a deep lattice, i.e.,
where hopping between the lattice sites is absent. We calculate the occupation

of the higher bands depending on the interaction and the lattice depths.

B.1 Non interacting Bosons and Fermions in optical

lattices

We consider a single particle in three dimensions with mass m moving in a
potential U(r) which is periodic with lattice constant a. The single-particle

Hamiltonian reads
I RAVE:
2m

For mathematical convenience and for later numerical calculations, we consider

B

+U(r). (B.1)

a homogeneous finite D-dimensional cube [~aN/2,aN/2)P =: D with periodic
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boundary conditions. Furthermore, we introduce the lattice wave vector kr, =
7/a and the recoil energy Er = h%k? /(2m). The latter will be used as a unit
of energy whenever it is possible. From Bloch’s theorem we know that the

solutions of the Schrédinger equation are of the form
Uren(r) = [1/(aN)P/2)e2 RNy (r), (B.2)

where x € {—=N/2,...,N/2 — 1}*P =: B. The Bloch functions ux n(r) have
period a and are labeled by the band index n. The corresponding energy
eigenvalues will be denoted by Fx n and are shown in Fig.

Now, we can define the Wannier functions for z € B as

’LUZ’n(I‘) = Né/Q Z e_QM'X.Z/wa,n(r)- (Bg)
xeB

There exists a notable freedom in the definition of the Wannier functions, i.e.,
the choice of the phases in . However, Ref. [47] provides a rule to choose
the phases such that the resulting Wannier functions are real, symmetric (for
even bands) or antisymmetric (for odd bands), and maximally localized. Be-
cause the lattice potential depends on the intensity of the light-field we take the
one-dimensional potential U(r) = Vysin?(kzr). The one-dimensional Wannier
functions for the first band is shown for different lattice depths in Figs.
In the limit of an infinitely deep lattice, the Wannier functions converge to the
eigenfunctions of the harmonic oscillator. For a simple cubic lattice, and this
is the situation we want to consider in this appendix, the Wannier functions

factorize and we can write

Wan (T) = Wy, (T)z,n5 (Y) Wang (2)- (B.4)

Thus, in a three-dimensional system all bands but the first one are degenerate.
For example, there exist three first excited bands, i.e., n, = (1,0,0), n, =
(0,1,0), and n. = (0,0, 1). However, because of the factoring property (B.4),
it is in most of the cases enough to consider the one-dimensional situation as

we will do in the following. The Wannier functions of the first four bands are

shown in Fig.

B.2 Interacting atoms

In order to consider the interaction between the particles, we turn to the
second-quantized formulation of the problem. The interaction between ultra-
cold atomic gases is very well described by s-wave scattering with a delta-

shaped pseudo-potential [11]. Therefore, all interactions are characterized
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Figure B.1: Lowest three energy bands of a one-dimesional system for Vj =
10 Eg.
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Figure B.2: One-dimensional Wannier function of the lowest band for V) =
5 ER (blue), Vo = 20 ER (red), and Vy = 30 Ei (green).
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Figure B.3: One-dimensional Wannier function of the first four bands (green,
red, blue, pink) for V) = 19 Ey.

by only two parameters, i.e., the scattering length for Bose-Bose scattering
(app) and the one for Bose-Fermi scattering (apr). In a second quantized

description, the Hamiltonian reads

O =Hp+ Hp + Hpp + Hpr, (B.5)
with
Hpp = / dr ¥} (0)hpp(r) s p(r), (B.6)
fipn =5 [ar ) Tat)Ta(r) (B.7)
fipr = 1 [ar V)80 r(r), (B.3)

where Up (¥p) is the Bosonic (Fermionic) annihilation operator and g =
(47r2h2a33)/m3, f= 47r2h2aBF(mB + mF)/(QmBmF).

