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1 Introduction

Understanding quantum many-body systems is an enduring challenge in modern physics. In
the past decades, methods from computer science have played an increasingly important role
in pursuing this challenge. The development of supercomputers and elaborate numerical tech-
niques allows for more and more powerful simulations of quantum systems. At the same time,
when it comes to harness certain quantum systems for computational tasks, their power as well
as limitations can be grasped in the language of complexity theory.

The main task in computational complexity theory is to classify computational problems ac-
cording to their difficulty and such classifications are made for different models of computation
(see Appendix A.1 for details). For instance, the complexity classes P and NP contain roughly
those decision problems (problems with yes-or-no answers) that can be solved or, respectively,
whose solutions can be verified, by classical computers efficiently. Whether or not these two
classes coincide is still an open problem; actually one of the seven Millennium Prize Problems
with a prize of 10% US dollars. It is, however, strongly believed that there are problems in NP
that are not in P, meaning that NP contains problems that are intractable on classical comput-
ers. It is the hope that one can use quantum resources for efficiently solving some of these and
also other classically intractable problems.

More concretely, one would like to use quantum many-body systems to solve problems that
are practically impossible to solve on classical computers. This hope is inspired by the study
of quantum algorithms [NCO00], which can be performed by sequential unitary operations, each
only acting on two two-dimensional quantum systems called qubits. It has turned out that some
problems believed to be intractable on classical computers, can be solved by such quantum al-
gorithms efficiently. One of the most famous examples of this type is integer factoring [Sho97].
The ultimate goal certainly is, to actually build a universal quantum computer, i.e., a machine
on which one can efficiently run any quantum algorithm. However, the much more modest
goal of implementing a quantum simulation, i.e., of solving only some specific but still classi-
cally intractable problem with the help of quantum systems, would already constitute a great
breakthrough [CZ12, Prel2].

Having potentially more computational power at hand than that of classical computers, one
would like to assess what can actually be done with it. More explicitly, one would also like to
classify problems in quantum systems according to various notions of complexity. This has de-



1 Introduction

veloped into the research field of Hamiltonian complexity theory. One guiding question in this
filed is “How hard is it to simulate a physical system?”” [Osb12]. The situation is particularly
well-investigated for one-dimensional lattice systems. Already with time evolutions gener-
ated by relatively simple local Hamiltonians [Nag10] or by using ground states of spin chains
[AGIKO09] one can perform universal quantum computations, meaning that such systems are
expected to be classically intractable. As it turns out, ground states can be be very complex
objects, as, e.g., only approximating the ground state energy of translation invariant spin chains
[GI09] is QMA-hard, i.e., cannot be done efficiently even on a quantum computer. Once a sys-
tem has an energy gap between the ground states and first excited states, the situation changes
drastically: Any unique ground state features exponential clustering of correlations [HKO06,
NSO06] and can be approximated classically efficiently [LVV13]. Most classical approximation
algorithms are build on so-called tensor networks (cp. review part in Publication [KGE14a]
on pages 69ff, and Publication [BKE10] in Appendix B for a discussion of famous exam-
ples), which essentially are computationally friendly parameterizations of the relevant degrees
of freedom. This is worth explaining in more detail: The key for the success of tensor network
methods is, to exploit the locality structure of those systems, i.e, to use that interactions involve
only a constant number (usually two) of constituents and/or that interaction strengths decay
rapidly with the distance. In this case, the speed of propagation of correlations is bounded
by the so-called Lieb-Robinson speed. Rigorous formulations of such a statement are called
Lieb-Robinson bounds [LR72] (see Publication [KGE14b] on pages 13ff for an introduction).
While having a number of immediate physical consequences, Lieb-Robinson bounds also pro-
vide very powerful proof tools. As a consequence [Osb06], time evolution of local observables
can be simulated efficiently in the system size [DKSV04, Hae+11, Vid0O4]. An important step-
ping stone for such simulations are Trotter-Suzuki approximations [Suz76, Tro59] that allow
for a decomposition of the full evolution into small and tractable building blocks by approxi-
mately factoring certain matrix exponentials into local operators. Besides the consequences for
the dynamics, also the above mentioned results on ground states follow: The Lieb-Robinson
speed together with the Hamiltonian gap induces a bounded correlation length [NS06], which,
in turn, allows for an efficient approximation by tensor network states for one-dimensional
systems [BH13].

On a rigorous level, a lot less is known in cases where quantum states are mixed. Two im-
portant frameworks are the ones of Makovian time evolution of open quantum systems and
Hamiltonian systems in thermal equilibrium, i.e., systems at non-zero temperature. Markovian
and purely dissipative time evolution can be used to perform universal quantum computation
[VWICO09], which is called dissipative quantum computation. However, for many standard
tools used in the investigation of closed quantum systems, it is unclear if and how they carry
over to the dissipative setting. For thermal states, the focus has been on so-called cluster proper-
ties in, and the uniqueness of, the thermodynamic limit, for classical systems [Rue64, Rue69],
quantum gases [Gin65], i.e., translation invariant Hamiltonians in the continuum, and cubic
lattices [BR97, Gre69]. For such systems the existence and uniqueness of thermal states in the



thermodynamic limit at high temperatures is proven and analyticity of correlations can be de-
rived. Moreover, in the regime of high temperatures, n-point correlation functions are shown
to cluster for spin gases [Gin65, Rue64] and bosonic lattices [PY95] in the translation invariant
case. However, the questions of the existence of efficient classical simulation algorithms and
stability results for thermal states are still open. This is also highly disturbing from a physical
point of view: The desired mathematical properties of thermal states are intertwined with the
definition of temperature as a local quantity [FGSA12, HM05, HMHO04]. More precisely, in
the case of interacting systems it is not clear how temperature can be defined locally, which we
call the locality of temperature problem. Advances toward a better understanding of thermal
states are hindered by a lack of methods to exploit the system’s locality structure. This lack of
methods also seems to be an obstacle to progress on some of the most interesting open ques-
tions related to foundations of statistical mechanics and the equilibration and thermalization
behaviour of closed quantum systems [GLTZ06, LPSW09, RDO08, RGE12, RK12], such as
equilibration time scales [CDEOO0S, CE10].

Going from classical to quantum simulations is expected to lead to new and more powerful
ways to understand complex quantum systems. Indeed, it is an intriguing idea to simulate one
(quantum) system using another quantum system. For the case, where the former is intractable
on classical computers, this would lead to the celebrated “quantum supremacy” [Pre12] mean-
ing that (for specific tasks) quantum systems are more powerful than classical ones. Indeed,
this idea has opened the race to implement the first quantum simulation outperforming clas-
sical computers. To some extent, this goal has already been achieved with ultracold atoms in
optical lattices [Bra+14, Tro+12], with Boson-Sampling in linear optical networks (see discus-
sion and references in Publication [GKAE13]), and with superconducting flux qubits [Boi+13,
Boi+14]. However, as quantum simulations are intractable classically, it is unclear how one can
test whether or not a claimed quantum simulation does indeed work correctly. In the light of
this problem, it is even unclear what a quantum simulation precisely is in the first place.

In this thesis, rigorous mathematical tools are used and developed further to generalize sev-
eral pure state Hamiltonian complexity results to settings involving mixed quantum states. Also
the structure of spaces of physically relevant quantum many-body states is investigated and the
significance for simulations is pointed out. Finally, complementary results on verification of
quantum simulations are discussed. Most of the results have in common that they rely on the
spatial locality structure of the quantum many-body systems under investigation. Exploiting
this locality structure leads to numerous implications concerning simulatability and intractabil-
ity of certain properties of these systems as well as physical consequences.

First, tools from basic Hamiltonian complexity theory are generalized to the setting of
Markovian open quantum spin lattice systems. In Publication [Kli+11a], we derive a dissi-
pative Trotter-Suzuki-type approximation, which has a number of immediate consequences.
Most importantly, Markovian dynamics can be simulated efficiently on a quantum computer,
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or, more precisely, by a unitary quantum circuit of a size scaling polynomially in the simulation
time and the size of the system. This means that dissipative quantum computing [VWICO09] is
not more powerful than the unitary circuit model, which is the standard model of a quantum
computer. As we will see, our results can be seen as a so-called Church-Turing type statement,
as it guarantees under very natural assumptions, such as weak coupling to an environment, that
the dynamics of open quantum systems can be simulated efficiently on a quantum computer. It
then follows that Markovian dynamics is quasi-local and can be locally simulated on classical
computers, where the simulation is efficient in the system size and the error but, of course, not
efficient in time (Publication [BK12] in Appendix B). This results relies on a generalization
of a dissipative Lieb-Robinson bound. An introduction to these works and to consequences
of Lieb-Robinson bounds in general, is given in Publication [KGE14b], which appeared as
a book chapter. Together, the dissipative Trotter-Suzuki approximation and the dissipative
quasi-locality provide rigorous methods for classical simulations of open quantum systems.
However, there is also a fundamental obstacle for classical reliable simulations of properties of
stationary states of dissipative systems, which is identified in Publication [KGE14a]: Deciding
whether or not a translation invariant operator in matrix product form is positive semi-definite,
is NP-hard in the system size and undecidable if no bound on the system size is given. This
means that this problem is as complex as the most complex problems in NP and cannot be
decided by any algorithm in the thermodynamic limit. These findings imply that classical
computers cannot check efficiently whether or not an operator parameterized in the compu-
tation friendly matrix product form is a density matrix. We also comment on possibilities to
overcome this obstacle. From the earlier announced result that dissipative dynamics can be
effectively simulated in the circuit model, we obtain an intriguing consequence for the structure
of state space: Most states cannot be prepared efficiently by local dynamics [Kli+11a].

For thermal states on spin and fermionic lattices, I provide a perturbation formula and
a strong version of exponential clustering of correlations at high temperatures in Publica-
tion [Kli+14]. Together, this constitutes a thermal Lieb-Robinson type bound having again a
number of implications: It solves the locality of temperature problem, allows for efficient local
classical simulation at high temperatures, and also provides a bound on critical temperatures of
thermal phase transitions involving long-range order.

As a further discussion, of simulations and complex quantum systems, we will also discuss
so-called quantum simulations. In particular, we will discuss the precise meaning of “outper-
forming classical computers”. It turns out that the situation is more delicate as compared to the
one where one is confronted with problems in NP, such as factoring of integers. This is due to
the verification problem, i.e., that there is no obvious way to verify that a classically intractable
quantum simulation actually does what it is intended to do. For Boson-Sampling simulations,
min-entropy and sample complexity lower bounds are derived in Publication [GKAEI13] in
Appendix B. These results provide rigorous evidence that Boson-Sampling cannot be verified
classically efficiently. Complementary to that, an explicit verification protocol was introduced



very recently (see Publication [AGKE14] in Appendix B) that uses very simple quantum re-
sources. With this protocol, verification of quantum simulations of certain classes of multi-
mode bosonic states, including many states occurring in quantum linear optics such as current
Boson-Sampling experiments is already possible. The protocol is efficient in the number of
modes, in the error one needs to allow for, and in the success probability of measurement post
selection that can be allowed for.

This thesis is structured into two main chapters (Chapters 2 and 3). Chapter 2 contains the
quantum lattice systems results on Markovian dynamics, the structure of states space, and on
thermal states. Chapter 3 provides a further discussion of the verification problem, which is
often neglected in the literature on quantum simulations. In particular, two complementary
verification results on quantum simulations are discussed. All first-author publications are pre-
sented in the subsequent chapter. In order to keep the discussion self-contained, the author’s
other publications are included in Appendix B. The presentation of all publications is comple-
mented by short comprehensive introductions, where the results are interpreted and evaluated,
further connections between the results are discussed, and where the results are put into context
with other known results.

In order to keep these introductions as self-contained as possible, some of the standard ter-
minology used in the field, such as the precise meaning of efficiency, is is briefly explained in
Appendix A.






2 Locality and complexity in lattice
systems

Spin lattice systems are an important class of models in solid state physics [AM76], as they are
used to study critical points and phase transitions [Voj03] of magnetic systems. They are also
ideal candidates for testing locality related questions in Hamiltonian complexity theory, as the
discrete locality structure allows for a (computational) complexity theoretic investigation.

This chapter starts with an introduction to Lieb-Robinson bounds and a review of some of
their consequences in Section 2.1. Then, in Section 2.2 of this chapter, we generalize various
results concerning time evolution from closed to open quantum systems. For thermal states, we
derive a Lieb-Robinson type bound and discuss several physical implications in Section 2.3.
We also provide surprising results concerning the structure of state space in Section 2.4. In
particular, in Section 2.4.1, we show that in more than one spatial dimension, so-called real-
space renormalization schemes yield states with bounded correlations and, in Section 2.4.2, we
identify a roadblock for reliable simulation techniques for mixed states.

2.1 Introduction to Lieb-Robinson bounds and their
implications

The locality structure of spin lattice systems has a very important physical consequence: It
effectively limits the speed of propagation of any kind of correlation. This speed limit is the
Lieb-Robinson speed and it is proportional to the interaction strength!. A precise mathemati-
cal statement of this type is referred to as Lieb-Robinson bound. Such statements are important
mathematical proof tools and have various consequences for the dynamic as well as static prop-
erties of lattice systems. Lieb-Robinson bounds are one of the most fundamental and important
mathematical tools for spin lattice systems and their consequences are perfect examples of how
a spatial locality structure can lead to simulatability statements. Therefore, it is worth having a
more detailed but still introductory discussion on that.

'In the literature on Lieb-Robinson bounds, inferactions refer to interactions between spatial sites, i.e., interactions
include hopping terms.
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2 Locadlity and complexity in lattice systems

On the next pages, we first present an introduction to open and closed spin and fermionic
lattice systems, Lieb-Robinson bounds, and their implications. This text appeared as the Book
Chapter [KGE14b] and already anticipates some of the results presented in Section 2.2, where,
e.g., the quasi-locality of Markovian dynamics is proven. For copyright reasons we present the
preprint version [KGE13] of this publication.
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Lieb-Robinson bounds and the simulation of time evolution
of local observables in lattice systems

Martin Kliesch, Christian Gogolin, and Jens Eisert

Dahlem Center for Complex Quantum Systems,
Freie Universitat Berlin, 14195 Berlin, Germany

August 19, 2014

Abstract

This is an introductory text reviewing Lieb-Robinson bosifidr open and closed quan-
tum many-body systems. We introduce the Heisenberg piéturéme-dependent local
Liouvillians and state a Lieb-Robinson bound that gives tisa maximum speed of prop-
agation of correlations in many body systems of locallyriaténg spins and fermions.
Finally, we discuss a number of important consequencesecoimg the simulation of time
evolution and properties of ground states and stationatgst

1 Introduction

In lattice systems one might expect that, due to the localfitthe interaction, there is some
limit to the speed with which correlations can propagatenilar to the light cone in special
relativity, there should be a space time cone, outside o€lwhilocal perturbation of such a
system should not be able to influence any measurement imidicignt way. That this intu-
ition can indeed be made rigorous was first shown by Elliottidb and Derek W. Robinson
in a seminal work$¢] in 1972.

Today, the term Lieb-Robinson bound generally refers toeufimunds on the speed of
propagation of some measure of correlation. Outside theespame cone defined by this
speed, any signal is typically exponentially suppressethéndistance. The results of Lieb
and Robinson, originally derived in the setting of trarskainvariant 1D spin systems with
short range, or exponentially decaying interacticii$ have since been tightenedj, 43] and
extended to more general graphis,[47] and to interactions decaying only polynomially with
the distance, both, for spin systerdg] and fermionic systems3[l] (see also Ref.4{5] for a
review). Lieb-Robinson bounds have been proven for Lidiawvildynamics first in Ref.q5],
where Liouvillian dynamics is a generalization of Hamilimmdynamics that can also capture
the effect of a certain type of noise. The bounds have recbatin strengthened for a specific
subclass of Liouvillians in Ref1}/] and have been generalized to time-dependent Liouvillian
dynamics in Refs.q, 48]. Indeed, Lieb-Robinson bounds provide the basis for a thex]
statements in quantum many-body theory, mostly as a matiwaharoof tool, but also as an
argument justifying numerical techniques. We will touctoophese implications and discuss
the simulation of time evolution in more detail.

To keep the presentation both self-contained and concisenainly focus on Liouvillian
dynamics as presented in Ref].[ The chapter is structured as follows: In the beginning,

Appeared as a chapter in the Bookl].
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2 Setting and notation

we introduce the setting and the necessary notation in 8ecthis includes in particular
an introduction to Liouvillian dynamics in both the Schndgér and Heisenberg picture and
a discussion of the relevant measures for approximatiamr®that are needed to state the
Lieb-Robinson bound and their physical interpretationthi@ last part of Sec& we explain
the setting of spin lattice systems. Next, we state a gehéblRobinson bound in Secs.
and mention various consequences. In particular, we exgiai locality and simulability of
time evolution in more detail in Sect. Finally, in Sect5, we state the Lieb-Robinson bound
for fermions and introduce the Jordan-Wigner transformictvlis a mapping between spin
systems and fermionic systems.

2 Setting and notation

In this section we introduce the necessary formalism toritesthe dynamics of spin lattice
systems evolving under local Liouvillian dynamics, indhugllocal Hamiltonian dynamics as
a special case. While Hamiltonian time evolution describesdynamics of closed systems,
Liouvillian dynamics also captures the case of so-calleghoguantum systems{], which
are systems coupled to memoryless “baths”. Such couplimgbe used to model Markovian
“noise” perturbing the evolution of the system. The formiaiand results discussed here
partially address the problem of developing a better utdeding of “imperfect systems”
and, in particular, their time evolution (see also the ceapt Claude Le Bris).

2.1 Schrodinger and Heisenberg picture for time-dependent Liouvillians

We start by introducing some notation and some basic mattieahtacts. For some Hilbert
spaceH of finite dimensiondim(#) let us denote the space of linear operatorstoioy
B(#H). Together with theHilbert-Schmidtinner product, defined byA, B) = Tr(A'B)
for A,B € B(H), the space of operatoi3(H) is also a Hilbert space. Importantly, this
defines theHilbert-Schmidt adjoinbf a superoperator A superoperator is a linear map:
B(H) — B(H), i.e., T € B(B(H)) and its (Hilbert-Schmidt) adjoinl’™ € B(B(H)) is
defined via(X, TT(Y)) == (T'(X),Y) for all X,Y € B(#). The subspace afbservables
A(H) C B(H) are the Hermitian, i.e. self-adjoint operators and the tstaiesS(#) (also
called density operators) are positive semidefinite Heamibperators with unit trace. Given
an observablel € A(H) and a state € S(H) the expectation value is

(4), = Tr(pA). )

When considering time evolution one is confronted with thkofving scenario: At some
time s the system is in some initial stateand at a later time

t>s (throughout this chapter) (2)

one measures some observaliléhat gives rise to an expectation vali#) | (s, ¢). The time
evolution can be described either in the Schrodinger pgobuithe Heisenberg picture. In the
Schrddinger picture, one evolves the initial statgiven at times, forward in time until time
t is reached at which the measurement is performed. In theehleésg picture, in turn, one
evolves the observablé backwards in time from to the times at which the initial state is
given.

In the Schrédinger picture one considers the states to edependent. In the case of a
closed quantum system evolving under a Hamiltorfigrthe state of the system at tinhés



2 Setting and notation

the solution of the linear initial value problem

o) = —H @D, 0.0, puls) = 3)

where the solutions of the dynamical equations carry th&lrime s as a label for reasons
that become clear once we switch to the Heisenberg pictiieesyistem is coupled to further
degrees of freedom giving rise to decoherence and dissipaine can, e.g., for many physi-
cally relevant situations with weak coupling, describedfistem as anpen quantum system
whose dynamic is given by the solution of the linear initialue problem

St = Llp0) . pals) =, @

where LT : R — B(B(H)) is called theLiouvillian!, and where the time dependence is
given by the input € R. The Liouvillian may explicitly depend on time, e.g. to bdeaato
capture change of external control parameters. Through@uthapter we restrict the time
dependence to bpiecewise continuousFor an equation of motion of this form, the only
constraint is that the time evolution maps states to stagesis completely positive and trace
preserving. This is equivalent(] to the LiouvillianEI having a Lindblad representatio®d],

i.e. it must be of the form

dim(H)?
t (p) = —i[H, p] + Z (QLMPLL - LLLMP - PLLLM ) ) (5)

pn=1

for some time-dependent operatdfs R — A(H) andL, : R — B(H).

Liouvillian dynamics is ubiquitous in many contexts in plogs It has recently been studied
particularly intensely in the context of cold atoms in optilattices B, 15, 16, 57], trapped ions
[5, 57, driven dissipative Rydberg gasesy, and macroscopic atomic ensemblas][ Also
dissipative state preparatioA€], dissipative phase transition$], noise-driven criticality
[17] and nonequilibrium topological phase transitiorigjave been considered.

The initial value problem4) defines theoropagator(also called dynamical maff)-: (¢, s) :
B(H) — B(H) via

Tri(t, s)(p) = ps(2), (6)
which is also the unique solution of the initial value prohle
d
T (ts) = LiTri(t,s), Tei(s,s) = id. @)

The expectation value at timehen is
(A), (s,t) = Tr [T, (L, 5)(p) A - ®)

If the Liouvillian LT is time-independent, a state satisfyifig p) = 0 is called stationary state.
The role played by stationary states is reminiscent of theeabground states of Hamiltonians.
For the case of a unique stationary state the spectral gdye dfiouvillian is a measure of the
speed of convergencéf] towards this stationary state.

Evolving some statg from s tor > s and then fromr to ¢ > r also yieldsp;(¢) and hence

1As we will later mostly work in the Heisenberg picture it iswenient to denote the Liouvillian in the Schrédinger
picture byLT rather thanC.
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2 Setting and notation

the propagator has tteemposition propert{ - (¢, )T (r,s) = Tri(t, s) forall ¢t > r > s.
For classical processes this property is stated byCthepman-Kolmogorov equatiotit is a
good exercise to derive the differential equation

iTCT (t,s) = _TET (f,S)ﬁl, (9)
ds
from this property.

We are now ready to introduce the Heisenberg picture, infwthie states are constant and
the observables are defined as solutions of a dynamicaliequadf course, both pictures
must yield the same expectation values, i.e.,

(A), (s,1) = Tr (pre(t, s)(A)), (10)

where
To(s,t) = Tpi(t,s)t (11)

is the adjoint ofT+ (¢, s) in the Hilbert-Schmidt inner product:. is the propagator in the
Heisenberg pictureUsing Eq. ), it is not hard to see that it is the unique solution of

Sre(s,t) = ~Lome(s,t), Te(t,t) =id, (12)
S

where£ and£' are Hilbert-Schmidt adjoints of each other and, in paréicul is given by
dim(#H)?
L(A)=i[H A+ > (2LLAL,—LiL,A—AL{L,). (13)
p=1

Now we define th€backward) time evolvedbservabled,(s) to be the solution of

d
gAt(S) = Ls(Ae(s)),  Alt) = A, (14)
which is equivalent to

Ay(s) = 1(t, 5)(A). (15)

In the case of time-independent Liouvillians, one can egjeivtly define the Heisenberg pic-
ture such that observables are evolved forward in time. Mererally, this is always possible
if 72(s,t)Ly = Ly72(s,t) forall s < ¢, i.e., when the propagator commutes with the Liou-
villian. In this case, one can equivalently evolve obselesiborward in time with7+ (¢, s)*
which is thenT,: (¢, s)T = T (t,s). If the propagator and the Liouvillian do not commute,
there is no simple way to obtain a consistent forward timedugian for A.

2.2 The physically relevant norms

Norms are functions that quantify the “size” of a vector oerior and hence provide an
important tool to measure errors when approximating oladdes. Let us explain this in more
detail. The Hilbert space inner product induces a norm|Mia)| = +/{(¥|¢). This norm
gives rise to a norm on operators: Bte B(#), then itsoperator normis defined to be the
supremum
IBll:= sup |B )], (16)
) l1=1
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Fig. 1: An interaction hypergraph. The dots denote theaestand the frames the hyperedges. The maximum number
of nearest neighbors i = 4: the edgeX has the nearest neighbadr$ and itself.

which coincides with the largest singular valuesif If B is an observable, then its norm
is its largest eigenvalue in magnitude and thus a bound oratige of values one can obtain
whenB is measured, i.e.,

|B|| = sup |Tr(pB)|. a7)

pES(H)

Considering the case whefe= A — A’ is the difference of two observables A’ € A(H)
this means that the operator norm is the physically relewam to measure closeness of the
two observables: IfA — A’|| is small, thend and A’ will have almost the same expectation
value on all states, see Ref.q for a more detailed discussion.

2.3 Lattice systems and local Liouvillians

Quantum lattice systems are formally described by a sepati@) sites that are considered to

be the vertices of a (hyper)graph. The interactions betweesites correspond to the edges
of the (hyper)graph (see also Fi). In this section we explain this setting for spin systems in
detail and consider fermionic systems in Séct.

Let us assume that the set of silégs finite and that each site € V' is associated with a
finite dimensional Hilbert spack ... The Hilbert space of some subsysté&mc V is denoted
by Hx = Q,cx He andH = Hy. For an operatod < B(H) we define its support
supp(A) to be the smallest subs&t C V such that it acts as the identity outsideXf i.e.,
Ax = A®1y\ x. The set of operators supported 8ris denoted by8x (H) = {A € B(H) :
supp(A) C X} and the subspace of observableshy(H) C Bx(#). For a Liouvillian£
on B(H) we define its support to be

supp(L) = U{X CV:Anx(H) Cker(L)}, (18)

i.e., the part of the system wheftecorresponds to a non-trivial time evolution. The set of
Liouvillians supported onX is denoted by x(#). Often we omit the Hilbert space and
write, e.g.,Ax instead ofAx (H).

We are interested in the time evolution untteral Liouvillians A Liouvillian £ is called
local if it is of the form

L= Lx, Lxc¢€Llx. (19)
Xcv

In many physically relevant situations many of the stri¢tlyal termsC x, in particular those
belonging to large setX, will be zero. This structure reflects interactions andigéation
processes that are finite-ranged. Thieraction graphFE of the Liouvillian is the set of all

17



3 A Lieb-Robinson bound

subsets o¥/ for which the Liouvillian contains a non zero term, i.e.,
E={XCV:Lx #0}. (20)

As an example, consider the case of a 1D system with near@gthboe interactions and
open boundary conditions. If the sites &e= {1,..., N}, the interaction graph i& =
{{1,2},{2,3},...,{N — 1, N}} inthat case.

The interaction (hyper)grapi defines a distana#( X, Y) between any two sef§, Y C V
of vertices. The distana® X, Y') is equal ta0 if and only if X N Y # () and otherwise equal
to the length of the shortest path connect®g@ndY’, andco if there is no connecting path.
A path between two set¥, Y C V is a sequence of elementsBf such that the first element
contains a vertex itk , each element of the path shares at least one vertex witlolflbe/ing
element and the last element contains a verteX .inNote thatd is a degenerate metric on
subsets of/. In the above 1D example the graph distance of the two{gétg %} C V" would
simply bed({j}, {k}) = |j — k|, as one would expect.

3 A Lieb-Robinson bound

In this section we state and explain a very general Lieb-fsayi bound for the speed of prop-
agation of correlations in spin systems under arbitrangtoiependent Liouvillian dynamics.
Our goal is to make statements abtmtal time evolution, i.e., time evolution of local ob-
servables arising from local interactions and local noiseorder to make this precise, let us
impose some technical constraints on a possibly time-déger.iouvillian L, € Ly, which
we consider to be fixed from now on. Local time evolution istoagd by a Liouvillianl that

is a sum of strictly local termg x, each of which is bounded in norm byand a maximum
number of nearest neighbafs In more detail, we define

L= Lx, Lx:R—Lx(H), piecewise continuous (21)
XeE

b:= su)g) ILx (), (22)

Z::angigHYeE:YﬂX;é@H. (23)

The parameters and Z will determine the Lieb-Robinson speed and also the finalltes
about thespatial truncation

ﬁ{\// = Z LX (24)

xXcv’

of the Liouvillian £ to some regio’’ C V. Now we are ready to state the Lieb-Robinson
bound for this setting. Similar results on Liouvillians che found in Refs.48, 55]. The
theorem is quite general and it might not be immediately obsihow statements about prop-
agation of information are implied. But this will becomealén the next section.

Theorem 1 (Lieb-Robinson Bound{?). Let£ : R — L(#) be a local Liouvillian as spec-
ified in Eqn.(21) —(23) and X, Y C V. Then, for evenKy € Ly (H), Ax € Bx(H), and
s<t

Iy (s, )(Ax)|| < C Ky || || Ax || et 74T, (25)

2 In Ref. [6] the bound is given for an arbitrary metric on the vertex set the Liouvillians are allowed to have
interaction range in that metric. Our interaction graph distan¢és induced by a metric ol for whicha = 1.
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wherev = exp(1)bZ and C is some constant depending polynomially on the size of the
smaller of the two setX andY'.

Remembering that the Liouvillian maps an observable tdrite terivative. The theorem
tells us that an evolved observabilg(s, t)(Ax) remains basically unchanged when evolved
with respect to a LiouvillianCy- that is supported on a region a distance much larger than
v(t — s) away fromX, i.e., thatr. (s, t)(Ax) is almost the identity outside the corresponding
space-time cone. More intuitively, the Lieb-Robinson batells us that information travels
with a velocity bounded by theieb-Robinson speed of the considered lattice system. In
the special cas&€y = i[By, - | for someBy € Ay (H), Eq. 25) yields a Lieb-Robinson
bound in the more common form of an upper bound on the comonisy, 7 (s,t)(Ax)]||
(compare Refs/g, 59)).

If a system is mixing in the sense that all states are driveratds a steady state then
information encoded in the initial state gets lost at sometpd his puts an upper bound on
the distance over which information can propagate. Theeefone might expect that there
is some effective Lieb-Robinson speed that decreases @ fithis is indeed true for certain
systems with fluctuating disorder(]] and for a certain class of Liouvillian dynamics]].

Finally let us mention that, the lattice can also be infigitekge (implied by the next the-
orem), but the restriction to finite-dimensional subsystésmot merely for simplicity of no-
tation: For infinite-dimensional systems the situation banquite different. For some an-
harmonic lattices47], and other instances of strongly correlated mode#} Lieb-Robinson
bounds can still be found, as well as for commutator-boumngedators$6]. Still, counterex-
amples to Lieb-Robinson bounds are known for models withitgfidimensional constituents

(19

4 Consequences of Lieb-Robinson bounds

Lieb-Robinson bounds are fundamental for a plethora oéstahts concerning various prop-
erties of locally interacting systems. We first discuss irdiat consequences as far as the dy-
namics of such systems is concerned. Next, we turn to intgicafor the classical simulation
of time evolution. Finally, we discuss static propertiegtitan be derived from Lieb-Robinson
bounds.

4.1 Quasi-locality of quantum dynamics

The result of the last section suggests that the terms ofithevlllian whose support is suffi-
ciently far away from the support of an observable are ivia@hé for the time evolution. More
precisely, one should be able to spatially truncate theilian £ to some regio’ C V.
If X is sufficiently far from the boundary df’, i.e., if d(X,V \ V) is larger than the radius
v-(t—s) of the space time cone @f (s, t)(Ax ), then the dynamics of x under the truncated
Liouvillian £}y and the original Liouvillian should be very similar. In the next theorem
we will see that this is indeed the case if the underlyingrat8on graph is of finite spacial
dimension, which we define first. Let us denote the “sphereliad some subsysteXi € £
with radiusn by

Sx(n) ={Y e E:dY,X)=n}. (26)

Then we say that an interaction graphs of spatial dimension if there is a constant/ > 0
that only depends on local properties of the interactioplysuch that for alX € £

|Sx(n)] < Mnt1t. 27)

19
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V' Ax

Fig. 2: The space time cone of an observalile in one spatial dimension. The truncation error scales expibedly
in the distanceD — v - (t — s).

For example, the interaction graph of next-neighbor Litiaris on au-dimensional cubic
lattice has dimensiop.
The bound from the following theorem is visualized in Eig.

Theorem 2 (Quasi-locality of local Liouvillian dynamicsf]). Let £ : R — L(#H) be a
local Liouvillian as specified in Eq$21) — (23) and let its interaction graph be of spatial
dimensionu with the constanf\/ as defined in Eq(27). Then, for allX c V' C V with
D:=d(X,V\V')>2u—1,Ax € Bx(H),ands <t

2M N
7 (5. 000A) = mels, ) Ax)|| < Drte 0Py (28)

wherev = exp(1)bZ is the Lieb-Raobinson speed.

So, colloquially speaking, the full dynamics of local ohadyles can be approximated with
exponential accuracy by the dynamics of a sufficiently langiesystem. Of course, the size
of the subsystem depends on the desired time span of thetievolin particular the locality
result makes an extension of time evolution to infinitelgkatattices possible, i.e., it can be
employed to rigorously define the thermodynamic limit.

Theorem2 has two further immediate physical consequences, whichbeaseen as an
interpretation of the result. For the rest of this sectionsider a lattice system with’ =
{1,..., N} and letp be a product state, i.en,= ®§V:1 pj wherep; € S(Hy;,) for all j and
moreover, letX,Y c V suchthatX N Y = (.

Suppression of correlation function€onsider two observablesy € Ax andBy € Ay.
Their correlation coefficient in stagee S(H) is proportional to theovariance

COVp(Ax,By) = <AxBy>p — <Ax>p <By>p . (29)

If pis a product statesov,(Ax,By) = 0. Now, Theoren® tells us that as long as -
(t —s) < d(X,Y)/2 the correlation coefficient of the time evolved observakliisremain
very small. More preciselyov,(7(s, t)(Ax), 7(s, t)(By)) is upper bounded byxp(v - (t —
s) — d(X,Y)/2) up to a constant factor. The measurement statistics of theohservables
can show correlations only after the dynamics of the systathdmough time to correlate the
two regionsX andY (see Ref. {4] for a similar discussion in the context of Hamiltonian
dynamics).

Speed of information propagatiorfime evolution on a lattice system can also be thought
of as a channel that one might want to use to send informatoon X to Y in the following



4 Consequences of Lieb-Robinson bounds

way: One party encodes a message by preparing atditine part of the initial statg in the
region X in a particular way, the other party tries to retrieve the sage by measuring on
regionY at timet. Lieb-Robinson bounds can be used to show that the amoumnfioofiation
that can be transferred in this way in a time spans is exponentially suppresseddf X, Y)

is larger thanv - (¢t — s). This can be made precise in the sense that the classicainiafion
capacity is exponentially small outside the cone, if themjua many-body systems is used
as a quantum channél][ In Ref. [11], the ballistic propagation of excitations and informa-
tion propagation constrained by Lieb-Robinson bounds leas lexperimentally explored in
systems of cold atoms.

4.2 Classical simulation of quantum dynamics

By classical simulation of quantum dynamics we mean theutation of expectation values
of local observablegAx) , (s, ), so that one could, for instance, plot them over time. If one
tries to do that naively, i.e., by calculating the full prop#orr. (s, t) on a classical computer,
one quickly runs into problems even with just having enougmary to store the propagator.
For instance, if one ha¥ subsystems with a local Hilbert space dimensio,dhen to com-
pletely specify the propagator in a naive way, one n@édlscomplex numbers. Therefore, if
one aims at classically simulating local observables orelsi&o come up with a smart simu-
lation scheme that only deals with the information releanthe simulation. We sketch two
such schemes here:

Time evolution as (unitary) circuitsHere the quasi-locality Theorethis of great help,
since it already tells us that one can truncate the dynam@&séfl”’ containing the space time
cone of the observable instead of considering the full syste The arising error is exponen-
tially small in the distance between the space time conelatttncation. So the simulation
cost does clearly not depend on the system size and the dgmaan hence be implemented
efficiently in that. Of course, implementing the full simtiten naively onV” is still by far
not optimal. Famously, one can decompose the propaggggr(s, t) into products over short
time steps and strictly local propagators, which is oftdiedarrotter-decompositiort]. At
the heart of this approach is the followipgpduct formulathat can be used to bound the error
one makes by decomposing the propagator of a Liouvilliahitha sum of two Liouvillians
L andC into the product of the propagators of these Liouvillians:

Theorem 3 (Trotter product formulad, 34]). Let

L= Z Lx (30)

XeFE

be a Liouvillian withLx € Lx. Then there exist constaritsindc that depend only on local
properties of, and are in particular independent of the number of siteghsthat for all
X € F and operatorsA

172 (s, 0)(A) = (s, )z (5. )(A)]| < et — )% |E] || Al (1)

One can now decompose the time span s into short time step$s; 11, s;] and in each

of these intervals approximate the propagator by a produttteostrictly local propagators
T (Sj+1, s;) for each edgeX in the interaction graph of the Liouvillian. In other words,
the full propagator can be approximated by a “circuit" ofctly local propagators. The
number of time steps needed to reach a simulation with tetal @pper bounded by is
proportional to(t — s)?|E|? /e [34]. Of course, the above covers Hamiltonian dynamics as a
special case. However, there one would rather apply sirndiéas to the time evolution oper-

2]
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atorexp(—i (¢ — s)H) rather than the propagator. In a variant of this circuit deson for
Hamiltonian dynamics in 1D, the time evolution operator barapproximated by a circuit of
constant depth and time-dependent gaték [

Time-dependent density-matrix renormalization grouphmeés$: A similar mindset is also
fundamental for the simulation of time evolution using sdled tensor network states. The
situation is particularly clear in 1D systems with silés= {1,..., N} in pure states under-
going local Hamiltonian dynamics. If the initial state hasteong decay of initial correla-
tions, then the time evolution can for short times be effitjyegrasped in terms ofnatrix-
product stategMPS) [22, 51, 59). These are variational state vectors that are described by
O(d N D?) variational parameters, whefe € N is a refinement parameter addhe dimen-
sion of the local Hilbert space. There are several variahthis approach, based on either
a Trotter-decompositiorsf] or a time-dependent variational principl2s. Such schemes
are subsumed under the tetime-dependent density matrix renormalization group roe (b
DMRG). At the heart of the functioning of t-DMRG is the insighat states generated by short
time local Hamiltonian dynamics will hauew entanglement This can be formalizedlf] in
terms of so-called area laws,[20, 26, 65] that arise as a consequence of a Lieb-Robinson
bound.

An area law is an upper bound on the entanglement of a statee pMecisely, we say that a
pure state satisfies amea lawif for any regionR C V the (Rényi) entropy of the reduced state
on R can be bounded by the size of the boundarfRpiip to a constant. States of 1D systems
satisfying an area law can be provably well approximated byrimproduct statessf]. In-
deed, t-DMRG simulates time evolution for short times teeasially machine precision. For
long times, the entropy will in general grow too much, as tbiées are in the space time cone
of too many sites of the lattice, and an efficient simulatiomerms of matrix-product states
is hence pC] no longer possiblel2, 61]. That is, the power of the t-DMRG approach can
be rigorously grasped in terms of Lieb-Robinson bounds.1Bblocal Liouvillian dynamics,
variants of t-DMRG have also been proposgd, [77], usually as variational principles over
matrix-product operatorghe mixed state analogues of matrix-product states, orédgns of
suitable sampling employing classical stochastic prasgsHilbert spacey”].

4.3 Static properties derived from Lieb-Robinson bounds

Among the most important applications of Lieb-Robinsonrmsiare proof techniques related
to static (time independent) properties of quantum lattigstems. Here we briefly mention
some of them:

Clustering of correlations in Hamiltonian system@ne of the most relevant applications
concerns the decay of correlations in the ground state ofa ldamiltonian with a spectral
gap’, first shown in Refs.]7, 31] and further generalized in Ref4§]. The basic intuition
underlying this intricate insight is that the spectral gap essentially defines a time scale in
the system, which in turn can be related to a length scale.

Theorem 4 (Clustering of correlations in unique ground states [13]). LetH € A(H) bea
local Hamiltonian with a unique ground stateand a spectral gag\E > 0 and X, Y C V.
Then, foreveryAx € Bx(#H) andBy € By (H)

lcovy(Ax, By)| < ClAx]| | By|le 45, (32)

C andp are constants both depending &¥. Moreover,C depends on the lattice geometry

3 The spectral gap of a Hamiltoniah E is the difference between the ground state energy and thgyeokthe first
exited state.
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and the smaller of the surface areasXfandY’, andu depends on the Lieb-Robinson speed.

The proof of this statement confirmed a long-standing cdajeén condensed-matter physics,
that gapped Hamiltonian systems have exponentially dingteorrelations in the ground
state.

Clustering of correlations in Liouvillian systemgs similar intuition actually holds true for
Liouvillian systems, where the role of the ground state ofriiltonian systems is taken over
by the stationary state. Clustering of correlations in lagauvillian systems has first been
considered in Ref.H5] and has been made rigorous and largely generalized in Réf.If a
local Liouvillian is primitive (that is, if its stationarytate has full rank) and has a spectral gap
which is independent of the system size, then correlationtfans between local observables
again decay exponentially as a function of the distance d&tvtheir supports.

Area laws of ground states of gapped Hamiltonialtdhas been shown using Lieb-Robinson
bounds that ground states of 1D local Hamiltonian systentis spectral gapAE > 0 al-
ways satisfy an area law for the Rényi entropies (for a revees Ref. 2(]). This result has
since been tightened] and area laws have also been shown for some instances oédapp
higher-dimensional Hamiltonian systenis/]. It has also been shown that in 1D exponential
clustering of correlations already implies an area l&}v [For local Liouvillians, general area
laws (in terms of entropic measures suitable for mixed sjatan be derived for stationary
states $3], again using Lieb-Robinson bounds.

Approximating 1D ground states of gapped Hamiltonians MBS: Since ground states of
any 1D local Hamiltonian with a spectral gapf > 0 satisfy an area law for Rényi entropies
they can be approximatedd] by matrix product states (MPS) in polynomial tim&d. This
is used by the statidensity-matrix renormalization group meth@@MRG) [5] (see also the
chapter of Ors Legeza, Thorsten Rohwedder and Reinholdegtdm for simulating ground
state propertiesy[], which has led to a wealth of novel insights in condensedenahysics.

Higher-dimensional Lieb-Schultz-Mattis theorenhe Lieb-Schultz-Mattis theorem. |

] is an upper bound on the spectral gap of certain one-dimmeakguantum spin systems.
Using Lieb-Robinson bounds, a higher-dimensional Liehtiz-Matthis theorem has been
proven in Refs.7, 29].

Stability and further properties of ground statelsieb-Robinson bounds are one of the pil-
lars of the formalism grasping the stability of ground staiéa certain class of Hamiltonians
(frustration-free Hamiltonians satisfying certain topgical order conditions) under local per-
turbations. This has developed into a field of research invits right, and we merely touch
upon the topic here. Starting point is the concepjudisi-adiabatic continuatiof3(], which
is a tool to connect dynamical properties of a Hamiltoniastadic ones and relies on Lieb-
Robinson bounds. Importantly, quasi-adiabatic contiomat a cornerstone of the proof of
the stability of topological order under local perturbasgd?] and related proofs of the stability
of the spectral gap, of frustration-free Hamiltonians urgineral, quasi-local perturbations
[417]. With similar tools, the stability of the area law for thetanglement entropy of the
ground state can be provefi] 65].

Stability of stationary statestnspired by the stability results on Hamiltonian groundesa
Lieb-Robinson bounds have also been used to prove theistabistationary states of certain
local Liouvillians [13, 33].

Structure of elementary excited statéghe structure of elementary excited states has been
explored using Lieb-Robinson bounds, which can be appratdthby superimposing ground
states to which local operators have been appii€f [

11
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5 Fermionic Hamiltonians

While Lieb-Robinson bounds are usually stated for spincatsystem, they also hold for
systems of fermions on a lattice. The situation is partidylsimple for 1D systems with
nearest neighbor coupling only, since in that case the devdigner transform can be applied.
In this section we first state a fermionic Lieb-Robinson biband then introduce the Jordan-
Wigner transform.
Again, as with spin lattice systems, we have an interactiypér)graphV, E') but now

work in the picture of second quantization, i.e., operatwesgiven in terms of the fermionic
creation and annhilation operatg@sandf,l for j, k € V. These fermionic operators satisfy

{£i 11} =, (33)

where{ A, B} := AB + BA is the anti-commutator. According to tfermion number parity
superselection rulenly observables that are even polynomials in the fermiop&rators can
occur in nature. A polynomial of fermionic operators is edlevenif it can be written as a
linear combination of monomials, where each monomial isapct of an even number of
fermionic operators frony; and f,i. Correspondingly, we denote the algebra of the parity
preserving observables acting on a regionC V' by Gx for short. Now one can prove a
fermionic Lieb-Robinson bound in the same way as Thedkésrproven:

Theorem 5 (Fermionic Lieb-Robinson bound) et

H= > Hx (34)

XeE

be a local time-dependent Hamiltonian withy : R — Gx and||Hx (r)|| < bforall X € E
andr € R, 7 its propagator, andZ the maximum number of nearest neighbors as defined in
Eq.(23). Then, foreverix € Gx, By € Gy ands,t € R,

By 7(s,)(Ax)][| < C|By || || Ax | e1*=sI=4CY, (35)

wherev = exp(1)bZ and C is some constant depending polynomially on the size of the
smaller of the two setX andY.

For the unphysical case whels- and A x are observables that are odd polynomials in the
fermionic operators one can still prove a similar Lieb-Rdgin bound for the anti-commutator,
providing a relevant proof-tooP[].

For the case of 1D systems with nearest neighbor interactioly, the analogy between
fermionic and spin systems is even stronger in the sensatilcatsystems can be mapped to
each other by the Jordan-Wigner transfofif][ Note that a higher-dimensional variant has
also been developedT].

Consider a one-dimensional lattice with vertidés= {1,..., N}. The Hilbert space of
the spini/2 model onV is given by H := ®jeV H; with H#; = C2% We denote by
X;,Y;, Z; € Agjy the Pauli operators acting on sifeof the spin chain. Then the Jordan-
Wigner-Transformation is given by

fj + f;r = Wzj—1 = Xj H Zj/ (36)
J'<j
ify —if] =wey =Y; [[ 2y, (37)
J'<j
12



6 Conclusion

where the(ug)?fl are calledViajorana operators The Majorana operators satisfy the anti-
commutation relatiodw,, wy } = 24, 5. It can be verified with elementary calculations that

1 .
fi = 5 (w1 —iwgy), (38)
1 .
=5 (= iwyws), (39)
as well as
Zj = —ingflwzj = 2f;fj - 17 (40)
Xj = W2j—1 H Zj/, }/j = W2y H Zj’; (41)
§'<j 3'<j
and 1
Vi<k: flfi= ZSj( II %)s., where S :=X;+iy;. (42)
J<i<k

Most importantly, as can be seen from E4R)( the Jordan-Wigner-Transformation preserves
locality in the sense that a one-dimensional fermionic Hi@mian with nearest neighbor or
short range hopping and short range density-density ictieres is mapped to a spin chain
Hamiltonian with only short range interactions.