We now expand the field operators into Wannier functions

Upp= Zwi,n(r)i)i,n (B.9)
i,n
which yields (@ = b, f)
Hpr =Y Jiyni aitin, (B.10)

17J7n
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where
. s B F
T = S DN g (B.11)
xeB

i.e., different energy bands are not coupled through hopping. The intra-species

interaction Hamiltonian reads (we use super-indices (i,n) = i)

Hpp =Y <t blblbychy, (B.12)

i7j7
k1

)

where Ui,j,k,l = gWi,j,k,l with

Wi,j,k,l =g /Ddr w;" (I‘)wjk (r)wk(r)wl(r). (B.13)

We note that because we have chosen the Wannier functions to be real, a
permutation of the indices does not chance the value of the interaction co-
efficients. Because of the factoring property , all these integrals factor
into products of one-dimensional integrals over the respective one-dimensional
Wannier functions. For all Wannier functions centered around the same lat-
tice site, i.e., the ones occurring in the terms describing local interactions, they

read -
Wi ki = / dfr wf(r)w;f(r)wk(r)wl(r), (B.14)

—0
where i, j, k, [ are band indices. Because the even (odd) Wannier functions are
even (odd), most of these coefficients, e.g. Wy 00,1, vanish. The inter-species
interaction Hamiltonian reads in complete analogy

Hpr = Z Vi,j,k,li?iTlA)jflifl, (B.15)

ij,k,1

where Vi1 = fWijxk1 In Fig. coefficients corresponding to intra-band
interaction of the Bosons are shown. They are larger in the lower bands
because these bands are more localized and, therefore, the overlap of the wave-
function with itself is larger. The coefficients which couple two bands, i.e., the
one associated with inter-band interaction and with transfer of the atoms from
one band to another, are also smaller for higher bands. This fact, together with
the band-gap, c.f. Fig. which imposes an energy penalty when occupying
higher bands, justifies to consider only the lowest two or three bands. In
addition, we note that the interaction between particles on neighboring sites
is much smaller then every other interaction coefficient and will be neglected
in the remainder of this appendix. The hopping parameters defined in
are larger in the higher bands, because they are less localized. Furthermore,
comparing Figs. [B.4] and one sees that the effect of next-nearest neighbor

hopping is very weak and therefore not considered in the following calculations.
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Figure B.4: Nearest-neighbor hopping parameter for the lowest (blue), first
(red), and second (green) Bloch band.

0 10 20 30 40 Vy/ER

Figure B.5: Next-nearest neighbor hopping parameter for the lowest (blue),
first (red), and second (green) Bloch band.
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Figure B.6: On-site intra-band interaction coefficients Wy 00,0 (blue), Wi 11,1
(red), Wi 111(green).
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Figure B.7: On-site inter-band coupling coefficients Wy 1,1 (blue), Wy .22
(red), Wi 1 2.2(green).
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B.3 Single site system

We consider a single lattice-site which corresponds to setting all hopping pa-
rameters to zero. Due to the presence of the Boson-Fermion interaction and
especially because of the multiple bloch bands, already the single-site physics
is highly non-trivial.

We concentrate on the situation of one Fermion and n Bosons on a single
site and restrict ourselves to the one-dimensional case, which is very similar to
the three-dimensional one due to the factorization properties of the Wannier
functions. We diagonalize the resulting Hamiltonian numerically exact. As
the simplest non-trivial example, we take the Hamiltonian truncated to the
lowest and one first excited band which are seperated by the gap Ag,/p. With
the abbreviations Uy, = Up pp.p, Vp = Vpppp and po = p, 1 = p+Ap, vg = v,
v =v+ Ap, it reads

1
70) _ N 70 4 70
HO =>"[) + 1], (B.16)
p=0
with
A = Yei i 1) = i+ Vi — v (B.17)
ip = o p\Tp Hp pMyp — VpTn, .

while the one describing inter-band interaction and coupling reads with Up; =

Uo,0,1,1 and Vo1 = Vo 0,1,1,

ﬁi(,%)l = 2U01ﬁ0ﬁ1 + VOI (ﬁoml + ’le’fho)
+ Uor (BhBbonbn + b{b{bobo ) + Vo (B f{ 1
5000 L fo + blbo f Fu + Blbofifo) . (B.18)

The dimension of the Hilbert space for n Bosons and m Fermions is dg = n+1
for (m =0orm = 1) and dg = 2(n+1) for m = 1 which is easily diagonalized
for all reasonable occupation numbers. Its eigenstates and energies are denoted
by

HOn, m; 1) = €n,mi |7 M5 1) (B.19)

Now, we calculate the expectation values of both the Bosons and the Fermions
in the different bands, i.e., (n;) and (rm;) for i = 0,..., k. Before we do this,
we shortly discuss the physical meaning of the contributions to which
are proportional to Up;. Because, as already mentioned, Wy 0,1 = 0, it is not
possible for a single Boson to jump into the second band, which means that
the influence of the second band is absent in the important special case of one