6 Conclusion

We have reviewed the Heisenberg picture for time-dependentillian dynamics in spin
lattice systems. For this setting we have stated a Lieb+#oioi bound. Such bounds give
rise to a plethora of statements about locally interactygjesns which we have reviewed
subsequently. Finally, we have explained the relevancéefonionic systems. We hope that
this text serves as an introduction to Liouvillian dynandosspin lattice systems and provides
an overview of important consequences of Lieb-Robinsombeu
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2.2 Generalizing Hamiltonian complexity results to open quantum systems

2.2 Generalizing Hamiltonian complexity results to open
quantum systems

Important methods and results concerning the time evolution of spin lattice systems are Lieb-
Robinson [LR72] type bounds and also Trotter-Suzuki [Suz76, Tro59] type approximations
[HDR90]. A Trotter-Suzuki approximation of unitary dynamics is the approximation of the
time evolution operator by a composition of strictly local unitary operations. In the language of
quantum information theory, this composition of local unitaries is a quantum circuit or, more
generally, a tensor network, see Figure 2.1 for an example.

Lieb-Robinson bounds and Trotter-Suzuki type approximations allow for various schemes
[DKSV04, Hae+11, Osb06, Vid04] to classically simulate real and imaginary time evolution of
closed quantum systems efficiently in the system size. All known physical systems are, how-
ever, at lest weakly coupled to their environment (otherwise we wouldn’t know about them).
In the most simple case of Liouvillian dynamics, such as in many weak coupling situations,
the interaction of the system with the environment is Markovian. More precisely, this means
that the state of the system evolves according to a differential equation of motion, which is of-
ten called master equation. In order to represent proper quantum dynamics, the corresponding
time evolution needs to be completely positive, or, equivalently [Lin76, WCO8], the generator
of such a continuous time evolution must have a certain normal form, called Lindblad from
[Lin76]. Recently, such dynamics has been studied particularly intensely in the context of cold
atoms in optical lattices [AOLL12, Die+08, DYDZ10], trapped ions [Bar+11, Sch+13], driven
dissipative Rydberg gases [Gla+12], and macroscopic atomic ensembles [Kra+11]. Liouvillian
dynamics also displays rich phenomena, that allow for dissipative state preparation [VWIC09],

2At T

At +

Figure 2.1: A quantum circuit originating from the Trotter-Suzuki approximation

—iHt —ihj,Hlt/m)m
e (Hje
of the time evolution operator =7, where H = >_; hjj+1 15 a spin chain Hamilto-
nian with nearest-neighbbour couplings h;,;+1. Each box acting on sites j and j + 1
corresponds to the strictly local time evolution operator e~1%4.5+1 4 For such a spin
chain with nearest neighbour interactions the circuit can be arranged in a brick layer
structure.
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2 Locadlity and complexity in lattice systems

dissipative phase transitions [Die+08], noise-driven criticality [EP10], non-equilibrium topo-
logical phase transitions [Bar+12], and precise timing of quantum operations [KWE13].

Considering the relevance of Liouvillian dynamics, it seems to be important to formulate
Hamiltonian complexity results also for the open system setting. In the following, we first gen-
eralize Trotter-Suzuki type approximations to open quantum systems and discuss the physical
implications. Then, we prove quasi-locality of Markovian time evolution, allowing for classi-
cal simulations of the local dynamics. This result provides two important building blocks for
classical simulations of quantum systems. Moreover, the quasi-locality constitutes an impor-
tant proof tool, e.g., for proving clustering of correlations in stationary states of rapidly mixing
dynamics [KE13] and local topological quantum order [CLMPG13, KP13]. Combining quasi-
locality with the result on rapid mixing [KT13], one can also obtain stability results such as the
ones in Ref. [CLMPG13].

2.2.1 A dissipative Church-Turing theorem from generalizing the
Trotter-Suzuki decomposition

This thesis is about complexity in simulations of quantum systems. Consequently, the first
question we address is: What physical processes can one hope to efficiently simulate? The
most powerful realistic situation that one can think of as a simulation, is the one of local dissi-
pative quantum dynamics, as we will argue in the next paragraph. Such situations include the
dissipative model of computation [VWIC09], which can efficiently simulate quantum compu-
tations, which, in turn, can efficiently simulate classical computations. The above question is
also very much motivated by the quantum complexity-theoretic Church-Turing thesis (QCCTT)
from computer science [KLMO7]: “A quantum Turing machine [i.e. a quantum computer] can
efficiently simulate any realistic model of computation”. As such, the QCCTT is a vague state-
ment that can neither be proven nor disproven. It serves as a working hypothesis in order to
restrict to one specific model of computation, such as the unitary circuit model of quantum
computation.

Here, we find reasonable assumptions under which we, nevertheless, can prove a Church-
Turing type statement. First of all, we assume that there are only k-body interactions. This
means that the Liouvillian can be decomposed into Liouvillians that only couple at most k sub-
systems for some constant k. Since we want to make a complexity theoretic statement, where
one needs to be able to quantify the resources, we restrict to finitely many finite-dimensional
subsystems. Next, we make the realistic assumption that the Liouvillian’s time-dependence
is piecewise continuous. Finally, we need to decide what a meaningful notion of “a system
performing a computation” is. If a system would be allowed to exchange information with
a potentially super powerful second system then we would hardly say that a computation is
performed only by the resources of the system. This justifies that the system’s time evolution
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2.2 Generalizing Hamiltonian complexity results to open quantum systems

should be Markovian, i.e., described by a Liouvillian. In the following Publication [Kli+11a]
we show that these assumptions are sufficient to simulate the dynamics efficiently in the unitary
circuit model.

This result has various implications. First of all, it immediately follows that the model of dis-
sipative quantum computation from Ref. [VWIC09] is equivalent to the unitary circuit model.
Next, as we show on pages 40f, by lifting arguments from Ref. [PQSV11] to open quantum sys-
tems, the following limitation on efficient state generation follows: Starting in a product state,
only exponentially few states can be approximately reached in polynomial time. Here, we fix
some maximal approximation error ¢ > 0 and count the states after also discretizing the state
space with e. Finally, in a similar way as Trotter-Suzuki [Suz76, Tro59] type approximations
are used to simulate Hamiltonian dynamics, it is the hope that our dissipative Trotter formula
proves useful in the open system setting. We will also elaborate on that further in Section 2.2.2,
where we prove the quasi-locality of the dynamics for the case of finite ranged interactions.

On the next pages, we present the corresponding Publication [Kli+11a], which “opens up the
potential impact of quantum computers to important applications in condensed-matter physics,
quantum chemistry, and even biology” [Brol1].
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We show that the time evolution of an open quantum system, described by a possibly time dependent
Liouvillian, can be simulated by a unitary quantum circuit of a size scaling polynomially in the simulation
time and the size of the system. An immediate consequence is that dissipative quantum computing is no
more powerful than the unitary circuit model. Our result can be seen as a dissipative Church-Turing
theorem, since it implies that under natural assumptions, such as weak coupling to an environment, the
dynamics of an open quantum system can be simulated efficiently on a quantum computer. Formally, we
introduce a Trotter decomposition for Liouvillian dynamics and give explicit error bounds. This
constitutes a practical tool for numerical simulations, e.g., using matrix-product operators. We also
demonstrate that most quantum states cannot be prepared efficiently.

DOI: 10.1103/PhysRevLett.107.120501

One of the cornerstones of theoretical computer science
is the Church-Turing thesis [1,2]. In its strong formulation
it can be captured in the following way [3,4]: ““A probabi-
listic Turing machine can efficiently simulate any realistic
model of computation.” As such, it reduces any physical
process—that can intuitively be thought of as a computa-
tional task in a wider sense—to what an elementary stan-
dard computer can do. Needless to say, in its strong
formulation, the Church-Turing thesis is challenged by
the very idea of a quantum computer, and hence by a
fundamental physical theory that initially was thought to
be irrelevant for studies of complexity. There are problems
a quantum computer could efficiently solve that are be-
lieved to be intractable on any classical computer.

In this way, it seems that the strong Church-Turing thesis
has to be replaced by a quantum version [2]. Colloquially
speaking, the quantum Church-Turing thesis says that any
process that can happen in nature that one could think of as
being some sort of computation is efficiently simulatable.

Strong quantum Church-Turing thesis: Every quan-
tum mechanical computational process can be simulated
efficiently in the unitary circuit model of quantum
computation.

Indeed, this notion of quantum computers being devices
that can efficiently simulate natural quantum processes,
being known under the name ‘“‘quantum simulation,” is
the topic of an entire research field initiated by the work of
Feynman [5]. Steps towards a rigorous formulation have
been taken by Lloyd [6] and many others [7].

Quite surprisingly, a very important class of physical
processes appears to have been omitted in the quest for
finding a sound theory of quantum simulation, namely,
dissipative quantum processes. Such processes are particu-
larly relevant since, in the end, every physical process is
to some extent dissipative. If one aims at simulating a

0031-9( 32 J107(12)/120501(5)
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quantum process occurring in a lab, one cannot, however,
reasonably require the inclusion of all modes of the envi-
ronment to which the system is coupled into the simu-
lation. Otherwise, one would always have to simulate all
the modes of the environment, eventually of the entire
Universe, rendering the task of simulation obsolete and
futile. We argue that the most general setting in which
one can hope for efficient simulatability is the one of
Markovian dynamics [8] with arbitrary piecewise continu-
ous time dependent control [9]. In any naturally occurring
process the Liouvillian £ determining the equation of
motion

4oty = L) )
dt

of the system state p is k-local. This means that the system
is multipartite and L can be written as a sum of
Liouvillians each acting nontrivially on at most k subsys-
tems. In fact, all natural interactions are two-local in this
sense. Since we are interested in processes which can be
viewed as a computation, we assume that the subsystems
are of fixed finite dimension. This is arguably the broadest
class of natural physical processes that should be taken
into account in a dissipative Church-Turing theorem and
includes the Hamiltonian dynamics of closed systems as a
special case.

In this work, we show the following.

(1) Every time evolution generated by a k-local time
dependent Liouvillian can be simulated by a unitary quan-
tum circuit with resources scaling polynomially in the
system size N and simulation time 7.

(i1) As a corollary, we obtain that the dissipative model
for quantum computing [11] can be reduced to the circuit
model—proving a conjecture that was still open.

© 2011 American Physical Society
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(iii) Technically, we show that the dynamics can be
approximated by a Trotter decomposition, giving rise to a
circuit of local channels, actually being reminiscent of the
situation of unitary dynamics. In particular, in order to
reach a final state that is only e distinguishable from the
exactly time evolved state, it will turn out to be sufficient to
apply a circuit of Km local quantum channels, where

2.2
m— [max(&, T_b)] @
€ In2

is the number of time steps, K = N* is the number of local
terms in the Liouvillian, and b and ¢ are constants inde-
pendent of N, 7, K, and €. Some obstacles of naive
attempts to simulate dissipative dynamics are highlighted,
and the specific role of the appropriate choice of norms is
emphasized.

(iv) We also show that most quantum states cannot be
prepared efficiently.

(v) In addition, the Trotter decomposition with our
rigorous error bound is a practical tool for the numerical
simulation of dissipative quantum dynamics on classical
computers.

Setting.—We consider general quantum systems consist-
ing of N subsystems of Hilbert-space dimension d. The
dynamics is described by a quantum master equation (1)
with a k-local Liouvillian of the form

L=73 Ly 3)

AC[N]

where [N]:=1{1,2,...,N} and L, are strictly k-local
Liouvillians. The subscript A means that the respective
operator or superoperator acts nontrivially only on the
subsystem A and we call an operator or superoperator
strictly k-local if it acts nontrivially only on at most k
subsystems. Each of the Liouvillians £, can be written
[10] in Lindblad form [12]

dk
Ly =—ilHy 1+ Y DILy,) 4)

n=1

where D[X](p) := 2XpXT — {X'X, p} and may depend
on time piecewise continuously. In particular, we do not
require any bound on the rate at which the Liouvillians
may change.

The propagators T (¢, s) are the family of superopera-
tors defined by

p(1) =T 5)(p(s)) &)

for all + = s. They are completely positive and trace pre-
serving (CPT) and uniquely solve the initial value problem
%T(t, 9 =LT4s), Ts)=id ()

where id denotes the identity map.

120501-2

The main result, which is a bound on the error of the
Trotter decomposition, will be somewhat reminiscent of
the Trotter formula for time dependent Hamiltonian dy-
namics derived in Ref. [13]. The main challenge comes
from the fact that we are dealing with superoperators rather
than operators. The key to a meaningful Trotter decom-
position is the choice of suitable norms for these super-
operators. The physically motivated and strongest norm is
the one arising from the operational distinguishability of
two quantum states p and o, which is given by the trace
distance dist(p, o) := supg=s=1ti{A(p — o)]. The trace
distance coincides up to a factor of 1/2 with the distance
induced by the Schatten 1-norm || - ||,, where the Schatten
p-norm of a matrix A is [|A||, := [tr(JA]?)]'/P. Therefore,
we measure errors of approximations of superoperators
with the induced operator norm, which is the so-called
(1 — 1)-norm. In general the (p — g)-norm of a super-
operator T € B(B(H)) is defined as [14]

Il sup [|T(A)l,- ©)
lall,=1

p—q

The difficulty in dealing with these norms lies in the fact
that for p < oo the p-norm does not respect k-locality, e.g.,
I|[A® 1,x,|l; = nllAll,. This problem is overcome by us-
ing the Lindblad form of the strictly k-local Liouvillians. In
the end, all bounds can be stated in terms of the largest
operator norm || X, ||, of the Lindblad operators X € L, of
the strictly k-local terms. The notation X € L, means that
X is one of the operators occurring in the Lindblad repre-
sentation (4) of L£,. From now on we assume that this
largest operator norm a is everywhere bounded by a
constant of order 1 and, in particular, independent of N,
ie.,a € O(1).

Main result.—One can always approximate any dissipa-
tive dynamics generated by a k-local Liouvillian acting on
N subsystems, even allowing for piecewise continuous
time dependence, by a suitable Trotter decomposition.
The error made in such a decomposition can be bounded
rigorously.

Theorem 1 (Trotter decomposition of Liouvillian
dynamics). Let L = 3 )y L4 be a k-local Liouvillian
that acts on N subsystems with local Hilbert-space dimen-
sion d. Furthermore, let £ be piecewise continuous in time
with the property that a = max, maxye r, sup,=o [1X; |l
€ O(1). Then the error of the Trotter decomposition of a
time evolution up to time 7 into m time steps is

T,(7,0)— ﬁ l_[ TLA(T%, Tj_ l)l

Jj=1AC[N] m

ck? 7.2eb7'/m
= S

’

m

1—1

(3)
where ¢ € O(d*), b€ O(d*), and K =N* is the
number of strictly k-local terms L # 0. Ty (74, T%)
can be replaced by the propagator T[a\\/(T%, T%) =
exp(7 Ly’ /m) of the average Liouvillian

33

L _J



week ending

PRL 107, 120501 (2011) PHYSICAL REVIEW LETTERS 16 SEPTEMBER 2011
rav M Tj/m rod 9 relative volume of S7 (measured in the operational metric
A JaG=m Adt ®  induced by the 1-norm) is exponentially small.

without changing the scaling (8) of the error.

All constants are calculated explicitly in the
Supplemental Material [15]. The supremum in a can be
replaced by suitable time averages over the time steps such
that ||X,|| can be large for small times. Before we turn to
the proof of this result, we discuss important implications.

Implication 1 (Dissipative Church-Turing theorem).
Time dependent Liouvillian dynamics can be simulated
efficiently in the standard unitary circuit model.

Using the Stinespring dilation [16], each of the Km
propagators T L\(’T%, T%) can be implemented as a uni-
tary U’ acting on the subsystem A and an ancilla system of
size at most d**. These unitaries can be decomposed fur-
ther into circuits [} of at most n = O(log®(1/€gsk)) gates
from a suitable gate set using the Solovay-Kitaev algorithm
[17] with a <4 such that [|U, — U§\||oo = egk. Note
that for pure states, we have L||U|y )Xy |UT — U|y) ¥
(y|T%l, = lU — Ull = esx and the 1-norm is nonin-
creasing under partial trace. The full error is bounded by
the error from the Trotter approximation (8) plus the one
arising from the Solovay-Kitaev decomposition, in
(1 — 1)-norm bounded by Kmegy.

At this point a remark on the appropriate degree of
generality of the above result is in order. The proven result
applies to dynamics under arbitrary piecewise continuous
time dependent k-local Liouvillians. It does not include
non-Markovian dynamics as often resulting from strong
couplings. However, not only this result, but no dissipative
Church-Turing theorem, can or should cover such a situ-
ation: Including highly non-Markovian dynamics would
mean to also include extreme cases such as an evolution
implementing a swap gate that could write the result of an
incredibly complicated process happening in the huge
environment into the system. In such an intertwined situ-
ation it makes only limited sense to speak of the time
evolution of the system alone in the first place. On the
other hand, in practical simulations of non-Markovian
dynamics, where the influence of memory effects is
known, pseudomodes can be included [18], thereby render-
ing the above results again applicable.

It has been shown recently [19] that the set of states that
can be reached from a fixed pure reference state by k-local,
time dependent Hamiltonian dynamics is exponentially
smaller than the set of all pure quantum states. In fact, a
more general statement holds true (see Supplemental
Material [15]).

Implication 2 (Limitations of efficient state genera-
tion). Let S? be the set of states resulting from the time
evolution of an arbitrary initial state p under all possible
(time dependent) k-local Liouvillians up to some time 7.
For times 7 that are polynomial in the system size, the

Finally, Theorem 1 also provides a rigorous error bound
for the simulation of local time dependent Liouvillian dy-
namics on a classical computer. Even though classical simu-
lation of quantum mechanical time evolution is generally
believed to be hard in time, we have the following result.

Implication 3 (Simulation on classical computers).
For fixed simulation time and efficiently evaluable initial
states [20], dissipative dynamics can be simulated effi-
ciently in the system size on classical computers, e.g.,
using a variant of time-dependent density matrix renormal-
ization group.

This establishes a mathematically sound foundation for
simulation techniques based on Trotter decomposition that
have previously been used without proving that the approxi-
mation is actually possible; see, e.g., Ref. [21]. Recently,
CPT maps like the local channels in the Trotter decompo-
sition (8) have even been implemented in the lab [22].

Proof of theorem 1.—We now turn to the proof of the
main result. First we will find (1 — 1)-norm estimates
(i) for T and (ii) for 7~ which will be used frequently. In
the next step (iii) we derive a product formula, which we
use iteratively (iv) to prove the Trotter decomposition.
Finally, (v) we show how the second claim of the theorem
concerning the approximation with the average Liouvillian
can be proven. Throughout the proof we consider times
t=s5=0.

(i) Because any CPT map T maps density matrices to
density matrices, we have |[T||,—; = 1. In Ref. [14] it is
shown that

17— = sup IITAIL (10)

A=AT Al =1

for any CPT map T. Any self-adjoint operator A = A, —
A_ can, by virtue of its spectral decomposition, be written
as the difference of a positive and negative part A+ = 0.
Since T is CPT, ||[T(A)|l; = t(T(A+)) = ||All;, hence
I7]l,—, = 1, and finally ||T||,—., = 1.

(ii) For any Liouvillian XK the propagator T(z, s) is
invertible and the inverse T,.(t,s) = (Tx(t, 5))7! is the
unique solution of

D s) = ~T~(1, )X,
dr

From the representation of 7~ as a reversely time-ordered
exponential, the inequality

t
1Tt 5) g = exp( [ ||a<,||Hdr) (12)

T=(s,s) =id.  (11)

follows. This can be proved rigorously with the ideas from
Ref. [23] (see Supplemental Material [15]).

For the case where XK is strictly k-local, we use its
Lindblad representation and the inequality ||[ApBll; =
Al 12111 1IBlle to establish || K]||,—; € O(d*) and hence
175t )|l =) = €29, with b € O(d¥).
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(iii) In the first step we use similar techniques as the ones
being used for the unitary case [13] where differences of
time evolution operators are bounded in operator norm by
commutators of Hamiltonians. Applying the fundamental
theorem of calculus twice, one can obtain for any two
Liouvillians J and £

Torr(t,s) = Tyc(t, s)T (2, 5)
— Tyt )T (1, 5) f T2 (r 5) f ’di;(Tg—((u, 5)

X LTy, )T 5 (r, $)T 51 (r, s)dudr

= ft fr Tyc(t, )T (1, )T 4 (u, )

X[ Ky LT 3(r, w)T g4 £ (r, s)dudr. (13)

In the next step we take the (1 — 1)-norm of this equation,
use the triangle inequality, employ submultiplicativity
of the norm, and use (i) and (ii) to obtain
0 f2N[K.,, L£]Il,—dudr as an upper bound. In the case
where K and L are strictly k-local ||[K,, £,]ll,—, €
O(d*), which follows by the same arguments used in (ii)
to bound || K||,_,. In the case where L is only k-local with
K terms, [|[IC,, L£,]ll;—; is increased by at most the factor
K such that

1T g £(t8) = Tac(t, )T £ (1, 5)| 11 € O((t — 5)2" 1~ K).

(14)

(iv) The propagator can be written as
T(r,0) =[] 7c(zj/m 7(j = 1)/m).  (15)
j=1

Using the inequality

W1\ T, = T\ Lol < ITW T, = Toll + T = T ITLNL - (16)

and Eq. (14) iteratively, one can establish the result as
stated in Eq. (8).

(v) For any strictly k-local Liouvillian K the propagator
T x(t, s) can be approximated by the propagator of the
average Liouvillian,
T (1, s) — exp(/t fK,dr)

_L
=3t =% (7

1—=1

This can be shown using the techniques described above by
lifting the proof from Ref. [19] to the dissipative case (see
Supplemental Material [15]). A comparison of Eq. (17)
with Eq. (14) shows that the error introduced by using the
average Liouvillian is small compared to the error intro-
duced by the product decomposition and does not change
the scaling of the error.

Conclusion.—In this work we show that under reason-
able assumptions the dynamics of open quantum systems
can be simulated efficiently by a circuit of local quantum
channels in a Trotter-like decomposition. This channel

120501-4

circuit can further be simulated by a unitary quantum
circuit with polynomially many gates from an arbitrary
universal gate set. As a corollary it follows that the dis-
sipative model of quantum computation is no more power-
ful than the standard unitary circuit model. Furthermore,
the result implies that k-local Liouvillian dynamics can be
simulated efficiently in the system size on a classical
computer. It also shows that systems considered in the
context of dissipative phase transitions [11,24] can be
simulated in both of the above senses. The result can be
seen as a quantum Church-Turing theorem in the sense that
under reasonable and necessary requirements any general
time evolution of an open quantum system can be simu-
lated efficiently on a quantum computer.
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APPENDIX We will use this theorem iteratively to bound the error
caused by decomposing the propagators of arbitkalgcal

In this appendix we elaborate on some of the technical agd-iouvillians into the propagators of the individual sttyct:-
pects of our results and give explicit expressions for all in local terms.
volved constants. First, we give a detailed derivation ef th ~ The proof of this theorem can be presented most conve-
error caused by the Trotter approximation for the time evoniently as a series of Lemmas. From the main text (point (i)
lution under a time dependehtlocal Liouvillian. Along the  in the proof of the Theorem, page 3) we already know that
way we also derive a completely general bound for the Trotcompletely positive and trace preserving (CPT) maps are con
ter error for arbitrary (not necessaritylocal) time dependent  tractive:
Liouvill_ians, which we don’t_need directly for_ the statem®n | emma 3 (Contraction property of the propagator)
made in the paper, but which could be_ o_f interest mde_penLetT be a CPT map. ThefT|,_,, = 1.
dently as the bounds of our more specialized theorem is not
optimal in certain situations. Secondly, we present a thetai Ve also need to bound the inverse propagator.
derivation of the error that is made when the time evolution emma 4 (Backward time evolution)For ¢ > s:
under the time dependent Liouvillian is replaced by thahef t ) o ) o )
average Liouvillian on a small time step. Finally, we proger () Tz (¢, s) is invertible and its inverse i (¢, s) as de-
sults on the scaling behavior efnets used in the end of the fined by Eq. (11) in the main text.
paper to argue that only an exponentially small subset ®sta  (jj) |f the Liouvillian £ is piecewise continuous in time then
can be prepared with time dependé&rbcal Liouvillian dy- .
namics in polynomial time from a fixed reference state. Our -
argument lifts the considerations from Ref. [1] to the spafce |7z (2. S)H1—>1 = eXp(/S €0l dr) @)

density matrices and the physically relevant trace digtanc . ) ] . ]
Proof. First, we consider the case whefeis continuous in

time and use the theory presented in Ref. [2] and in particu-

TROTTER APPROXIMATION FOR TIME DEPENDENT lar the “properties” which are proven in this reference. The
LIOUVILLIANS product integralof £ is defined analogously to the Riemann
integral,

We start by giving a detailed proof that for short time in- . J
tervals it is possible to approximate the time evolution of a HeXp(ﬁr dr) = lim exp(Ly, Ary),  (3)
k-local time dependent LiouvilliaiC + £ by splitting off a ; Arg=0Vi ’
strictly k-local part/C and performing the time evolution un-
der £ andK sequentially. wherel‘[;.]:1 X, = X;Xy_1...X1. SinceT,(t,s) solves

Theorem 2(Product decomposition of propagators).Letz e initial value problem in Eq. (6) from the main text,
andK be two time dependent Liouvillians that act on the same £ (t:8) = 11 exp(£L, dr) which is exactly the statement of

quantum system ¥ subsystems with local Hilbert space di- property 1. . : .
mensiond. Furthermore, lefC be strictlyk-local and letL be (i) Property 3 precisely states that a product integravsit

k-local consisting ofC strictly k-local termsC,. For ¢ > s ible. It is not hard to see that the inverselof(t, s) solves the
the Trotter error is given by - initial value problem (11) from the main text.

(ii) The inverse propagator is
| Ticyc(t,s) = Tic(t, )T (t, )]y < (t—9)%e"c K,

(1) t B
T:(t,s) = exp(L, dr) . (4)
where ‘ (1:[
b=2a?(2 + 4d"), Since matrix inversion is continuous,
¢ =2a® 4 8a>d* + 16a*d?*, 1
_ X, . T, (t,s) = lim || exp(—L,;Arj). (5)
o=max mex S 1 X000 Ar;—0Y; jg] !
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We call this thereversely ordered product integrahd use the the continuous case.
convennonH s Xj = X1X5... X;. Using the submulti- If £ is only piecewise continuous in time then (i) and (ii)
plicativity of the(l — 1) norm and the triangle inequality we o4 for all the intervals wherg is continuous and from that
obtain from Eg. (5) and the composition propert: (u, v) Tz (v, w) = Tz (u, w)

(u > v > w) it follows that (i) and (ii) hold on the whole time

1 .
Tz (), < Arjliir(l)vj H exp(|| Ly, ||, Arj)  (6) interval[s, t]. O

=ex lim L Arj) 7
Py} 1=0V) 4 Z [ ) % With these tools at hand we can now prove a bound on the
Trotter error of two arbitrary (not necessaritylocal) time

The definition of the Riemann integral finishes the proof fordependent Liouvillians.

Theorem 5(General Trotter error). For two arbitrary time dependent Liouvilliar§ and £ the Trotter error is given by

| Ticsc(t, s) — Tic(t, s)Tr(t, s)|l,; < / / Ky £:]]],,, dudr o2 [Nl Ly dn (8)
<3(t=9)" sup_ [[Kus £yl @27zl (9)
t>r>u>s

Proof. We use a similar argument as in Ref. [3]. With the fundameht&drem of calculus we obtain
T (1, )T (£, 8) sz (1, 8) — id = / T; (r, )T (r, 8)Tics£(r, 8)) dr
t
:/ T, (r,8)|[Ti (r,s), Lo Ticq2(r, s)dr
St
= / T (r,s) (T,E (r,8)L, Tk (r,s) — ET)T,E (r,8)Ticqc(r,s)dr
St T d
—/ T, (r, s)/ Tu (T,C (u, $)Lr Tk (u, s))duT,g(r,s)T;@rg(r,s) dr
/ / (u, 8)[Lr, Ku) T (u, s)Tic (v, 8)Ticsr (7, s) dudr .
Multiplying with Tx-(¢, s)T- (¢, s) from the left yields

Tt s) — Te(t )Tc(t, 5) = / / Tie(t, $) T2 (t, 1T ()| Lo K] T (ry ) Tics 2 (1 ) du (10)

With submultiplicativity of the(1 — 1)-norm and the bounds on the norms of the forward and backwangbgators from
lemma 3 and 4 the result follows. O

To complete the proof of theorem 2 one needs to bound thehereb, = 4a, +8d*a2, ¢, = 2a,a,+4(a,a +a2a,)d* +
norms||[£r, Ku]ll;_,; and||Kl;_,, in (9) for the special case 16a2a2d**, anda; = maxy max{||X|| : X € KU La}.
that KC is strictly k-local and£ is k-local with K strictly k-

local terms.

Proof. First, let both Liouvillians be strictlyt-local. Hence
each of them can be written with at me#t Lindblad opera-
tors. Let the Lindblad representations/ofand £ be

Lemma 6. Let X and £ be two Liouvillians which act on the
same operator space of subsystems with local Hilbert space
dimensiond. Furthermore, letC be strictlyk-local and £ be
k-local consisting ofK” strictly k-local termsL,. Then

2 v S v 11 .
1 ”IC ”1%1 ’ ( ) K= _I[G’ } + ZID[KV} (13)
and 3 ||[£Tv’cu]||1_>1 <crukK, (12)



and dinary exponentials of the time averaged Liouvillians.sTisi
not essential to our argument concerning the quantum Church
d* Turing thesis, but makes the result more useful for applica-
L=—iH ]+ DIL)J, (14)  tions. The additional error caused by doing this is bounded i
n=1 the following theorem:

whereD[X](p) = 2XpXT — {XTX, p}. Inequality (11) fol-

lows from counting the number of terms in (13) and using thafTheorem 7 (Approximation by the average Liouvillian).

| ApBll; < [|Allo ol [|1Bllw- Similarly, by writing outthe  Let IC be a strictly k-local Liouvillian acting on an opera-
commutator{C, £] and using the above representations oneor space with local Hilbert space dimensidnThen for any
can verify that[KC,, £,] < 2a,ay, + 4(aqa? + a?a,)d* + t>s

16a7azd* . If L = 37,y £ is k-local with K terms the

bound is increased by at most a factorof O av
d I Tic(t, ) = exp((t — s)K™)|,,, < 3ot —5)*,  (15)

Theorem 2 follows as a corollary of theorem 5 and lemma 6
by inserting the suprema of the bounds (11) and (12) intQynere the average Liouvillian
Eq. (9). Instead of using suprema in the step from Eq. (8)
to Eq. (9) one can take averages obgiandc;, ,, to obtain a

better, but more complicated bound. One can also improve v — 1 /t K, dr (16)
the scaling of the error with the size of the time steps bygisin t—sJs

higher order Trotter schemes as in Ref. [3] (time dependent

case) or Ref. [4] (time constant case). is indeed a Liouvillian,b = 2a%(2 + 4d*), anda =

maxx, e Supy ||XtHoo'

APPROXIMATION BY THE AVERAGE LIOUVILLIAN

Proof. We lift the proof from Ref. [1] to the dissipative setting.
In the product formula in our theorem 1 in the main textLet ¢ > s be fixed. Applying the fundamental theorem of
one can replace the time ordered integrBls (¢, s) by or-  calculus and the definition &f*¥, we obtain

¢
Ticav (t,8) — Tk (t,s) = —Tx(t, s)/ T (u, s) (Ky — K*) Ticav (u, s) du

1

t t
:-t_s/ / Te(t, ) (K — K) T (u, 5) dr du

! /: /:(T,C(t,u)lCuT av (u, 8) = Tic (£, 1)K T) av(rvS>)d7"d“~

t—s

The inequality in Eq. (16) from the main text yields

1 t t
”TICa"(taS) - T]C(t7s)||1~>1 < m/ / HICquﬁl (HT’C(tau) - T’C(t’r)Hlal HT’CaV(uas)Hlﬁl

17)
Tt )l [T () = Ticos (1 8) |y, ) drdl
|
FromTi(u,s) — Tx(r,s) = — fru Tk (v, s)K, dv, lemma 3 and similarly forkC*v. With (17) we obtain
and the submultiplicativity of the norm we know that fo>
U, T > S | Ticav (t,s) — Tic(t, 5)|]14
t t T
< 2/ / / 1KColl,_, do| drdu. (19)

It remains to show thatC* is a Liouvillian, i.e., that
exp(tC*) is a CPT map for alt > 0. First of all, finite sums

(18) of Liouvillians are Liouvillians. Furthermore, limits ofes

[T (u; 8) = Tic(rs s)ly 51 <

/ 1ol do
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function is continuous and the set of CPT maps is closéd. 1-norm is non-increasing under partial trace. Tracing oat th
ancillas, we obtain an approximati@hof 7z (7, 0) with error
|Tz(7,0) — T|li51 < € = € + 2e2. The total number of
EFFICIENTLY PREPARABLE STATES CONSTITUTE AN different channeld’, which can arise in this way from the
EXPONENTIALLY SMALL SUBSET OF STATE SPACE chosen universal gate Set,ﬁ&“ S nSKNAllgates' i'e_, for given
¢, 7,k, N andd, a number ofNy standard gates are enough
In the following we will argue that for every fixed initial to approximate an§¥.(7,0) in (1 — 1)-norm to accuracy.
state, the time evolution for a time interval of lengthun- To conclude, we bound the order &r.
der any (possibly time dependeiitiocal Liouvillian yields
a state that lies inside of one &fr e-balls in trace distance.
For timesr which are polynomial in the system sizZg; is ex- _ o (QCN‘%Tz ) 2cN3* 72
. S ! = csk log
ponentially smaller than the cardinality of amnet (in trace €1€2 €1

quences of Liouvillians are Liouvillians since the expotien L (|U [)(y |UT, U [¢ )| UT|ly < U — U~ and the

1Og(NT) < Nai gateslog NnsK

log NnsSK

distance) that covers the state spaceThe case of Hamilto- 2eNT\ 2¢N3%72

. . . . . . «@ (07 c T c T

nian dynamics and state vectors is investigated in Ref.If1]. < csk(3k)* log 16 o log nsk .
will be convenient to use the Bachmann-Landau symbbls (21)
and( for asymptotic upper and lower bounds up to constant _ _ .

factors. Since we are interested in the scalinglef(/Ny) for large

By using theorem 1 of the main text, which provides an er-V and smalle;, e; we can assume that thf argument of the
ror bound for the Trotter approximation of a Liouvillian &m logarithm is larger thari8 and use thatogy(z) < 2 for
evolution, together with the Stinespring dilation [5] aft < = 18 to obtain
Solovay-Kitaev algorithm [6], one obtains the following: N3k+2.,4
Theorem 8 (Number of channel circuits). The propagator 1%
from time0 to timer, generated by ank-local time dependent  with C = csk (3k)(2¢)? log nsk . O
Liouvillian acting on N subsystems with local Hilbert space
dimensiond € O(1) can be approximated il — 1)-norm

to accuracye > 0 with one out ofN; channel circuits, where

The above theorem shows that the time evolution under a
local Liouvillian can be approximated by one out’/gf many
circuits to accuracy. The states that can be reached by any

N3k+2,4 k-local Liouvillian time evolution, starting from a fixed il
log(Nr) € O (T) (20)  state, are hence all contained in the uniomaf e-balls (in
1-norm) around the output states of these circuits.
Proof. According to theorem 1 of the main text, the propaga- L€t us now determine whether thosealls can possibly
tor T, (7, 0) of the Liouvillian time evolution can be approxi- COVer the whole state space. For this purpose we introduce
mated by a circuif ", [Tacqw T4 of at mostN*m strictly ~ €-nets. We consider @-dimensional Hilbert spacé/ and

k-local channeld™} to precisione; in (1 — 1)-norm, where depote ] .
according to E ?2) from the main text; = 2 Nzk’ 2 (i) the set of state vectors, i.e., the set of normalizedorsct
g qg. 1 = 2¢N<F14 /€. in by P C .

We have assumed thafin(2)cN?#7/e; > b wherec andb

are given explicitly in theorem 2 and depend only on strictly

local properties of the Liouvillian. Employing the Stine-

spring dilation [5] for each of the chann€l¥ one obtains

a circuit of at mostN*m strictly 3k-local unitary gates%],{.

Each U7 acts on an enlarged system composed of dhe Vae R3beNI(R): [la—bl, <e (23)

dimensional original subsystem and an ancilla system of dian e-net forR in (Schatten))-norm Furthermore, we call an

mensiond**. One can use the Solovay-Kitaev algorithm [6] e-net\/?(R) optimalif any other set¥ c R with smaller car-

to approximate every single gaté; of the unitary circuit  dinality | X| < [N?(R)| cannot be ar-net for R in p-norm.

by a circuitU3 of one- and two-qubit gates from a univer- Similarly, we define:-netsN5(P) c P for state vectors in

sal gate set of cardinalitysk € O(1), e.g.,nsk = 3. With  Hilbert space norm and, as before, we denote optinrats

Nsk = cgx log®(1/esk) of thosensk standard gates, each by NVIS(P).

unitary U can be approximated to accuragy introducing In Ref. [7] it was shown that for the set of state vectors of

atotal erroe; = N*megk. The constantsk depends on®”. a D-dimensional quantum system there existets of cardi-
Consequently, we have for the dilator/ of nality at mosiNVHS(P)| < (5/(2¢))?P. As the Hilbert space

H;’;l HAc[N] T{ an approximation U with opera- distance upper bounds [8] the trace distance,

(i) the set of density matrices by C B(H), and

(i) the set of rank one projectors lfy C S.
For an arbitrary subsdt C B(H) and some > 0 we call a
finite subsetV?(R) C R satisfying

tor norm accuracyes, given by a unitary circuit of B o1 o
Nailgaes = NsxN*m standard gates from the univer- 1) = 19)]2 2 2.” )1 = @)l
sal gate set. Note that for any pure state), we have =dist(|[¢)(¥], [9)(2]) , (24)
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this also implies the existence efnets forP in p-norm of From|[|-][, > |-, it follows that [NZ(P)| < |NX(P)].
cardinality| V7 (P)| < (5/¢)?P for anyp > 1. By comparing  Hence it remains to prove the lower bound fafZ (P)| in
the volume of the-balls with the volume of the whole set of (26). For this we construct af-net VX1 (P) for state vectors
state vectors one can see that for state vectors this cotistru  in Hilbert space norm from &¢)-net N2 (P). For every ele-
is essentially optimal. menty; € NZ(P) we fix an eingenvalue-1 eigenvectar; ).
Using the(e 2/2) -netN} o ([0,1[) = {€2,2¢%,..., [1/e?]}
for [0, 1] with cyclic boundary conditions we define the set

s N Lo BYY NIS(P) = {279 ) : 6 € N o (0.1, [} € {[i65)}} -
wesErea(t) Hno((g) ). @ " D

Lemma 9. For a D-dimensional quantum system

Proof. The set of state vectors in R-dimensional Hilbert  This is ane’-net for P and we will find an expression faf in
space is isomorphic to €D — 1)-sphere with radiud in terms ofe.

(2D)-dimensional real Euclidean space such that the Hilbert | et |¢) € P. Thenthere exists a state vectgr) € {|¢;)}
space norn- |, on state vectors coincides with the Euclideansych that

norm inR?P. The surface area of @ — 1)-sphere of radius ) ) )

s Sp_1(r) = nC,r"~t, whereC, = 7"/2/T(n/2 + 1) (26)° = [|¢ — ¥l =2 = 2| {¢]¢) |

andI is the Euler gamma function. The set of states within >2-=2|(g|¥) |,

Hilbert space distanceto a given state is a spherical cap on L

that sphere with opening anglewrcsin(e/2). Fore <« 1, the and a) € Ne2/2([0’ 1[) such that

area of such a cap is approximately equal to the volume of a amis o

(2D — 1)-ball of radiuse. In fact, a more detailed analysis | K61l = Re(e*™ (9l4))] < (2€)° -

reveals that forD = 3 the two are exactly identical and for Together this yields

D > 3 the cap is always smaller than tt&D — 1)-ball. The

volume of ann-ball of radiusr is V,,(r) = C,r". Thus for 3(26)* > 2 — 2Re(e®™ (g[1)) = | [¢) — *™ |9} [5 .
D=3 Sincee?™ ) € NHS(P), we can choos€ = 4e > /12¢
(2)" sy » Sl __20Cp ok M]3l reom e e 1) o
S CRRIE) ( )””  Lom <1)”’{ NS (P)| = INE ([0, 1D [{ 1)}
(D) € 8 \e < [1/eN5(P)] | (28)
where the first inequality follows from Ref. [7]. O where we have used that by constructibhe); )} =

INZ.(P). FinaIIy, as the described construction works for

This is essentially the argument used in Ref. [1] to estabany(26> netAZ (P), we obtain

lish that Hilbert space is a “convenient illusion”. Howeyver K .
the lower bound 0|11/\/'HS )| does not immediately imply a [1/€*] |NZ.(P)| > [N (P)| (29)
lower bound onA/?(P)| (and hence also not fdnW?(S)])

for anyp > 1. In particular, there are states with distarce 21 Iemma 9 finishes the proof. O
in Hilbert space norm and distan0en any of thep-norms, Combining theorem 8 and lemma 10, we arrive at the fol-
namely, any pair of state vectof$/) , — [¢)}. lowing theorem:

We now show that a similar lower bound as in the last S o _
lemma holds for the size of optimatnets forP andS in ~ Theorem 11(Limitations of efficient state generation). For
p-norm. every fixed initial state, the time evolution for a time in-

terval of lengthr under anyk-local Liouvillian acting on
Lemma 10. For p € {1, 2} N subsystems with local Hilbert space dimensibyields
L\ 2D a state that lies Lr;ii;ji or:e a¥r e—_balls in 1—norm_wit_h
NP(S)] > INE.(P)| € Q(<4_> ) (26) loa(Nr) € O (N3++274 /%), For times7 polynomial in
€ the system siz¥, this is asymptotically exponentially smaller
_ o _ thanlog |NV1(S)| € Q(—2d") where| N1 (S)] is the cardinal-
Proof. For a given state vectdt) ) it will be convenient to use ity of an optimak-net in1-norm that covers the state spae

the notation) := | )(¢|.
We start to prove the first inequality. Fixe {1,2}. There

is a family {p;} © N?(S) such that theie-neighborhoods in

p-norm coverP and such that for eagh; there exists a rank-1

projectory; € P SatISfyInng{ - 1Z)J’”p <e Then{ij} ISa [1] D. Poulin, A. Qarry, R. D. Somma, and F. Verstraete, PRes..
(2¢)-netforP in p-normwith|N?(S)| > |{¢,; }| > |NE.(P)]. Lett. 106, 170501 (2011).
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Erratum: Dissipative Quantum Church-Turing Theorem
[Phys. Rev. Lett. 107, 120501 (2011)]
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Implication 3 in Ref. [1] is concerned with the classical simulation of k-local Markovian open system dynamics. While a
slightly weaker statement compared to the one given is true [2], as can be proven using Lieb-Robinson bounds, this result
is, strictly speaking, not implied by the argument given in Ref. [1].

In the physically important case where the local Liouvillian terms £, act on k neighboring subsystems of a regular
lattice of finite spatial dimension, the time evolution is quasilocal [2]. This means that, up to an exponentially small error,
the diameter of the support of any evolved local observable grows at most linearly in time, which is reminiscent of a light
cone effect. Consequently, the evolution of the local observable can be approximated to arbitrary precision by applying the
propagator of a spatially truncated version of the Liouvillian. Hence, the time evolution can be simulated on classical
computers with a cost that is independent of the system size.

Our original argument leading to implication 3 is wrong because it turns out that a truncation that is solely based on the
causal structure of the channel circuit originating from the Trotter approximation does not yield quasilocal dynamics and
alone does not establish an efficient classical simulation scheme.

We would like to thank T.J. Osborne for kindly pointing out this error to us.

[1] M. Kliesch, T. Barthel, C. Gogolin, M. Kastoryano, and J. Eisert, Phys. Rev. Lett. 107, 120501 (2011).
[2] T. Barthel and M. Kliesch, Phys. Rev. Lett. 108, 230504 (2012).
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2 Locadlity and complexity in lattice systems

2.2.2 Lieb-Robinson bounds and quasi-locality of time evolution

In the last section we have seen that dissipative dynamics can be simulated efficiently on a quan-
tum computer. This motivates the question, under what assumptions and in what sense Marko-
vian dynamics can be simulated efficiently even on classical computers. It is strongly believed
that the dynamics, even when restricted to local observables, cannot be simulated efficiently in
time?. The local structure from the dissipative Trotter trotter circuits from the last publication
is a “brick layer” structure (as in Figure 2.1 and Figure 1c on page 109). For one such circuit
and a local observable only “bricks” insides the observables cone can influence the expectation
value. This already suggests that one can simulate time evolved local observables efficiently in
the system size. A proper error analysis, however, reveals that this implication does not hold in
general. But nevertheless, we use Lieb-Robinson bound techniques to show that the error made
when truncating the Liouvillian some distance away from the observable’s Lieb-Robinson cone
is exponentially small in that distance. This indeed implies that local dynamics can be simu-
lated efficiently in the system size on classical computers. Technically, we slightly generalize
a dissipative Lieb-Robinson bound from Ref. [Poul0] (see also Ref. [NVZ11]). The bound
on the speed of propagation of correlations gives rise to a space-time cone for the considered
observable or subsystem. This allows us to prove that one can truncate the Liouvillian at some
distance away from the space-time cone and obtain the same time evolution up to an error ex-
ponentially small in that distance. Hence, the simulation cost is independent of the system size
and is bounded inverse polynomially in the error. This answers the question from a purely com-
plexity theoretic point of view. However, exploiting this in an exact diagonalization approach
directly requires unfeasible many resources. In order to reduce the computation cost one can
Trotter-approximate (see Publication [Kli+11a]) the truncated Liouvillian, as a first step. For
the case without dissipation, these two approximations are the basic building blocks of density
matrix renormalization group (DMRG) methods [ECP10, Eis13, Orul3, PGVWCO07, Schll,
Sch13, VMCO08]. With these methods one performs further approximation steps that exploit the
fact that the generated states are close to a low-dimensional submanifold of state space. One
remaining problem for dissipative systems is that these further approximations only preserve
positivity of the time evolution if there is no dissipation present. This is not only a technical
issue, but comes from a fundamental problem that we explain in detail in Section 2.4.2.