Boson per lattice site. In contrast, a process where a single particle jumps to
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(fr2)
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Figure B.8: Occupation of the second band (ns2) for two Bosons and one
Fermion on a single lattice site in one dimension without Bose-Fermi ineraction
(blue), apr = —400ag (red), and apr = +400 ay (green).

the third band, described by 5;5;8131 is possible. Even though its contribution
is in generally not neglectable compared to the one of the second band, we,
nevertheless, consider a two-band model for simplicity reason because we aim

at understanding multiband effects with the simplest possible model.

From Fig. it is clearly visible that the occupation of the second band
increases with increasing Bose-Fermi interaction and is larger for repulsive
interaction. In order to be specific, we consider from now on a mixture of 8’Rb
and °K in a lattice produced by a laser with a wave-length of 755nm [48].
In this experiment, the Bose-Bose scattering length was agg = 100a¢ while
the Bose-Fermi scattering length could be changed form -800 ag to +800 ay,
where ag is the Bohr radius. Furthermore, the detuning of the lasers is chosen
in such a way that the lattice potential for the two species are the same in
their respective recoil energy, i.e. V := VE/EE =V{/EE.

The Wannier functions are a set of basis functiosn derived from a single
particle wave function. Of course, they form a complete set of basis func-
tions also for interacting particles, but in this situation they are not optimal
anymore in that sense that only one them is necessary to fully describe the
system. Instead of taking higher Bloch bands into account, one can also con-
sider Wannier-functions which are modified by the interaction and then work
with an effective single-band model with renormalized parameters. The key

idea is the following: The presence of the Fermions changes the effective lattice
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potential seen by the Bosons which yields, when approximating the Fermionic

particle number operator by the Fermionic density,
Ve (z) = VP (2) + fp" (x). (B.20)

The same arguing is also true vise versa and the effective lattice potential

for the Fermions reads
Viz(z) = VE(z) + nfp”(2). (B.21)

For an attractive Bose-Fermi interaction, the effective potentials are deeper
than the bare ones which means that the hopping gets weaker and the on-site
interaction stronger. Therefore, this effect, which was also found in [48] with
more sophisticated methods, is often called “self-trapping”. Starting from the
non-interacting wave function, we can calculate the Wannier functions in a
self-consistent way which converges after a few steps. From these Wannier
functions we determine renormalized hopping (.J) and interaction parameters

(U) for the Bosons. Then, the Hamiltonian, restricted to the lowest band, is

the well-known and extensively studied Bose-Hubbard Hamiltonian

=Y am-1-7 Y il (B.22)

7 <i,j>

The whole effect of the Fermions is now only incorporated in the modifi-
cation of J and U. Because this ratio becomes lower, as seen in Fig.
the superfluid-Mott insulator transition is shifted to lower values of the lat-
tice depth which agrees with experimental findings. However, for repulsive
Bose-Fermi interaction, the effective potential is shallower than the bare one
which leads to anti-trapping and a shift of the quantum phase transition into
the other direction. This contradicts the experimental results and, therefore,

other explanations are needed in this parameter regime

B.4 Summary and Outlook

We have derived the Bose-Fermi Hubbard Hamiltonians for a contact interac-
tion in the most general form. We have seen that even though the occupation
of the higher bands is small for the interaction strengths realized in present
day experiments, they still can play an important role for the physics of such
systems. This is due to the fact that the atoms in these higher bands are less

localized resulting in a higher hopping constant, i.e., their mobility is larger.
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Figure B.9: Ratio of renormalized (see text) ratio of hopping and interaction
coefficient in the lowest band for one Fermion and two Bosons per site without

Bose-Fermi interaction (blue) for apr = —400ag (red), and apr = +400 ag
(green).

A next step should be to use the solution of the single-site systems as a
starting point to address the full many-body system. One possible route is
to use perturbative techniques, as used, e.g. in Ref. [49] for the single-band
Bosonic model. A second promising idea is to treat the Bosons numerically
by a Gutzwiller ansatz while solving the Fermionic subsystem exactly which
is possible as spin-less Fermions do not interact with each other which is other
due to the Pauli principle. This approach has also already been demonstrated
for the single-band Bose-Fermi Hubbard model [46].
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