For the sake of completeness, the corresponding Publication [BK12] on quasi-locality of
Markovian time evolution is presented in Appendix B.

otherwise BQP=BPP, i.c., one could perform quantum computations classically efficiently
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2.3 Locality of temperature from a new thermal Lieb-Robinson type bound

2.3 Locadlity of temperature from a new thermal
Lieb-Robinson type bound

In this section we will see that, also when considering high temperature states, a locality struc-
ture allows for statements reminiscent of the quasi-locality of time evolution and the resulting
simulatability result. It will turn out that the developed methods are closely interconnected with
our physical understanding of temperature.

Basic statistical mechanics teaches us that temperature is intensive, or, in other words, a local
quantity. This concept works perfectly well for non-interacting systems. But once a subsystem
of interest interacts with its environment, the intensivity of temperature breaks down [HMO05]:
Interactions generate correlations that lead to noticeable deviations of the state of the subsystem
from a thermal state. Hence, given only a subsystem state, there is no canonical way to assign
a temperature to the subsystem. We call this the locality of temperature problem. Ultimately,
this is a standard problem in quantum mechanics, as it is about studying the classical concept
of temperature in the limit of small length scales. In the light of recent advances in the foun-
dations of statistical mechanics [GLTZ06, LPSW09, RGE12], suggestions for small thermal
machines working in the quantum regime [LPS10, ME12a], and experimental achievements of,
e.g., thermometers on the nano-scale [GB02], a better understanding of the limitations of the
concept of temperature on small scales is a pressing issue.

Progress in that and also other directions is hindered by a lack of mathematical tools ex-
ploiting the locality structure in thermal states. As we already saw, a lot is known about
ground states [Has06, HWO05, LVV13, MZ13, NS06], as powerful mathematical tools such as
Lieb-Robinson bounds (see Publication [KGE14b] on pages 13ff) and the detectability lemma
[AALV09, AAVLI11] are available. For thermal states a lot less is known, in particular, when
it comes to finite systems, which are not one-dimensional. The available explicit clustering re-
sults, for instance, are of the following type: In the limit of the distance between the supports of
two observables being infinitely large, the observables become uncorrelated (w.r.t. the covari-
ance) [PY95]. But physical intuition tells us that long-range correlations are rare and one should
expect systems to have a finite correlation length in many situations. It is known, however, that
thermal states at high temperature can be approximated by states of matrix product form with
sub-exponentially many parameters in the system size [Has06]. While the implications seem to
be effectively restricted to one-dimensional systems, this work develops an important cluster
expansion technique that exploits the system’s locality structure.

In the following Publication [Kli+14] we build on these methods and develop them fur-
ther. Moreover, we prove a perturbation formula and establish a strong version of exponential
clustering of correlations for high temperature states on fermionic and spin lattices. These re-
sults have a number of implications: First of all, it turns out that temperature is intensive on a
given length scale if and only if correlations are negligible on that length scale. One important
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2 Locadlity and complexity in lattice systems

point is, to identify the right correlation measure, which we call the averaged generalized co-
variance. After showing that above a critical temperature the generalized covariance decays
exponentially, this implies the intensivity of high temperatures. The critical temperature only
depends on the interaction strength and local geometry of the lattice. Therefore, this provides
an upper bound on physical critical temperatures for thermal phase transitions with long-range
order. Our results also imply that the generalized covariance is a measure of stability of thermal
states against distant Hamiltonian perturbations. For high temperatures, we obtain a thermal
Lieb-Robinson type bound (see, e.g., Figure 4 on page 51) and, as a rigorous computational
consequence, thermal states can be locally simulated efficiently on classical computers. For
smaller temperatures, our perturbation formula can provide a guideline of how the parameters
should be chosen in classical simulations, such as Monte Carlo simulations [TATWO03]. We also
comment on relations to known results, such as actual physical critical temperatures, founda-
tions of statistical mechanics [GLTZ06, LPSW09, RDO08, RGE12], matrix product operator
approximations [Has06], and local topological quantum order [CLMPG13] (see pages 51ff).
One more connection to the previous Section 2.2 is that the results presented here are also
applicable to stationary states of Liouvillian time evolution with Davies generators [Dav79,
Spo78] of commuting Hamiltonians. In this case, the Liouvillian is local and has the Hamilto-
nian’s thermal state as unique stationary state.

In fact, the following Publication [Kli+14] has already proven useful to further develop
MPO approximations of thermal states [MSVC14]. It is also worth mentioning a second work
[MAMW13], slightly more recent than ours, on thermal states of lattice systems that also uses
the locality structure.
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Locality of Temperature
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This work is concerned with thermal quantum states of Hamiltonians on spin- and fermionic-lattice
systems with short-range interactions. We provide results leading to a local definition of temperature,
thereby extending the notion of “intensivity of temperature” to interacting quantum models. More
precisely, we derive a perturbation formula for thermal states. The influence of the perturbation is exactly
given in terms of a generalized covariance. For this covariance, we prove exponential clustering of
correlations above a universal critical temperature that upper bounds physical critical temperatures such as
the Curie temperature. As a corollary, we obtain that above the critical temperature, thermal states are stable
against distant Hamiltonian perturbations. Moreover, our results imply that above the critical temperature,
local expectation values can be approximated efficiently in the error and the system size.

DOI: 10.1103/PhysRevX.4.031019

I. INTRODUCTION

The ongoing miniaturization of devices, with structures
reaching the nanoscale, has lead to the development of
extremely small thermometers [1,2], some of which are so
small that they can only be read out with powerful electron
microscopes [3]. Even small thermal machines working in the
quantum regime have been suggested [4,5]. In order to
understand the working of such devices, it is necessary
to formulate a theory of statistical mechanics and thermo-
dynamics at the microscopic and mesoscopic scales. A
prerequisite for such a formulation is a good understanding
of the limitations of the concept of temperature at small scales.

The problem with assigning locally a temperature to a
small subsystem of a globally thermal system is the
following: Interactions between the subsystem and its
environment that generate correlations can lead to noticeable
deviations of the state of the subsystem from a thermal
state (see Fig. 1). Hence, given only a subsystem state,
there is no canonical way to assign a temperature to the
subsystem. We call this the locality-of-temperature problem.

The first steps toward a solution of the locality-of-
temperature problem have been taken in Refs. [6-8], and
more recently, within the mind-set of quantum information
theory, in Ref. [9]. The general locality-of-temperature
problem is, however, still open. In this work, we con-
clusively solve it for spin- and fermionic-lattice systems.
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More precisely, we first show that the locality-of-
temperature problem is equivalent to a decay of correlations
measured by an averaged generalized covariance that
precisely captures the response of expectation values to
perturbations of the Hamiltonian. We expect the corre-
sponding equality to be useful for applications beyond the
scope of this article.

We then provide conditions under which the generalized
covariance decays exponentially with the distance, includ-
ing a detailed analysis of the preasymptotic, and of the
finite-size regime. In particular, this exponential decay
holds above a universal critical temperature that only
depends on the “connectivity” of the underlying graph
of the model and is an upper bound on physically relevant
critical temperatures such as the Curie temperature.

While, in the low-temperature regime, quantum lattice
models exhibit a great diversity of phases, many of which
involve the emergence of long-range or topological order
[10], in the high-temperature regime, exponential clustering

)]
]
]
]

o
]
]
]

(*]

FIG. 1. The locality-of-temperature problem: Subsystems of
thermal states are themselves, in general, not in a state with a
locally well-defined temperature. Down to which length scale can
temperature be an intensive quantity?
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of correlations is expected. Our rigorous results help to
delineate the boundary between these two regimes. They
build upon and go significantly beyond previous results on
the clustering of correlations in classical systems [11], for
quantum gases [12], i.e., translation-invariant Hamiltonians
in the continuum, and cubic lattices [13—15].

Mathematically, we significantly contribute to the prob-
lem of whether and under which precise conditions thermal
quantum states are stable against distant Hamiltonian
perturbations. Stability of thermal states is particularly
relevant in the broader scheme of phase transitions in
classical and quantum lattice models [14,16] as well as for
the foundations of statistical mechanics and the equilibra-
tion and thermalization behavior of closed quantum sys-
tems [17-25]. In the light of the recent surge of interest in
these topics, developing a better understanding of the
properties of thermal states has become a timely issue.

A major obstacle to progress on some of the most
interesting open questions in this context, such as equili-
bration time scales in closed quantum systems, is the
limited set of mathematical tools available for exploiting
the structure of locally interacting Hamiltonians [25]. Our
results are among the first that explicitly exploit properties
of local Hamiltonians, without being limited to very
specific models.

For quantum Monte Carlo simulations [26], our results
provide a guideline as to how large the finite system size
has to be taken in order to be able to sample from the right
partition function and, conversely, to identify observables
that are best suited to detect long-range correlations.

In fact, our results are reminiscent of known statements
about ground states. If a Hamiltonian has a unique ground
state and is gapped, correlations in its ground state cluster
exponentially and faraway regions become essentially
uncorrelated. This clustering of correlations is rigorously
proven using information-theory-inspired methods such as
Lieb-Robinson bounds and quasiadiabatic continuation
[27-29]. These rigorous results allow for certified algo-
rithms that efficiently approximate ground states of gapped
Hamiltonians on classical computers [30]. In the same spirit,
we are able to show that an exponential decay of correlations
renders thermal states locally efficiently simulatable.

The rest of this paper is structured as follows: In Sec. II,
we formulate the precise setting and explain the main
results and their implications. In Sec. III, we discuss
connections to known results on phase transitions, thermal-
ization in closed quantum systems, and matrix product
operator approximations. Then, in Sec. IV, we discuss basic
properties of the generalized covariance, explain how
our results can be made applicable to finite-range k-body
interactions, and state the results for fermionic lattices. We
proceed with proving all theorems in Sec. V and conclude
in Sec. VI. In the Appendix, we provide a detailed proof of
two bounds on truncated cluster expansions, one of which
is an important ingredient to the proof of clustering of
correlations.

II. SETTING AND MAIN RESULTS

In this section, we introduce the setting, state the
locality-of-temperature problem more formally, and state
our results.

A. Perturbation formula for thermal states

As the first result, we state a perturbation formula, which
is a general statement about the response of the expectation
value of an observable in the thermal state, upon changes in
the system Hamiltonian. It does not make any reference to
the locality structure of the Hamiltonian but turns out to be
especially useful when correlations between local observ-
ables decay rapidly with distance.

Throughout the paper, we assume the Hilbert space
to be finite dimensional [31] and denote the thermal state,
or Gibbs state, of a Hamiltonian H at inverse temperature

p by
(1)

with Z(p) := Tr(e ") being the partition function. If we
mean the thermal state or partition function of a different
Hamiltonian H’, we write g[H'|(8) or Z[H'](f).

We measure correlations by the (generalized) covariance
that we define for any two operators A and A’, full-rank
quantum state p, and parameter 7 € [0, 1] as

covi(A,A') = Tr(p"Ap'"A’) — Tr(pA)Tr(pA’).  (2)

We discuss various properties of this covariance and
generalizations to arbitrary-rank quantum states in
Sec. IVA.

The generalized covariance appears naturally in our
first theorem about the response of expectation values to
perturbations. More precisely, when we are given an
unperturbed  Hamiltonian H, and a perturbed
Hamiltonian H, then the difference of expectation values
in the corresponding thermal states is captured by that
covariance.

Theorem 1 (Perturbation formula).—Let Hy, and H be
Hamiltonians acting on the same Hilbert space. For
s € [0, 1], define the interpolating Hamiltonian by H (s) :=
Ho+ s(H—-Hy) and denote its thermal state by
gs = g[H(s)]. Then,

Tr[Ago(h)] = Tr[Ag(p)]

(8)
= AldTA ds covi ; (H — Ho, A) 3)

for any operator A.

The proof of the theorem, which is presented in Sec. VA,
relies on the fundamental theorem of calculus and
Duhamel’s formula. We refer to the double integral over
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the covariance in Eq. (3) as the averaged (generalized)
covariance.

B. Spin-lattice systems

In the remainder of this work, we will be concerned with
spin- and fermionic-lattice systems. We will only write out
everything for spin systems and then later, in Secs. IV C
and V C, explain the necessary modifications for fermionic
systems. In the case of spin-lattice systems, the Hilbert

space is given by H = ® H,, where V is called the vertex
xeV

set and is assumed to be finite. To make the presentation
more accessible, many of the following definitions are
highlighted in Fig. 2. A local Hamiltonian with interaction
(hyper)graph (V,E) is a sum

H= th (4)

of local Hamiltonian terms /4, acting on H. The (hyper)
edge set E is the set of supports 4 = supp(h;) C V of the
local terms %,. For any subset of edges F' C E, we denote
by Hp =) ,cph; the Hamiltonian only containing the
interactions in F, and for any subsystem B C V, we define
the truncated Hamiltonian to be H,p:= Hpg(p), where
E(B) c {A € E:A C B} is the restricted edge set and we
take H;z; to be an operator on the Hilbert
space Hp = ® H,.

xeB

Given some subsystem S C V, there are two natural
thermal states associated with it.

() g,s(B) = g[H,s](B) denotes the thermal state of S
alone, 1i.e., the thermal state of the truncated
Hamiltonian H 5(p).

(i) ¢*(B) == Trg[g(B)] denotes the full thermal state
reduced to S.

9909009 9909000
o5+ ——
9-0+0-0-0 9-90-0+0-0
9-0+0-0—-0 9900400
9-0+0-0—-9 9-90-04+0-0

B
9-0+0—-0—9 9-90-0+0-0
- 0-+0-0-0 -0 0+0—0
R B B B 9 90-90+0-0
—— ——
990000 9909000

FIG. 2. A 2D square lattice: The boxes indicate subsystems
S C B C V. Theedgesin S are E(S), boundary edges of B are 0B,
and F is a shortest path connecting S and 9B; hence,
d(S,0B) = |F| = 2. The set of edges E(S) is an example for
an animal of size |E(S)| =7, while 9B is not connected and
hence not an animal.

For a noninteracting Hamiltonian, these two states
coincide, but, in general, this is not the case due to
correlations between S and its environment. This discrep-
ancy raises the question of how to locally define
temperature as an intensive quantity, i.e., the locality-of-
temperature problem.

C. Locality of temperature

In order to locally assign a temperature to the subsystem
S C V, it was suggested, e.g., in Ref. [9], to extend S by a
buffer region and define the temperature of S via the
thermal state of the Hamiltonian truncated outside the
extended region B; see Fig. 2. The role of the buffer region
B is to remove the boundary effects and the correlations
with the rest of the system that are intuitively the reason for
the locality-of-temperature problem. Nevertheless, it is not
obvious how these correlations should be quantified and
how large this buffer region needs to be. We will see shortly
that Theorem 1 answers these questions.

By OB C E, we denote the set of boundary edges of B,
i.e., the edges having overlap with both B and its comple-
ment B¢ := V\B. Then, by choosing Hy=H — Hyp in
Theorem 1, using that gy = g, ® g5, and tracing over
B¢, we obtain the following corollary (see also Fig. 3).

Corollary 1 (Truncation formula).—Let H be a local
Hamiltonian, let B C V be a subsystem, and denote the
corresponding boundary Hamiltonian by Hgp and the
interpolating Hamiltonian by H(s):=H — (1 —s)Hyp
with its thermal state g, := g[H(s)]. Then, for any operator
A =Ap ® Tz supported on B,

Tr[Agg,5(B)] — Tr[Ag(B)

]

1 1
=4 dr/ ds cov? (ﬁ)(HaB,A). (5)
0 0 gS

Now, we choose S C B C V (see Fig. 2). If, for a given
inverse temperature [, correlations over the distance
between S and OB are negligible, then the corollary clearly
implies that

Tr[Ag(p)] ~ Tr[Apg,5(P)] (6)

for any observable Ay = Ag ® Tz on S. Also note that
such an approximate equality does not hold whenever
average correlations over lengths exceeding the distance
between S and OB are non-negligible.

Hence, we have the following equivalence for the
temperature defined via thermal states.

Implication 1 (Locality of temperature).—Temperature is
intensive on a given length scale if and only if correlations
(measured by the averaged generalized covariance) are
negligible compared to 1/4 on that length scale.

In order to fully exploit Corollary 1 it is necessary to
bound the generalized covariance, which we will do for
high temperatures in the next section.

o
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D. Clustering of correlations at high temperatures

For small temperatures, correlations can be arbitrarily
long ranged, as is, e.g., the case for the ferromagnetic Ising
model in two or higher dimensions below the Curie
temperature. On the other hand, above a universal critical
temperature, depending only on a local property of the
interaction graph, correlations cluster exponentially, as we
will see next. Given the combinatorial nature of parts of
the arguments leading to this result, we need additional
notation related to edges and vertices of the lattice. Most of
the following definitions can be understood intuitively, as is
shown in Fig. 2.

We say that two subsystems X, Y C V overlap if
XNY #0@, aset XCV and a set F C E overlap if F
contains an edge that overlaps with X, and two sets F,
F' C E overlap if F overlaps with any of the edges
in F'. A subset of edges F C E connects X and Y if F
contains a sequence of pairwise overlapping edges such
that the first overlaps with X and the last overlaps with Y
and similarly for the case where X and/or Y are just vertices.

The graph distance on V, and also the induced distance
on subsets of V, are denoted by d. The distance d(X, F) of a
subset X C V and a subset F' C E is 0 if X and F overlap
and otherwise equal to the size of the smallest subset of £
that connects X and F. Sometimes, we denote the support
of an operator by the operator itself, e.g., for two operators
A and A’, their distance is d(A,A’) == d(supp A, supp A’)
and QA C E are the edges across the boundary of supp(A).

A subset of edges F C E that connects all pairs of
its elements A, A’ € F is called connected. Such a con-
nected set F' is also called an (edge) animal. The size |F]|
of an animal F is given by the number of edges contained
in F. The results presented here apply to Hamiltonians
with interaction graphs (V,E) whose number a,, of
lattice animals of size m containing some fixed edge is
exponentially bounded. With

a,, == sup|{F C Econnected: 1 € F,
JeE

F|=m}

. (7

the growth constant « is the smallest constant satisfying
a, <a™. (8)

For example, the growth constant of a D-dimensional cubic
lattice can be bounded as ¢ < 2De (Lemma 2 in Ref. [32]),
where e is Euler’s number. Moreover, a is finite for any
regular lattice [33]. Upper bounds to growth constants for
so-called spread-out graphs [32] render our results appli-
cable for the case of bounded-range two-body interactions.
By a simple embedding argument, one can also bound
the growth constant for the case of local k-body interac-
tions on a regular lattice, which we explain in Sec. IV B in
detail.

For any operator A and p € [1, o], we denote by ||A]],
its Schatten p norm; e.g., ||A||, is the operator norm and

||A]l; is the trace norm of A. We call J := max;cr||h,]|, the
local interaction strength of a local Hamiltonian, as given
in Eq. (4).

We are able to provide a universal inverse critical
temperature S, which is, in particular, independent of
the system size, below which correlations decay exponen-
tially with a thermal correlation length £(/3).

Theorem 2 (Clustering of correlations at high temper-
atures).—Let g() be the thermal state at inverse temper-
ature f of a local Hamiltonian with finite interaction (hyper)
graph (V, E) having growth constant a and local interaction
strength J. Define the quantities

p=n[(1+ /1 +4/a)/2]/(2]) ©)

and
E(B) = | In[ae?V (2P — 1)]|7" (10)
Then, for every |f| < B*, parameter 7 € [0, 1], every two

operators A and B with d(A,B) > Ly(f3,a) [given in
Eq. (50)], and a := min{|0A|, |0B|},

. 4alAlollBlle — —aiamyep)
| covyy (A, B) Sln(3)(1—e‘1/5(/’))e - 1D

The proof is given in Sec. V B.
In the following sections, we outline some of the
applications of Theorem 2.

E. Universal locality and stability at high temperatures

If one is interested in the state g°(f3) of some subsystem
S, then one can truncate the Hamiltonian to S extended
by some buffer region and obtain the approximation via
the thermal state of the truncated Hamiltonian. The follow-
ing theorem implies that the approximation error is
exponentially small in the width of the buffer region.

For any operator p, we denote its reduction to a
subsystem S C V by p’ := Trg[p] and note that

5]l = sup {[TrlAp]|: supp(4) = S.|JAll, = 1}. (12)
Then, as a consequence of Corollary 1 and Theorem 2, we
obtain the following corollary.

Corollary 2 (Universal locality at high temperatures).—
Let H be a Hamiltonian satisfying the conditions of
Theorem 2, let |f| < #*, and let S C B C V be subsystems
with d(S,0B) > Ly(f, |0S|). Then,

gy
19°8) = S, < "SIV, (13)

where g1, denotes the thermal state of B reduced to §
and v := 4|0S||0B|/ In(3).
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FIG. 3. The truncation from Corollary 2 and Implication 3: For

B < p* and d(S,0B) < &(f), Corollary 2 implies that g5(f),
depicted on the left, and g},(f), depicted on the right, are
approximately equal.

Similarly, as a corollary of Theorems 1 and 2, we obtain
the following implication.

Implication 2 (Stability).—Below the critical inverse
temperature f* [from Eq. (9)], thermal states of local
Hamiltonians are exponentially stable against distant,
locally bounded perturbations.

F. Efficient approximation

Corollary 2 on the universal locality of thermal states
also has the following complexity-theoretic consequence.

Implication 3 (Efficient approximation).—For || < f*,
local expectation values can be approximated with a
computational cost independent of the system size and
bounded polynomially in the reciprocal error.

In this sense, the error bound (see Fig. 4) of Corollary 2
is reminiscent of the quasilocality of dynamics, as,
e.g., presented in Ref. [34], which is a consequence of

-40 -20 0 20 40
L

FIG. 4. One can obtain slightly tighter error bounds in Corol-
laries 2 and 5 by directly using Eq. (47). The plot shows this
bound on the approximation error ||g°(8) — g75(8)|, for the case
of § being a single site on a 2D square lattice as a function of the
inverse temperature f in units of the critical temperature and the
width of the buffer region L. This bound can be seen as an
imaginary-time Lieb-Robinson “cone” with diverging width

as f — p~.

Lieb-Robinson bounds [35,36]. The quasilocality theorem
[34] allows for an approximation of time-evolved local
observables by truncating the Hamiltonian in the time-
evolution operator at a distance L > 0 far away from the
spacetime cone of the observable’s support and has an
approximation error that is exponentially small in L.

G. Fermions

In Ref. [37], it was shown for fermionic systems that
two-point functions of observables that are odd polyno-
mials in the fermionic operators decay exponentially with a
correlation length proportional to the inverse temperature.
Here, we obtain an exponential decay of the covariance
above the critical temperature for all operators.

Observation 1 (Fermions).—All results also hold for
locally interacting fermions on a lattice. See Theorem 4
and Corollaries 4 and 5 in Sec. IV C for the precise
statements.

III. RELATIONS TO KNOWN RESULTS

In this section, we discuss the critical temperature from
the clustering theorem, the connection of this work to
concepts related to thermalization, and approximations of
thermal states with so-called matrix product operators;
as a last point, we briefly mention similarities with local
topological quantum order.

A. Critical temperatures and phase transitions

Our results show that the quantity $*, as defined in
Eq. (9), provides a potentially coarse but universal and
completely general upper bound on physical critical tem-
peratures like the Curie temperature. For the ferromag-
netic two-dimensional isotropic Ising model without an
external field, our bound yields, for example, 1/(*J) = 2/

In[(1 4+ /1 + 1/e)/2] ~24.58, whereas the phase transi-
tion between the disordered paramagnetic and the ordered
ferromagnetic phases is known to really happenat 1 /(f.J) =
2/1In(1 + v/2) ~2.27 [16]. Our universal bound is about
an order of magnitude higher than the actual value for
this example. To put this discrepancy into perspective, it is
worth pointing out that it is a very difficult task to estimate
physical critical temperatures—numerically or analytically.
In fact, analytic expressions for critical temperatures or even
just bounds on their values are known only for very few
models.

One of the few known general statements is the Mermin-
Wagner-Hohenberg theorem [38]. It states that in certain
low-dimensional systems with short-range interactions,
there cannot be any phase transition involving the
spontaneous breaking of a continuous symmetry at any
nonzero temperature. However, such systems can still have
a low-temperature phase with quasi-long-range order
characterized by power-law-like decaying correlations.
Consequently, even for systems covered by the Mermin-
Wagner-Hohenberg theorem, our Theorem 2 is nontrivial.
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For example, it implies an upper bound on the critical
temperature of the Kosterlitz-Thouless transition in the
two-dimensional XY model [39].

In this work, we have concentrated on the general
picture, but it seems likely that refinements of the methods
employed and developed here can yield much tighter
bounds on critical temperatures if more specific properties
of a model are taken into account. At the same time, it
remains an open problem to actually find a model with a
phase transition with long-range order at the universal
highest possible temperature.

B. Foundations of statistical mechanics

The recent years have seen a large number of
numerical and experimental (see Ref. [21] for a review)
as well as analytical investigations (see, for example,
Refs. [17-19,22-24]) of equilibration and thermalization
in closed quantum systems. In the focus of these works
are the approach to equilibrium or properties of energy
eigenstates. The current work complements this body of
literature in that it shows fundamental properties of systems
in thermal equilibrium. A feature that makes the current
work unique is that, contrary to essentially all other works,
the results derived here explicitly use the structure of
locality interacting systems. (Noteworthy exceptions are
Ref. [24] and, albeit in a very special setting, Ref. [18].)

The locality of thermal states is also of interest for recent
results [24] on the dynamical thermalization of translation-
invariant lattice models: Our Corollary 2 guarantees the
existence of a “unique phase” [24] for all temperatures
above our critical temperature. Hence, it implies that at
sufficiently high temperatures, Theorems 1, 2, and 3 of
Ref. [24] are applicable for any translation-invariant
Hamiltonian.

There is also an interesting connection of our locality and
stability results to the so-called eigenstate-thermalization
hypothesis (ETH) [20,21]. The ETH essentially conjectures
that the expectation values of certain physically relevant
observables (for example, local ones) in energy eigenstates
of sufficiently complex Hamiltonians should be very
similar to the expectation values in thermal states with
the same average energy. Corollary 2 and Implication 2
thus imply that the eigenstates of a Hamiltonian in
the center of the spectrum (which correspond to high-
temperature thermal states) must, if the Hamiltonian fulfills
the ETH, also be locally stable against perturbations of the
Hamiltonian. This insight could put constraints on the class
of Hamiltonians that fulfills the ETH, provide new insights
into the properties of their eigenstates, and open up new
ways to test the ETH.

C. MPO approximation of thermal states

Matrix product operators (MPOs) are a certain class of
operators that are tractable on classical computers for one-
dimensional systems. Therefore, they play an important

role in numerical simulations based on so-called tensor
networks.

An important ingredient to our proof of Theorem 2 on
the clustering of correlations will be a bound on a truncated
cluster expansion (Lemma 1). The original result on the
cluster expansion (Lemma 2 in the Appendix) is due to
Hastings and was first used to approximate thermal states
with inverse temperature below 24* by MPOs [40]. This
approximation is summarized in the next theorem.

In one spatial dimension, this MPO approximation yields
a tensor size bounded polynomially in the system size
and the approximation error (see the subsequent corollary).
In higher dimensions, however, the MPO approximation
yields a tensor size bounded only subexponentially in the
system size and is hence not computationally efficient,
albeit exponentially cheaper than storing the full density
matrix g(#). In order to explain the MPO approximation
in more detail, we start the discussion with a slightly
nonstandard definition of MPOs.

Definition 1 (MPO).—Let (b[x] m);’il be a basis for the
operators on H, and write an arbitrary operator A on H in
the product basis as

A= D" A® b, (14)
kel €Y
with expansion coefficients A, € C and where

[d?] :=={1,2,...,d*}. If the A; are of the form

A = [ Jald k), (15)

xev

where every a[x|(k) only depends on at most r of the |V|
indices k,, then A is called an MPO with tensor size d°’.

Thermal states can be approximated by such MPOs. The
following theorem is a consequence of Lemma 2, which we
will prove in the Appendix along with Lemma 1.

Theorem 3 (MPO approximation of thermal states
[40]).—Let H = ,czh; be a local Hamiltonian with
finite interaction graph (V,E) having a growth constant
a and local interaction strength J = max;cg||h,||, and
define b(pJ) = ael?’|(el’’l — 1). Moreover, let 8 be small
enough such that b(J) < 1. Then, for each L € Z™, there
exists a self-adjoint MPO p(f, L) [given in Eq. (A3)] with
tensor size d*¥(L), where

N(L) = sup|{x € Vid(x.xy) <L}  (16)

x0€V

is the number of vertices within a distance less than L. The
approximation error is bounded as

I966) =51 <exo (18150 ) <15 a0
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i.e., for fixed |fJ| < b7!(1), the trace norm difference
scales as O(|E|e MWL) for large enough L.

In particular, the above theorem implies the following
corollary.

Corollary 3 (Bound on the tensor size).—Let D be the
spatial dimension of the Hamiltonian’s interaction graph
(V,E), let n == |E| be the system size, and let # < 2* with
p* from Eq. (9). Then, the MPO approximation in
Theorem 3 gives rise to a tensor size of the MPO
p(p, L) scaling as

log,(tensor size) < O[In(Cn/e)P], (18)

with some p-dependent constant C. In particular, for
D =1, the bound on the tensor size scales polynomially
with n/e.

Let us consider a one-dimensional system and suppose
we are explicitly given the MPO tensors a'[x] [see Eq. (15)]
of an approximation to a state p and, similarly, an
observable A of MPO form with MPO tensors afx]. If
the tensor sizes of both MPOs scale at most polynomially in
the system size, then one can compute the corresponding
approximation to the expectation value Tr(pA) with a
computational cost scaling polynomially in the system
size. Thus, for instance, global product observables can be
approximated efficiently, which is not guaranteed by our
Implication 3. The problem with the MPO approximation,
however, is that Theorem 3 only guarantees the existence of
the MPO tensors but it is not obvious how they can be
computed (efficiently).

Proof of Corollary 3.—The condition < 2" is equiv-
alent to b(BJ) < 1. Let us denote the bound to the
approximation error in Eq. (17) by e. Note that the upper
bound in Eq. (17) satisfies

€= exp <|E|%> —1<Cnb(p))-  (19)

for distances L being at least logarithmically large in
n = |E| and some f-dependent constant C. Then, the
distance L necessary to reach e must asymptotically be
at least as large as

In(Cn/e)
L2 M) (20)

Bounding N(L) in terms of the spatial dimension D as
N(L) < MLP with some constant M yields a tensor size
bounded as

log,(tensor size) < 2M <m>0. (21)

D. Local topological quantum order

It is worth mentioning that Corollary 2 and Implication 2
are very reminiscent of the local topological quantum order
condition for open quantum systems introduced in
Ref. [41] and the results on the local stability of stationary
states of local Liouvillians in Ref. [42]. A slightly different
family of local topological quantum order conditions for
closed quantum systems [41-44] has played a very impor-
tant role in the theory of locally stable (topological) lattice
systems and for rigorous proofs of entropic area laws.
Corollary 2 similarly characterizes the regime where local
perturbations cannot drive any thermal phase transition.

IV. DETAILS

In this section, we first discuss the generalized covari-
ance and then provide details concerning the applicability
of our results to Hamiltonians with k-body interactions.
Finally, we justify Observation 1 by stating the fermionic
versions of our results.

A. The generalized covariance

The generalized covariance defined in Eq. (2), which
depends on a parameter 7 € [0, 1], provides more informa-
tion about the correlations between two observables
than the standard covariance in a similar way as the class
of Rényi entropies characterizes more completely the
entanglement properties of a state than simply the von
Neumann entropy [45]. While it occurs quite naturally
in the perturbation formula of Theorem 1, other possible
applications are to be explored. Here, we discuss possible
generalizations of the generalized covariance to operators
of arbitrary rank, show that for operators A and A’ they are
always bounded by ||A||.||A"]l«, and comment on con-
vexity and a symmetrized version of the generalized
covariance.

A definition of the generalized covariance for states of
arbitrary rank is not relevant for this work because for
nonzero temperature, thermal states are full-rank operators.
However, the discussion of possible generalizations also
hints at the behavior of cov’ at the end points of the unit
interval. On the open interval 7 € ]0, 1[, it is natural to
simply keep the definition from Eq. (2). There are two
natural ways to define p°: Either as p’:=1 or as
POt == lim,_p?, where p°* turns out to be the projector
onto the image of the operator p. For each end point 7 = 0
and 7 = 1, there are hence two natural ways to define cov’,
either such that the generalized covariance is continuous
or such that cov)(A,A’) = cov,(A’,A) and cov)(A,A") =
cov,(A,A’), where

cov, (A, A) = Tr(pAA") — Tr(pA)Tr(pA)  (22)

defines the standard covariance.

53
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Note that for product states and operators with disjoint
support, all versions of the generalized covariance vanish.
Moreover, for pure states, the continuous version of the
generalized covariance vanishes also, meaning that
classical correlations are needed to yield a nonzero value.

Next, we show that the generalized covariance is always
bounded as

| covi (A, A < [|Al 1Al oo (23)

irrespective of which definitions are chosen for cov’ and
cov!. We consider a state p and define A := A — Tr(pA).
Then,

covi(A,A") = Tr(p"Ap'~A'). (24)

Holder’s inequality generalized to several operators and the
fact that || X||, = [[[X|?|}/* then imply that

| covp (A, AN <l jellAlleo ol - 1A leo - (25)

= [|All[l4" (26)

[
and, by noting that ||A]| = ||A||,, the bound (23) is
proven for the continuous version of the generalized
covariance. For the noncontinuous versions, the bound
follows similarly.

The variance covj(A,A) induced by the continuous
version of the covariance is convex in 7, as can be seen by
writing out p in its eigenbasis. As one can change the sign
of covj(A,A’) by just changing the sign of A’, the
generalized covariance is not convex in 7. But, it might
be that its magnitude | covj(A,A’)| is convex, which is
unclear. If this were the case, it would be enough to prove
the clustering Theorem 2 only for the end points = € {0, 1},
and hence the proof could be significantly simplified.

Similarly, as there is a symmetrized version of the
standard covariance, one can also symmetrize the gener-
alized covariance with respect to the two operators.
Because of the cyclicity of the trace, the generalized
covariance satisfies the symmetry property

covi(A,A') = cov, " (A A). (27)

Hence, one can define the symmetrized version of the
generalized covariance as follows:

COV,(A,A') == ~[cov(A,A’) + covj (A A)].  (28)

N =

Our results can also be phrased in terms of this sym-
metrized version, since the averaged generalized covari-
ance in the perturbation formula of Theorem 1 can easily be
rewritten in terms of "cov, and a bound analogous to the
clustering of Theorem 2 holds also for the symmetrized
quantity.

B. Bound on the growth constant for
local k-body interactions

In this section, we show that regular hyperlattices also
have a finite growth constant, which renders our results
applicable to Hamiltonians with local k-body interactions.

In the case of k-body interactions, the Hamiltonian is
again a sum of local terms h; whose supports are hyper-
edges 4 = supp(h;) C V with |4] < k. As before, V denotes
the vertex set and E the set of hyperedges.

We assume that the interaction hypergraph (V,E) is a
regular hyperlattice, i.e., that it can be embedded into a
regular hypercubic lattice of a certain dimension D with
hyperedges of hypercubic form. Let us denote by R the
edge length of the resulting hypercubes. Note that such an
embedding is, in general, not unique and changes both the
number of terms in the Hamiltonian and the local inter-
action strength of H. Moreover, the grouping changes the
values of the metric d in our results.

In order to find an exponential upper bound to the
number a,, of hyperanimals composed of m hypercubes,
let us define a spread-out graph of range R as the graph
with the edge set consisting of all pairs {x,y} with
0<|lx—y||o <R and x,y € ZP (see Ref. [32]). Notice
that as any hypercube is uniquely specified by the coor-
dinates of its “lower left corner,” any hyperanimal of size m
corresponds to a lattice animal of size m — 1 and range R in
the spread-out graph. It follows from Lemma 2 in Ref. [32]
that a,, < (Ke)™ with K = (2R + 1) — 1 being the co-
ordination number. Hence, the hyperlattice has a growth
constant bounded by a < [(2R + 1) — 1]e.

The bound obtained is, for most models, far from
optimal, in particular, in situations where the supports of
the local Hamiltonian terms are very different from hyper-
cubes. For such cases, one can derive tighter but more
specific bounds from known results about lattice animals in
a similar way.

C. Fermionic versions of the main results

To make Observation 1 about fermions precise, we
introduce the setting of interacting fermions on lattices.
For each site x € V, the corresponding fermionic operators,
i.e., the creation and annihilation operators fi and f,, act
on the fermionic Fock space and satisfy

{f f1} = 8,1, (29)
{fufy} =0, (30)

where {A, B} := AB + BA is the anticommutator. For such
systems, all operators can be given in terms of polynomials
in the fermionic operators. A monomial of fermionic
operators is called even (odd) if it can be written as a
product of an even (odd) number of fermionic operators f,
and f$ A polynomial of fermionic operators is called even
(odd) if it can be written as a linear combination of only
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even (odd) monomials, and an operator is called even (odd)
if it can be written as an even (odd) polynomial of fermionic
operators. According to the fermion-number-parity super-
selection rule, only operators that are even polynomials
in the fermionic operators are physical observables and
Hamiltonians.

As with spin-lattice systems, we have again a finite
interaction graph (V,E); however, the support of an
operator is now to be understood in the picture of the
second quantization as follows: The support of any operator
A being a polynomial in the fermionic operators is the set
of vertices of the fermionic operators that occur in the
polynomial. Correspondingly, we denote the algebra of the
even operators supported on a region X C V by Gy and
denote G := Gy, for short. The Hamiltonian of a fermionic-
lattice system is of the form

H=>Y"h (31)

with b, € G,. For B C V, the truncated Hamiltonian H is
similarly the sum only over the edges contained in B. As for
spin systems, H yp is the sum over the boundary edges of B.

Theorem 1 also holds for such fermionic-lattice systems,
and we can prove statements analogous to Corollary 1,
Theorem 2, and Corollary 2. Hence, all implications stated
in Sec. II also hold. All proofs are presented in Sec. V C.

Corollary 4 (Fermionic truncation formula).—Let H =
> ephy be a fermionic local Hamiltonian with local terms
h; € G, let B C V be a subsystem, and let the interpolating
Hamiltonian by H(s) := H — (1 — s)Hyp with its thermal
state g, := g[H(s)]. Then, for any operator A with support
supp(A) C B

Tr{Ag[H 5)()} — Tr[Ag(p)]

—ﬁ/ dT/ ds covy s (Hpp,A). (32)

Theorem 4 (Clustering of correlations in fermionic
systems).—Let g(f) be the thermal state at inverse temper-
ature /3 of a local fermionic Hamiltonian H = ), ph; with
finite interaction graph (V,E) having growth constant
a, local terms h; € G, and local interaction strength J.
Define the functions %, &, and L as in Egs. (9), (10), and
(50). Then, for every |f| < f*, = € [0, 1], and every two
operators A and B with d(A,B) > Lo(f,a), where
a == min{|0A|, |0B|},

4allA ]| Bl
In(3)(1 - ¢~ 1/e0)

| covi s (A, )|_ ~dAB)/EP)  (33)

Corollary 5 (Locality of fermionic thermal states).—Let
H be a Hamiltonian satisfying the conditions of Theorem 4,
let |f]| <p*, and let SCBCV be subsystems with
d(S,0B) > Lo(p.]0S|). Then,

v|p|J e
1656) - PH BB, < — B pmatsamyen (34
TIED

where v = 4|9S||0B|/ In(3).

V. PROOFS

We start this section with the proofs of Theorems 1
and 2. One important stepping stone for the proof of the
latter is a tailored version of a bound on a truncated cluster
expansion (Lemma 1) from Ref. [40]. Both versions are
proven in the Appendix. In the last part of the section, we
prove the fermionic versions of our main results,
Theorem 4 and Corollaries 4 and 5.

A. Proof of the perturbation formula (Theorem 1)

The two main ingredients in the proof of Theorem 1 are
the fundamental theorem of calculus and Duhamel’s
formula. The generalized covariance appears as a natural
measure of correlations.

Proof of Theorem 1.—Using the fundamental theorem of
calculus, we obtain

1 d ¢ PH()
Tr{Ago(B)] = TrlAgi (B)] = ~Tr (A /0 % Z,(p) ds>

with Z; := Z[H(s)]. The derivative can be written as
—pH(s
A 1 d gy 9B) ()
ds Z,(p)  Z,(p)ds Z(p) \ds

After applying Duhamel’s formula to both derivatives, i.e.,
using that

00 = —p [y (L () )0y

we obtain
Tr(Ago) —Tr(Ag) = - Tr(A ' [H=st-ng
gy TelgE (H—Hy)g! ]}drds) (35)

Together with the cyclicity of the trace and the definition
of the generalized covariance in Eq. (2), the last equation
finishes the proof. u

B. Proof of Theorem 2 on clustering of correlations

The proof of Theorem 2 builds on and develops further a

cluster expansion of the power series of e in terms of
summands of the form
h(w) = h,, Ryl s (36)
55
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where w; € E. For the sake of a compact presentation, we
refer to edges as letters, to the edge set E as an alphabet, and
call sequences of edges words. For any subalphabet F' C E,
we denote by F* :=|J® F' the set of words with letters
in F and arbitrary length /, where the length |w| of a word
w e E* is the total number of letters it contains. For
two words w, v € E*, their concatenation is denoted by
wowv = (wy, wy, ey Wils U1, U2, ...,UM). We call a word
¢ € E* connected or a cluster if the set of letters in ¢ is an
animal, i.e., connected. So, clusters are connected sequences
of edges where the edges can also occur multiple times,
while animals are sets of edges without any order or
repetition. A word v is called a subsequence of w € E* if
v can be obtained from w by omitting letters, i.e., if there
is an increasing sequence j; < j, <--- < jj, such that
v; = wj.. This will be denoted by » Cw. A connected
subsequence ¢ C w is called a maximal cluster of w if ¢ is
not a subsequence of any other connected subsequence of w.
Importantly, for any word w € E*, one can permute its
letters to a new word w' such that 2(w') = h(w), irrespective
of the choice of the local terms %; and such that
w = ¢ ocyo -+ ocy is a concatenation of maximal clus-
ters ¢; C w of w. Note that this decomposition is unique up
to the order of the c;.

In the following, we will consider systems that are either
n =2 or n = 4 copies of the original system with Hilbert
space H. For any operator A on H, we denote by AU) the
operator on H®” that acts as A on the jth copy, e.g., A?) :=
1 ® A for n = 2. By S("J), we denote the swap operator on
H®" that swaps the ith and jth tensor factors, e.g.,
Sl’zlkl,k27k3,k4> = |k2,kl,k3,k4> for n = 4. For n = 2,
we write S instead of S'2.

We can now state the subsequent lemma, which is a
bound on a truncated cluster expansion that is based on a
more general, but for our purposes not tight enough bound,
used previously in Ref. [40]. (See Lemma 2 in the
Appendix.) The lemma will play an important role in
the subsequent proof of Theorem 2.

Lemma 1 (Truncated cluster expansion).—Let 7 € [0, 1]
and H = ) _,.gh; be a local Hamiltonian on H with finite
interaction graph (V, E) having growth constant & and local
interaction strength J = max,cg||/h;||.. We denote by H
the Hamiltonian of two weighted copies with local terms
h) = rhil) +(1- r)hﬁm. Consider two operators A and B
on H, define b(x) := aell(eMl — 1), and let |B| be small
enough such that 5(J) < 1. For some set of edges F C E,
let Cs; (F) C E* be the set of words containing at least
one cluster ¢ that contains at least one letter of F' and has
size |c¢| > L (see Fig. 5) and let us denote the corresponding
truncated cluster expansion of e™## by

QH|B) = )

weCsy (F) wl!

Qo
Qo Qo
o @ 3
Qo o
] o
o o
o o
—9—90—-90—-0
s < C.(F),CIF)
D — € Coy(F)
o ¢ CzL(F) for L >1
FIG. 5. A 2D square lattice. Three different subalphabets are

indicated: Words that contain all letters in those alphabets are
members of different sets Csy (F).

with 71(@): = R,y hyp.. By, Then, for all 7 € [0, 1],

[Tr[SAC BOQIH(p))|

] b(p1)*
1AllolIBlloZ(5)

< exp<|F|T(ﬁJ)> ~1. (38)

We provide a detailed proof of this lemma in the
Appendix. The terms resulting from the expansion of the
exponential series of e# are classified according to
whether they contain a cluster of size at least L that
contains a letter from F. One can then show that there is
a percolation transition at #* = b~!(1)/(2J) such that for
|| < p*, the contribution of long clusters is exponentially
suppressed.

In the following proof of the exponential clustering, we
will use the so-called swap trick: For any two operators A
and B, it holds that

Tr(AB) = Tr[S(A ® B)], (39)

which can be checked by a straightforward calculation.
Proof of Theorem 2.—Fix some 7 € [0,1]. For any
operator A: H — H, we define AP :=AQ1+1®A

and AW := 7(AD) + A@) 4 (1 = 2)(A®) + AW),
As the first step, we write the covariance as

1
COV/T)(A, B) = EZTr[A(_) (pT ® pT)B(—)(pl—‘r ® p]_f)].
Using the swap trick (39) yields (see Fig. 6)
1
cov (4. B) = ;2 TH[SIS*(A0) @ BO)py).  (40)

where p, == p* ® p* ® p'* ® p'~*. For the case p = g(f),
the operator p, turns out to be
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with

t(w) = Tr[S'38>4(A) @ BO)A™ (w)] (43)
and izm( ) = hsvl>hgv2). izsvt)‘ Next, we argue that #(w)
vanishes whenever w does not contain a cluster connecting
the supports of A and B. Without loss of generality, we
assume that |0A| <|0B| and consider Cs;(0A) =
E*\C51 (0A), the set of words that do not contain a cluster
containing an edge in 0OA of size L := d(A, B) or larger.
The set Cs; (OA)° hence contains no words with clusters
that connect supp(A) and supp(B). Any word w €&
Cs1 (OA)€ can be replaced by a concatenation of two words
w, and wy such that /Y (w) = 2 (wy)h™) (wg), where
wy, contains all maximal clusters of w that overlap with
supp(A) and wB all other maximal clusters of w. The

operators W (wA) and 1® 1 ® BO)=:B, and iz(+>(w3)
and A0 @ 1® 1=:A, then have disjoint  supports,
respectively, and the trace in Eq. (43) factorizes into a

product of two traces, one over the subsystem X :=

supp(A)Usupp[izH)(wA)] and the other over the
rest of the system. It turns out that both vanish: By
using the symmetries A = —S'2A8'2, K (w,) =

S12834p ) (15,)834812,  AS3* = S34A,  and  that
(8')? = 1, one can show, e.g., that

Tr[S'3824ART) (wy)] = —Tr[S'3824AR ) (w,)].  (44)

This equation implies that for every w € Cs; (0A)<,

1(w) & Tr[S13824ARY) (wy)] = 0. (45)
Together with Eq. (42), realizing that Z(f)?> = Z[H™D](p),
and using the notation from Eq. (37) with F = 0A and
L = d(A, B), it follows that

SI3SMAB -
After applying Lemma 1 and using that ||A]|, <2||A] .
and similarly for B, we obtain

]_/uén—ﬂ;;AHBéﬂ—ﬂa
Ly [ e ][er]

' [ M

2covj (A, B) =

FIG. 6. The “multiple swap trick”: Eq. (40) as a tensor network.

| covyy (A, B)| < 2(lPAIBCAI/II=bEA _ 1) (47)
— 0 e - .
][I Bloo

The fact that the condition f < f* is equivalent to
b(2pJ) <1 implies that h(24J)L decays exponentially
with L. In order to obtain the desired exponential bound
(11), we apply the bound Vx € [0,xq]: exp(x) —1<
x(e* —1)/xy with the choice xy = In(3). In order to have

|0A| = Zﬂzjﬂj <1In(3), we impose
L>|In <ln (3)[1‘2‘41'7 o J)]>/ ln(2ﬂl)‘ (48)
— &() Ilin(3)(1 — V<) /|0A])|  (49)
=t Lo(f, |0A]). (50)
This inequality guarantees the exponential bound (11) and
finishes the proof. [

C. Proofs of the fermionic versions
of the main results

In order to also establish our main results for fermionic
systems, we go through the proofs for spin systems and
discuss the necessary modifications.

Proof of Corollary 4.—In Theorem 1, we choose H, =
H — Hyp. As the local terms are all in G, we have that the
thermal state of H, factorizes, i.e., gy = g[H glg[H p].
After tracing over B¢, the statement follows. ]

Proof of Theorem 4.—We use the same tensor copy trick
as in the proof of Theorem 2. Equation (40) still holds in the
fermionic setting. Note that the Hilbert space over which
the trace is performed in Eq. (40) is not the Fock space of a
system of 4 times the number of modes but the tensor
product of four identical fermionic Fock spaces with the
canonical inner product. This Hilbert space can be inter-
preted as that of a system of four types of fermionic
particles that are each mutually indistinguishable and
subject to (up to 7-dependent prefactors) identical
Hamiltonians but do not interact with each other and
can be distinguished from each other. It is nganned by
tensor products of Fock states. The state g[H ) is the
thermal state of this system. Equation (42) w1th t( ) as
defined as in Eq. (43) still holds. Note that the swap
operators swap tensor factors, not fermionic modes.
Thus, they still satisfy the symmetry relations that are

57 |
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used to prove that only terms corresponding to the words
w € C5 (0A) can contribute to the covariance.

Itremains to show that Lemma 1 still holds in the fermionic
setting. Lemmas 3 and 8 are purely combinatorial.
Lemmas 4-7, 9, and 10 only use the local boundedness of
the Hamiltonian and that Hamiltonian terms with disjoint
support commute. The same holds in the fermionic setting
because the Hamiltonian terms must be physical operators,
i.e., even polynomials in the fermionic operators. Hence,
all lemmas used in the proof of Lemma 1 carry over to the
fermionic setting. It is then straightforward to see that the
proof itself also goes through without any modifications. m

Proof of Corollary 5.—Tracing out B¢ in the second
trace in Eq. (32) and bounding the integral yields

Tr[Ag(B)] — Tr{Ag[H 5](5)}

<Jpl sup sup |cov; (A Hop)l.  (51)
s€(0,1] z€[0,1] ’

Taking the supremum over all A with [|A], =1 and
supp(A) € S and using Theorem 4 finish the proof.  m

VI. CONCLUSIONS

In this work, we clarify the limitations of a universal
concept of scale-independent temperature by showing that
temperature is intensive on a given length scale if and only
if correlations are negligible. The corresponding correlation
measure turns out to also quantitatively capture the stability
of thermal states against perturbations of the Hamiltonian.
Moreover, we find a universal critical temperature above
which correlations always decay exponentially with the
distance. We compare our results to known results on phase
transitions, comment on recent advances concerning ther-
malization in closed quantum systems (e.g., concerning
the eigenstate-thermalization hypothesis), and discuss
known matrix product operator approximations of thermal
states. More concretely, our results imply that at high
enough temperatures, the error made when truncating a
Hamiltonian at some distance away from the system of
interest is exponentially suppressed with the distance. As a
computational consequence, expectation values of local
observables can be approximated efficiently.
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APPENDIX: CLUSTER EXPANSIONS
AND PROOF OF LEMMA 1

The following discussion of cluster expansions is
expected to be interesting in its own right, as it contains

a rigorous formulation of the ideas outlined in Ref. [40].
We will provide a proof of the original statement used to
establish Theorem 3 as well as of the tailored statement
in Lemma 1, which is used to prove Theorem 2 on the
clustering of correlations.

1. The original cluster expansion from Ref. [40]

The original cluster expansion is similar to Lemma 1
with just one copy of the system instead of two
weighted ones.

Lemma 2 (Truncated cluster expansion [40]).—Let
H =" ,cph, be alocal Hamiltonian with finite interaction
graph (V, E) having growth constant a and local interac-
tion strength J = max;cg|ny|l,, and define b(x):=
aell (el — 1), Moreover, let  be small enough such
that b(BJ) < 1. For some subset of edges F C E, let
C51 (F) C E* be the set of words containing at least one
cluster ¢ that contains at least one letter of F and has size
|c] > L and denote the corresponding truncated cluster
expansion by

—B)vl
QH](p) = Z (|fi)| h(w). (A1)
weCsy (F) ’
Then,
1QH] B, b(pI)*
70 <exp <F|1—b(ﬁJ)) -1 (A2)

If one applies this lemma to the setting of Lemma 1, one
obtains a bound similar as the one in Eq. (38) but with
Z[H|(p) instead of Z(p), where the ratio Z[H](#)/Z[H](S)
can be exponentially large in the system size for z €0, 1].

Lemma 2 was used in Ref. [40] to establish a math-
ematically (not algorithmically) constructive version of
Theorem 3, on MPO approximations, where the MPO in

Eq. (17) is given by

p(B,L) =

(A3)

2. Proofs of Lemmas 1 and 2

The purpose of this section is to prove Lemma 1. But,
along the way, we also prove Lemma 2. In order to do so,
we start with the introduction of some more notation,
mainly concerning clusters and lattice animals. For w € E*
and any subalphabet G C E, we write G C w if every letter
in G also occurs in w. By G¢:= E\G, we denote the
complement of G C E. The extension of G is defined to
be G:={1€E| 3V € G:A¥NL+# @} and, similarly as for
subsystems, its boundary is G = G\G. Throughout the
proof, we fix some subset of edges F C E. We denote by
Cs1 (F) C E* the set of words that contain at least one
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cluster ¢ with ¢NF # @ and |c| > L, and we denote by
CX, (F) the set of words that contain exactly k such clusters.
Note that for an animal G C E, there exists a cluster ¢ € E*
such that G = {1 € ¢}, and if one imposes some order on
G, one obtains a cluster. We denote by A_;(F) and A, (F)
the sets of animals that contain at least one edge of F and
are of size exactly / or at least L, respectively. Moreover,
we denote by A%, (F) the corresponding sets of k-fold
animals, i.e., -

AL, = {L+J§?:1G.,»:Gj € A, (F) nonoverlapping}.

For a more compact notation, we write the terms in the
exponential series as

=",
() = ). (A4)
We will frequently use the following fact: For any
Hamiltonian with a finite interaction graph (V,E), the
partial series over any set of words W C E* converges

absolutely, i.e.,

B|J)

|20 < W;V<| |lv|)! (43)
i

< Z VTWJ" (A6)

= exp(|p|J|E]). (A7)

In particular, this bound implies that the order of the terms
in the series over any subset of words VV does not matter.

In the following proofs of Lemmas 1 and 2, we use
several technical auxiliary lemmas, which we will only
state and prove subsequently.

Proof of Lemma I.—During this proof, we indicate
quantities corresponding to H by a tilde accent, e.g.,
f(w) is defined as in Eq. (A4) but with respect to the

local terms /2, of H while f (w) is defined with respect to the
local terms h; of H.

We start the proof by rearranging the terms in the series
over Cs; (F) in Eq. (37) according to the number of relevant
clusters they contain and use Lemma 3 with b, being the
series over C%, (F) to obtain

QP =3 3 Fw)

k=1 wect, (F)

=2r)

m=1

Z f (A8)

wECk

Lemmas 5, 6, and 9 are the core of the proof. They define a
series of operators (p,,)%_, that have a particularly useful

form given in Lemma 10. This form exactly matches the
series over k in Eq. (A8), which leads to the following
identity:

(A9)

- Z (_l)mﬁm'

m=1

The operators p,, are defined in Eq. (A57) as series over
m-fold lattice animals G of operators p(G) [defined in
Eq. (A31)]. This definition implies

Tr(SABp,) = Y . Ti[SABH(G)].
GEAgL (F)

(A10)

In the previous steps, the series over words has been
rewritten as a series over m-fold animals. Lemma 7
provides a bound on p(G) that, together with Egs. (A9)
and (A10), yields

[ Te{ SABQ[H](4)}| Si >

y(BJ)lel.
IAILTBIZ0) = 2502

(A11)

Now, a counting argument for lattice animals from
Lemma 8 allows us to bound the series over m-fold animals
G in terms of a series of animals

(>

GeA, L (F)

|Tr{SABQ[H Z"’:
||A||‘><>||B||oo

§|>_

y(ﬂJ)G)m

m=1

Using that the number «; [see Eq. (7)] of lattice animals G
with GNF # @ and of size |G| = [ is bounded by |F|a; and
that a; < o [see Eq. (8)], we obtain

DI WA GOSN

1

I Tr{SABQH]

with b(x) := ay(x). Performing the partial geometric series
over [ with argument b(J) < 1 and the exponential series
over m yields Eq. (A2) and completes the proof. (]
Similarly, we prove Lemma 2.
Proof of Lemma 2.—By the same argument that led us to
Eq. (A9) in the proof of Lemma 1, we obtain

S (AD)

Applying the triangle inequality and using the bound on p,,
from Lemma 9 yields

il <290 > (11 peny) . (a1

1
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Performing the partial geometric series over / with argu-
ment b(BJ) < 1 and the exponential series over m yields
Eq. (A2) and completes the proof. n
We now prove various lemmas that are used in the
previous proofs of Lemmas 1 and 2.
Lemma 3.—Let (b;)7>, be a sequence of complex
matrices

Ag = ZK:bk (A14)
k=1
and
—Z(—an(”;)bk. (A15)

Then, Ay = By for all K €N. In particular, if both
sequences converge, then their limits are the same,
ie., limg_ Agx = limg_, . Bg.

Proof—Applying the binomial theorem to (1 — 1)k =0

yields
k
Z(—l)’(lg) =0,
1=0

which we will use. We prove the identity by induction.
A, = Bj is easy to see. Under the assumption that Ay = By
for some K € N, we obtain

(A16)

K+1
By = Bg — (=) (K n 1>b1<+1 (A17)
K K+1
Y bea(AI8)
m=1

K K+1
=Ax + [ K+ Z < )}bkﬂ
m=1
=Aki1. (A19)
where we have used Eq. (A16) in the last step. (]

The goal of the following lemmas is to show that p,, is
well-defined and to upper bound it in trace norm. The order
of the lemmas is chosen in a way that makes clear that the
two quantities p,, and p(G), which will be defined shortly,
are actually well-defined.

We start with a trace norm bound on the perturbed
exponential series.

Lemma 4 [Eq. (21) from Ref. [40]].—Let H be a
Hamiltonian with finite interaction graph (V, E). For any
sequence (Gj)le of subalphabets G; C E,

He_ﬁ(H_ (A20)

ﬁ [

Proof.—The lemma is essentially a consequence of the
Golden-Thompson inequality and the fact that the trace
norm of a positive operator coincides with its trace. Using
first the Golden-Thompson and then Hoélder’s inequality,
we obtain

H o PH=Y 0 Ha)
1

< Tr[e "™ i H6)) oPHay

k-1
< Tr[e_ﬁ(H_ -1 Hoj

] ‘e‘/’“’ck (A21)

(e

Now, iteration completes the proof. [
We will use the following lemma to bound the operator
norm of certain subseries of f(w).
Lemma 5.—Let (V, E) be a finite graph and J > 0. For
any G C E,

= (el = 1)lol, (A22)

weG*:GCw

Proof.—Ordering the words in the sum in Eq. (A22) with
respect to their length yields

g &
) ﬁ | -y Z (A23)
weG*:GCw ! I=|G| weG':Gew
1B I’ I
= Z {weG:Gcw}. (A24)

I=|G]

From basic combinatorial considerations, we obtain
< l)
j k)

where (j) is a multinomial coefficient. Therefore, the

{weG:Gcowl= >
Jisdaseesdn2l,
Jitjatetin=l

right-hand side of Eq. (A24) only depends on n := |G| and
we denote it by
n=3 rn) (A26)
I=n

with
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J|! i
]/(n, l) = ‘ﬁl—!| Z ( )
T el J

Jitjat. 4=l

J) | BT 7 |
- ¥ BIP1pIV: 1P a2
s Nt ! !
Jitit. .=l
Then,
N B B |
},(n) - . . .o N
; jl,jz,..z..j,,m. it ! !
JitiatFia=l
o I=(n—1 . ' '
B SR I I G
I=n j;=1 .]1' Jaegn>ll ‘]2' ]n1
JotF ==
(e l .
J |1

=1 j=1 J1

and, after realizing that the last series is a Cauchy product,

=3 PRS- a)
ji=1 S =p—
= (el = 1)y(n-1). (A30)

We note that y(1) =el/”l -1, and iteration finishes
the proof. n

The following lemma provides a factorization of the
series p(G) in Eq. (A33) over words that have no letters on
the boundary of an m-fold animal G € A” (F) and contain
all letters in G, into exp(—fH ), whose norm we have
bounded in Lemma 4, times a product of operators 7(G).
The 7(G;) are supported on the single animals G ; compos-
ing the m-fold animal G. As we will see, a norm bound for
n(G;) follows immediately from the previous lemma,
which, in turn, also yields an upper bound on p(G). The
form of p(G) given in Eq. (A33) together with this upper
bound plays an important role in the main cluster
expansion.

Lemma 6.—Let H be a Hamiltonian with finite inter-
action graph (V,E). For G C E, let G = l{JJ_,G; be the
decomposition of G into nonoverlapping animals G; C E
and define

m

p(G) = e Mo T [0(G))

(A31)

with

(A32)

> Fw).

weG* :GCw

Then,

(A33)

Proof.—To simplify the notation, we denote the relevant
set of words that contain no letters in G and each letter in
G at least once by

WRG = {w € [(0G)°]*:G C w}. (A34)
The idea is to group these words into subsets [w] C W>¢
that coincide on the connected components of G and on
(G)¢ and correspondingly split up the series (A33). We
formalize this idea by introducing an equivalence relation
on WG, For v,w € W, we define

G = w|G
VWIS .
vIG; =wlG; Vj=1.2 ..k

where, for any subalphabet G’ C E, the restriction w[G’ of
a word w € E* is obtained from w by omitting all letters
that are not in G'. Then, the size of each equivalence class
[w] € W26/~ is given by the multinomial coefficient

[wl

A
WIG, (A35)

1= ( oy i)

Note also that 2([w]) == h(w1G) [[}_; h(wIG;) = h(w) s
well-defined as a function on the classes. Let us denote the
set of words over the alphabet G; that contain all letters at
least once by

N 9 seey

W= = {w e (G;)*:G; Cw}. (A36)
Then, the quotient set can be identified with a Cartesian
product of these sets

_ k
WG/~ = [(G)C]* x .X1 W6, (A37)
j=
For each equivalence class K € W”%~, we pick an
arbitrary representative wgx € W>Y, use the definition of
f in Eq. (A4), and determine that k is the number of

connected components of G to obtain
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—3) k]
o= 3 KIS hw)

we[(9G)°]" :Gew KeWw?l /~ |

-> 3y v 3 (o

ve[(G)]* w eW=C1 w, EW*GZ ew=C%

- > 3 sm)( 3 A

Using the definition of # from Eq. (A32) on the last factors
yields

k
fw) = eMer T[n(G,) = p(G). (a40)

wel[(dG)“]* :Gew

|

The following lemma is a tighter variant of some of the
original arguments leading to Lemma 2 for Hamiltonians
consisting of two weighted copies of a local Hamiltonian.
Its purpose is to provide a specialized tighter bound on
p(G), which turns out to be sufficient for our purposes. The
central idea of the lemma is to expand p(G) in the left-hand
side of Eq. (A41) in order to be able to bound the trace
using the generalized Holder’s inequality.

Lemma 7.—Let r, H, H, A, and B be as in Lemma 1
and let G € AS}'(F) be an m-fold lattice animal with
G =%,G; and G; € Ay, (F). Moreover, let p(G) be
defined as p( ) in Eq (A31) but with respect to H. Then,

|

(A38)
o435 bl ) () LRI
|wk|>><|v|+z i § K
)< > f(wk)>. (A39)
wi€W=Ck
[
T —ﬂHc.".‘
ATz <y )
where = ell(ell — 1
Proo}])”(—)Let us ((ienote k)( —Th()andk) =(1-7) 2).

For we E* and v € {1 21 we deﬁne h(w, v)
ki ki, kw““‘ Then, by expanding the product Z(w), it
can be written as

h(w) =
116{1,2}‘”"

h(w, v). (A42)

Importantly, we can reorder the terms in A(w, v) so that

h(w,v) = h'Y(w, v)h? (w, v),

where 2 (w,v) = hD(w,2) ® 1 and A (w,v) =1 ®
hU)(w, v). Factorizing the operators and using the swap
trick (39), we obtain

(A43)

Tr[SA(M B e=PHor o(w, v)] = Tr{S[AeP™He hi) (w, v)] @ [BeP1=He plid (w, v)]} (A44)
= Tr{[Ae P n) (w, v)][Be~PI—DHae i) (w, p)]}. (A45)
Bounding the trace by the trace norm and applying Holder’s inequality generalized to several operators yields
ITr[SAMBD e h(w, v)]| < [|A]|aolIBlloolle ™7 [y cll e =He || gy [1D (w, 0) o |54 (0, )
< Al ol1Bllo €7 | T2 0 (1 = 2)n 00, (A46)
where in the second step, we have used that || X, = [1X]7[117 and that with n)(v) = [{v; 10, = j}| for j € {1,2},
the bounds || (w, v)||, < (zJ)""®) and A (w,v)| ., < [(1 = 7)J]""® hold. Now, we apply Lemma 4 and use that

”eWHG/ | < eVIGil to arrive at

|Tr[SA()

From the definition of 7 in Eq. (A32), it follows that

@ ePe hi(w, v)]| < [|Allo | BlloZ(B)e 0T (0 (1

—7)n"? (), (A47)
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m \w

1:[];7((;]) = z; H
/ {Gceﬁ)}jzl

{w(f)eG*J: } i1 |
J
Gij(f) -

(W) (A48)

Z hwv

v E{l 2}

(A49)

where w =wlow®o.  ow™ and hence h(w)=

[T, h(w). Together w1th the bound (A47) we obtain

I Tr[SAMB@) e~Poe [T i1(G,)]|
||A||oo||B||oo #)
]
A6l M
= 2 T

{w@eG;: }”’
GjCW(j) .
x E Tn(l)(y)(l _ T)n(z)(v)'

ve{1.2}

(A50)

Using the definition (A31) of p(G) and the multinomial
formula yields

|TT[SA _ﬂHGCP(G)” A51
||A|\m||B||m ®) (AS1)
— olBlIGI Z H |ﬂ |J (A52)
leGi\m i=

{ G cwl ) }].ZI

e H( Z Iﬂvlvf)'r' ) (A53)
=1 \wlheG;: ’

G; cwli )

< elAVIGI ﬁ(e\ﬂlf - 1)lGl, (A54)

i=1

where in the second-to-last step, we have factorized the
series and in the last step, we have used Lemma 5. ]
We will need the following combinatorial lemma.
Lemma 8—Let (V,E) be a finite (hyper)graph and
y € [0, 1]. Then, for any F C E,

3 ﬂc@%( 3 yc>'"

GeAL, (F) GeA, . (F)

(A55)

Proof—Remember that AY, (F) is the set of m-fold

(edge) animals of size at least L that contain a letter from F.

For every G € AZ, (F), one finds m pairs (G,,G,) with
G, € A7'(F) and G, € A%, (F) such that G = G1WG,;
hence,
m Z yl6l < Z Z ylGiI+1G|
GeAZ, (F) G, eA’Z”El (F) GheAs,(F)

( 5 ym)( 5 yc)
GeAl\(F) GeA;L(F)

By iterating this inequality, we obtain
(A56)

| |
In the following lemma, we define a family of operators
P, and bound their trace norms. The bounds, in particular,
guarantee that the p,, are well-defined. In addition, they
are useful for the proof of Lemma 2, albeit they are not
explicitly needed for the proof of Lemma 1.
Lemma 9.—Let p(G) be defined as in Lemma 6 with
respect to a Hamiltonian H having a finite interaction
(hyper)graph (V, E) with growth constant « and let

pu= > 0(G) (A7)
GeA?, (F)
for some F C E. Then,
Z(p) . "
ool <200 (1 b))
where b(x) := ael (el —1).
Proof.—Consider a k-fold animal G € AY, (F) and

decompose it into its k nonoverlapping animals G;€
A5 (F) as G=J\_,G; CE. Then, Eq. (A31) and
Holder’s inequality imply

lo(G)lly < [l

(A59)

and it follows from Lemmas 4 and 5 in conjunction with
the definition of # in Eq. (A32) that
lo(G)Ily < Z(B)y(BI). (A60)

Hence, by the definition from Eq. (A57) and Lemma 8, we
obtain

63

L _J

031019-17



KLIESCH et al.

PHYS. REV. X 4, 031019 (2014)

lowlly <Z(B) Y y(p1)° (A61)
GEA’Z”L(F)

sz(ﬁ.)( > y(/ﬂ)G)m. (A62)
M= \Geas, (r)

By decomposing the set of animals of size at least L
into a union of sets of animals of fixed size I, i.e.,
Asp (F) = 2, AL (F), we can write

ool < 280 (L 1amiony)”. a)

The bound (8) on the number of lattice animals, the fact
that the number |F| of edges in F upper bounds the
number of possibilities of translating an animal G such
that G C F, and b = ay finish the proof. ]

While the last lemma provides a bound on p,, and, in
particular, implies that p,, is well-defined, the next lemma
provides a useful form of p,,.

Lemma 10.—Let p,, be defined as in Eq. (A57). Then,

= () X s (a6
k=m weCk, (F)
Proof—For G € AZ; (F), let

W(G) = {w € [(0G)]":G C w}). (A65)

According to Egs. (A33) and (A57),
Pn= fw). (A66)

GEAL, (F) wel(0G)]":Gew

As

U W(G) =, CL(F). (A67)

GeAr, (F)

the sums in Egs. (A57) and (A64) contain the same terms.
It remains to show that the multiplicities are correct, i.e.,
are given by the binomial factor. Every word in W(G)
contains at least m maximal clusters of size at least L, each
of which contains a letter in F. The key is to decompose
this set as

W(G) = Wiz, W (G) (A68)

with

WHK(G) == {w € W(G): 3 exactly k maximal clusters

cCwic€e€lCs(F)},

i.e., into sets of words having exactly k > m such clusters.
Then, the observation that for every w € WX(G) there

are exactly (r]:z) many m-fold animals G’ € AY, (F) with

w C G’ completes the proof. m
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2 Locadlity and complexity in lattice systems

2.4 On state space structures

We have seen (in Section 2.2.1 on pages 40f) that the set of states that can be effectively reached
with local dynamics in polynomial time is exponentially small compared to the full set of states.
This means that natural dynamics only exploits a tiny subset of state space. For ground states
(see pages 22f) and thermal states [WVHCO08] of local Hamiltonians, similar statements can
be made in the form of so-called area laws [ECP10]. In the last section, we saw that at high
temperatures correlations in thermal states cluster exponentially and that thermal states can be
approximated by matrix product operators (see Theorems 2 and 3 on pages 50 and 52). This
all justifies the picture that most of many-body physics takes place in a small subset of state
space. Hence, if one wants to numerically simulate a system with restricted resources avail-
able, it seems to be a very good idea to also restrict the simulation to a small subset of state
space, which contains the interesting physics. This is the basic idea of so-called tensor network
methods. As the development and investigation of such methods have grown into a large field,
there are several review articles available [ECP10, Eis13, Orul3, PGVWCO07, Schl1, Sch13,
VMCOS] (see also pages 22ff). A tensor network is a partially contracted family of tensors
(see, e.g., Figure 1 in the following Publication on page 101), where the dimensions of the
single contracted indices are the bond dimensions. It can indeed be understood as a network,
where the tensors correspond to the vertices, the indices to lines on the vertices, and contrac-
tions to connections of the corresponding lines (see pages 101f for figures and a more detail
explanation). The basic idea of tensor network methods is to represent states and operators in
terms of such networks, and to keep the tensors as low-dimensional as possible. This leads
to several ansatz classes of states that serve as variational sets in the numerical simulations.
As correlations are captured by the contraction lines, the topology of the network determines
what kind of correlations it can capture. Hence, it is crucial to find the right network to solve a
particular problem.

As an example, we introduce and compare two important classes of tensor network states
in the following section. Then, in Section 2.4.2, we identify and discuss a fundamental prob-
lem arising when generalizing tensor network based methods from pure states to mixed state
scenarios.

2.4.1 Real-space renormalization yields finite correlations

The most widely investigated example for tensor network states is given by matrix product
states (MPS) that are one-dimensional tensor networks parameterizing state vectors of spin
chains. In a way, they are pure state with only local correlations. Similarly, ground states of
gapped local Hamiltonians have local corrections. More precisely, they obey an area law of
the entanglement Rényi entropies [ECP10]. Hence, such ground states can be approximated by
MPS faithfully [VCO06]. If a Hamiltonian is not gapped, integer-spin chains can feature power
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law violations of the area law [MS14]. However, in many situations its ground state still satisfies
an area law only with logarithmic correlations [ECP10], meaning that it can have entanglement
scaling logarithmically in the length of the chain. Being important in the study of critical phe-
nomena [FIK08, Kor04, LRV04, VLRKO03], this insight has lead to the idea of approximating
ground states with hierarchical tensor network states, which are called multiscale entanglement
renormalization ansatz (MERA) states [Vid07, Vid08] and which also feature a logarithmic
scaling of entanglement. Correspondingly, MERA states have unbounded correlations and can
be used as a variational class to simulate critical ground states efficiently [Vid07]. This method
can even be used to study fermions [PBE10], which seems to be intractable using quantum
Monte Carlo simulations due to the sign problem [TWO05].

Of course, one would also like to simulate systems of dimensions larger than one. The two-
dimensional analogue of MPS, called projected entangled pair states (PEPS), are not efficiently
contractible [SWVCO07] and one needs to resolve to approximation schemes [LCB14]. MERA
states, in contrast, are efficiently contractible in any dimension: In order to compute an ex-
pectation value of a local observable only tensors inside the causal cone need to be taken into
account and the cone has a system size independent width [Vid07].

Quite surprising, the following holds (see Publication [BKE10] in Appendix B): In dimen-
sions larger than one, MERA states are just PEPS with system-size independent tensor sizes.
This indeed means that the hierarchical tensor network, such as generated in real-space renor-
malization schemes, can be mapped to a planer tensor network with bounded local dimensions.
Hence, MERA states are an effectively contractible subclass of PEPS. As a corollary, we obtain
that higher dimensional MERA states also satisfy the area law for the entanglement entropy (for
an alternative argument leading to this statement, see the Preprint [Vid06] of Ref. [Vid08]).

2.4.2 A hard and an undecidable problem for translation invariant 1D
systems

In any simulation one only needs to keep track of the relevant degrees of freedom. Conse-
quently, numerical algorithms include a truncation step, where in the case of tensor network
based algorithms, the bond dimensions are reduced. For the case of unitary dynamics in real and
imaginary time, this truncation works particularly well in one dimension, making DMRG tech-
niques [Whi92] a great success [ECP10, Eis13, Orul3, PGVWCO07, Schll, Sch13, VMCO08].
In the case of Liouvillian dynamics (see Section 2.2), however, numerical simulations seem to
be significantly less successful, even though some progress has been made [CB13, VGRC04,
ZV04]. Similarly, as the simulation of imaginary time unitary dynamics can be used to approx-
imate the ground state of a system by an MPS, one would like to approximate stationary states
of local Liouvillians by MPOs via simulating the time evolution. One obstacle seems to be that
known truncation schemes do not preserve positivity in that case and generate negative eigen-
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values in the state approximation. The situation seems to be even more serious: Given an MPO
approximation of a state it is not known how one can check whether or not the MPO is a state
itself.

In the following Publication [KGE14a] we show that this is no coincidence by pointing out
a fundamental obstacle: Testing whether or not an MPO is a positive semi-definite operator is
NP-hard in the system size and even undecidable if no bound on the system size is assumed.
This means that positivity is a genuinely global property without any local witness. Our results
also hold if one allows for some fixed violation of the positivity by some threshold and we
also formulate them in terms of a weak membership formulation of the problem (see pages
71f). We also discuss connections between different notions of one-dimensional tensor network
states (see Table 1 on page 70 for an overview) and hidden Markov models (see Ref. [Vid11]
for a survey) from classical probability theory as well as different types of positive matrix
factorizations. Our undecidability result adds to a short list of undecidable problems in quantum
mechanics [CPGW 14, EMG12, WCPG11].
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Tensor network states constitute an important variational set of quantum states for numerical studies
of strongly correlated systems in condensed-matter physics, as well as in mathematical physics. This is
specifically true for finitely correlated states or matrix-product operators, designed to capture mixed states
of one-dimensional quantum systems. It is a well-known open problem to find an efficient algorithm
that decides whether a given matrix-product operator actually represents a physical state that in particular
has no negative eigenvalues. We address and answer this question by showing that the problem is provably
undecidable in the thermodynamic limit and that the bounded version of the problem is NP-hard
(nondeterministic-polynomial-time hard) in the system size. Furthermore, we discuss numerous connections
between tensor network methods and (seemingly) different concepts treated before in the literature, such
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as hidden Markov models and tensor trains.

DOI: 10.1103/PhysRevLett.113.160503

Computational quantum many-body physics is marred
by the fact that standard computational descriptions of
states require exponentially many parameters. Fortunately,
for many physically relevant problems, one does not need to
consider all those parameters to capture natural properties
extremely accurately. One of the pillars on which computa-
tional many-body approaches rest is the framework of tensor
network methods. Here, the relevant degrees of freedom
are parametrized by very few numbers, which are organized
in terms of tensor networks that are contracted in order to
compute expectation values [1-8]. Notably, the density-
matrix renormalization group approach, the most successful
method to numerically determine ground state properties
of strongly correlated one-dimensional models, can be cast
into such a form [1,2]. In this language, the problem of
minimizing the energy can be phrased as a variational
principle over matrix-product (or purely generated
C*-finitely correlated) states [9]. The natural analogue that
also encompasses mixed quantum states is matrix-product
operators. Again, they feature strongly in numerical algo-
rithms [10,11], for example when investigating stationary
states of local Liouvillians modeling open quantum systems
[12,13] or Gibbs states [14,15].

However, general matrix-product operators are not
guaranteed to represent physical states, which is the source
of considerable conceptual and computational difficulties.
It would thus be highly desirable to design an efficient
algorithm capable of checking whether a given matrix-
product representation defines a positive operator. To decide
if such an efficient “local test for positivity” exists is a
fundamental problem in the field, implicit already in its
early formulations (see the Appendix of Ref. [9]).

Here, we address and answer this question: determining
whether a matrix-product operator defines a physical state

0031-9007/14/113(16)/160503(5)
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in the thermodynamic limit is a provably undecidable
problem. We also show that the bounded version of the
problem is nondeterministic-polynomial-time (NP) hard in
the number of tensors, burying hopes that one could find
an efficient algorithm testing for positivity exactly. This is
proven for quantum spin chains with local dimension d = 2
by a polynomial reduction from the Post correspondence
problem and a bounded variant thereof.

To give a practical example, one can approximate sta-
tionary states of local Liouvillians by iteratively applying
the Liouvillian to a state described as a matrix-product
operator and subsequently truncating the tensors. To avoid
inconsistent results, one has to check whether the trunca-
tion step has caused the state to become “too unphysical” in
that it has created eigenvalues that are more negative than
some chosen tolerance threshold. We prove such a check to
be unfeasible. The practical implications of our work are
as follows. On the one hand, they motivate the quest for
finding specific feasible instances that might exist. This
quest is reminiscent of the task of finding, e.g., efficient
contractions of two-dimensional planar tensor networks,
even though this task has been identified to be #P-complete
[16]. On the other hand, it shows that one should direct
one’s efforts towards finding approximate solutions.

The insight presented here adds a natural many-body
problem to the list of quantum mechanical questions that
have recently been identified not only as computationally
hard, but as outright undecidable [17-20]. Along the way
of introducing these novel results, we discuss a number
of connections between concepts that have arisen in the
literature, but whose relation has received surprisingly
little attention (see Table I).

Tensor networks: In quantum many-body theory, ten-
sor network methods are widely used in order to avoid

© 2014 American B 69 |Society
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TABLE I. Concepts of tensor networks discussed here.
States Classical Quantum
Pure Deterministic finite [55] Matrix-product states [3], purely generated C*-finitely

Mixed, inherently positive Hidden Markov models [21],

probabilistic finite automaton [46]

Mixed, not inherently positive Quasirealizations [21]

correlated states [9], tensor trains [26]

C*-finitely correlated states [9], local purification [29],
quantum Markov chains [27]

Finitely correlated states [9], matrix-product
density operators [10,11]

intractability problems. The idea is to resort to variational
classes of states, where the attention is restricted to low-
dimensional manifolds of states that seem to capture well
the relevant physics of the model under study. It is less
widely appreciated in the physics community that similar
structures are ubiquitous in classical probability theory:
the hidden Markov model (HMM) is a generalization of a
Markov chain, where the observable process (Y,),cy does
not need to be Markovian but there is a stochastic process
(X;),en carrying additional information that renders the
combined process (X;, Y,) Markovian. We only consider
the case where X, and Y, have finitely many outcomes and
call the number of outcomes of X, the bond dimension D.

With transition probabilities M onz) =Pr[(X,;41,. Y1) =
(J.a)|X, = i], boundary condition p; =Pr[X; = j], and
1:=(1,1,...,1)T € RP, the probabilities of outcome
sequences of the process Y, are given by the matrix product

Pr[Y, =ay,....Y, =a,| = pM@) ... M@ 1. (1)

In order for a HMM to describe a stationary process,
p is usually taken to be a stationary distribution, i.e.,
>4 M@ p = p. The description complexity of the HMM
is independent of n, or, if we allow the Markov kernels M
to vary as a function of ¢, linear. Non-negativity of the
probabilities in Eq. (1) is guaranteed because they arise as
the contraction over elementwise non-negative tensors.

From Eq. (1), it follows that the matrices F' (kn) defined
by

(@ ter e aey) = PV T = e Vi = ]

have rank at most D, which upper bounds the so-called
Hankel rank [21].

A natural question is whether the rank condition alone
characterizes those distributions that allow for a HMM
with bond dimension D. It has been known since the 1960 s
that this is not the case: there are distributions where
rank(F (k'”)) < D for all k, n, yet no HMM with finite bond
dimension exists [22,23]. However, a relatively straight-
forward argument (based on sequential “rank-revealing
decompositions,” e.g., singular value decompositions)
shows that every distribution with rank bounded by D
allows for a representation as in Eq. (1) where the tensors M

are not necessarily positive. This fact seems to have been
discovered independently in different contexts, e.g.,
Refs. [7,9,24-26]. The resulting form is known as a
quasirealization, offering the same concise description of
the distribution as a HMM. These are, however, more
difficult to work with computationally, as any variation of
the local tensors can destroy global positivity. An important
question thus is as follows: are the conditions on the tensor
M that guarantee global positivity computationally effi-
ciently verifiable? As we will see, the answer is no.

The above constructions generalize to the quantum
setting: a C*-finitely correlated state [9] (also known as
quantum Markov chain [27,28]) p is obtained by replacing
the elements of Eq. (1) by their quantum counterparts. We
substitute p by a D x D density matrix o, the stochastic
map M by a completely positive map ¢ that maps states
on CP to those on CP? ® C%, and 1 by the partial trace
(cf. Fig. 1). This immediately yields a local purification
[29]: one can write ® in Kraus representation by choosing
operators K;:CP — CP ® C¢ satisfying S°E | K;K =1
and ®(-) = >°F | K] - K. Here, E can be assumed to be
smaller than or equal to dD. Then the n-fold application of
K to a purification |\/5) of ¢ yields the state vector |y) =
KoKo...0oK|\/o) in CP @ (C? ® CF)®" @ CP that is a
local purification of p, see Fig. 1. For quantum states one
can, once more, define “quasirepresentations.” Here ® can
be a general linear map and ¢ is some operator (no
positivity constraints). This results in what is known as a
matrix-product density operator (MPDO) or finitely corre-
lated state (FCS) (not C*-FCS). A discussion of different
notions of positivity is provided in the Supplemental
Material [30]. More concretely, with [d] :={1,2,...,d},

FIG. 1 (color online). A C*-FCS as a tensor network. The
channel ® can be written in terms of Kraus operators,
®(p) = 3,KipK;. The vertically contracted indices between
K and K* correspond to the sum over i. The tensor network to
the right is referred to as a local purification.
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a MPDO is a density matrix written in the following
form.
Definition 1 [matrix-product operator (MPO)].—An

of MPO M =

(Mf‘;ﬂ ))a.ﬂe[d].i,je[D] € C»DxD and boundary vectors
IL),|R) € CP. The dimension d is called the physical
dimension and D the (MPO)-bond dimension. The gen-
erated translation invariant MPO for system size n is

instance tensors is given by

p(L.M.Rn):= Y L;M;;®..QM,; R

je[D]rH»l

PIV RS Ry P

Main results: In order to precisely define the problems
that are shown to be computationally unfeasible, we employ
the standard language of theoretical computer science: the
task of identifying objects with a certain property (e.g.,
those MPOs that are positive) is a decision problem.
A specific case (e.g., given by a concrete tensor and
boundary vectors) is an instance. A decision problem is
NP-hard if it is at least as hard (in a precise sense) as all other
problems from the complexity class NP. It is deemed highly
unlikely that any NP-hard problem can be solved efficiently
on either a classical or a quantum computer. A problem is
(Turing) undecidable if no computer, even if endowed with
unbounded resources, is capable of correctly solving all
instances. In the statements of the various problems below,
MPO tensors are specified by rational numbers. These have
finite descriptions and can thus serve as inputs to computer
programs. Allowing for more general numbers (e.g., com-
plex rationals) would make the problem only harder.

In the precise statement of the problem, we allow for
a threshold A, which bounds the “degree of negativity” that
is deemed acceptable. Moreover, we call positive semi-
definite operators more concisely just positive.

Problem 2.—[bounded MPO threshold problem (BTP)]
Instance: MPO tensors M € Q**PxD |1} |R) € QP,
threshold 2 € Q, and system size n. Question: is the
MPO p(L, M, R, n) + A1 positive?

Problem 3.—[MPO threshold problem (TP)] The TP is
defined in the same way as the the BTP except that there
is no restriction on the system size and the question is as
follows: is there an n € Z* such that p(L, M, R, n) + A1 is
not positive?

We obtain the following results, where the latter one
adapts ideas from Ref. [46] to the quantum setting.

Theorem 4.—(NP-hardness of the bounded MPO thresh-
old problem) For any A € Q and physical dimension d > 2,
the BTP is NP-hard.

Theorem 5.—(undecidability of the MPO threshold
problem) For each threshold 1 € Q the TP is undecidable.
In particular, this holds for the case where the physical
dimension is d = 2, the bond dimension is D = 42, and
the matrices M; j are diagonal for all i,j =1, ..., D.

Outlook: ~An important question is whether there are
physically relevant instances for which positivity is

160503-3 |

FIG. 2 (color online). Contracting MPOs with MPS can detect
negativity for some instances. Hence, this provides a hierarchy of
efficient tests labeled by the MPS-bond dimension, a strategy
practically accessible by density-matrix renormalization group
(DMRG) approaches.

efficiently decidable and how this can be exploited best
in numerical algorithms. Sometimes one can, e.g., effi-
ciently detect negativity locally by calculating expectation
values with respect to matrix-product states (MPS) of small
bond dimension, see Fig. 2.

In Ref. [29] local purifications of positive MPOs in terms
of matrix-product states are investigated and it is shown that
the arising MPS-bond dimension can in general not be
bounded independently of the system size. This already
suggests that such purifying MPS would require high bond
dimensions when used instead of MPOs in numerical
simulations. However, two constructive purification methods
are suggested that are efficient when the rank of the MPO is
polynomially bounded but in general necessarily inefficient
[29]. From our Theorem 4 it also follows that this is no
coincidence. To be more precise, a local purification method
is an algorithm that receives a MPO instance M, |L), |R) and
a system size n with p(L, M, R, n) > 0 as input and outputs
a local purification of p(L, M, R, n).

Corollary 6.—Local purification methods are inefficient
in the system size.

In the BTP one is asked to exactly delineate the MPOs
with smallest eigenvalues above —A from those with
smallest eigenvalues below —A. In practice, it would be
acceptable if an algorithm reliably recognizes whether a
state p is either sufficiently positive, i.e., p > —A, or violates
a threshold by at least ¢ > 0, i.e., pZ — (A + ¢€). Such an
approximate version is allowed to give unspecified results
on the narrow band between the two cases. In order to make
this precise, we state the BTP as a weak membership
problem: for € > 0 one is only required to decide whether
a MPO instance (L, M, R) with Tr(p(L,M,R,n)) =1
satisfies either p(L,M,R,n) > -1 or p(L,M,R,n)#
—(A+ €). The MPO provided in the proof of Theorem 4
has a trace that is exponentially bounded from above.
Hence, as a corollary, one obtains that the BTP remains
NP-hard as a weak membership problem if ¢ is exponen-
tially small in n. This statement remains true for algebraic
and not necessarily rational inputs. Weak membership
formulations seem to be natural for a variety of problems
in quantum information. For instance, NP-hardness of
testing separability of quantum states as a weak member-
ship problem was established first [47] for an exponentially
small “error” ¢ and, much later [48], for a polynomially
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small €, in fact, using key methods of the previous approach
[47]. Hence, our work is an invitation to explore whether
the BTP as a weak membership problem is also NP-hard
for only polynomially bounded e or, instead, to actually
find an algorithm that efficiently solves that problem.
Details:  For any finite set X (alphabet) we denote by
3" the set of sequences w (words) of n = |w| elements
(letters) from X and by * := |, 2" the set of words. For

w € [d]* we denote by |w) :®|;L|1 |w;) the tensor product
of the corresponding canonical basis states |1),...,|d).
Given two monoids W and W’ we callamap U:W — W' a
morphism if U maps the identity element of W to the
identity element of W' and U(w w,) = U(w;)U(w,) for all
wi, wy, € W. The monoids we encounter here are either
given by words over an alphabet with concatenation or by
matrices with matrix multiplication. Next, we introduce the
famous Post correspondence problem [49] and a bounded
variant thereof.

Problem 7.—[bounded Post correspondence problem
(BPCP)] Instance: pairs of words (i, Vg ),e|q OVer a finite

alphabet X and length 7 in unary notation [50]. Question:
does there exist a nonempty word w € [d]" of length n such
that u,, u,, -~ Uy, = vy, Uy, -0y, 7

Problem 8.—[Post correspondence problem (PCP)] The
PCP is defined in the same way as the BPCP except that
there is no restriction on the word length.

The two sets of words (ug, Ug)qelq, referred to as
dominos, define two morphisms U, V:[d]* - X* given
by U(w) = u,, u,, - - u,,, and similar for V.

Theorem 9.—(PCP is undecidable, see Ref. [51]) For
every d > 7 the PCP with £ = {0, 1} is undecidable.

In fact, by noting a simpler proof [52] of a variant of
this theorem with larger d, one can make the following
computation theoretic statement.

Observation 10.—(BPCP is NP complete) There is a
polynomial p such that for any nondeterministic Turing
machine M and input x there is a reduction to an instance
U,V of the BPCP such that M accepts x in n steps iff there
is a solution of U, V of length p(n).

In the usual textbook proof of the undecidability of the
PCP (see, e.g., Ref. [52]) the halting problem is reduced to
the PCP. The idea of the proof is to encode the computation
history of a given Turing machine into the two morphisms
of the PCP in two different ways such that there is a
solution iff the Turing machine halts. Specifically, there is a
polynomial p such that exactly when a Turing machine
accepts an input after n steps then there is a solution of the
corresponding PCP instance of length p(n). The encoding
works in the same way when the Turing machine is
replaced by a nondeterministic Turing machine because
having a transition relation instead of a transition function
allows us to define the PCP instances in the same way
(possibly with more “dominos” (u,, v,)). This shows that if
one could solve the BPCP in polynomial time, then one
could also solve NP problems in polynomial time. As

solutions to the BPCP can be verified by a Turing machine
in polynomial time the BPCP is in NP.

For the proofs of Theorems 4 and 5 the two following
polynomial reductions are needed (see the Supplemental
Material [30] for proofs building on Refs. [46,53,54]).

Lemma 11.—Let (u;, v;) ;4 be any instance of the PCP
and 1€ Q be a threshold. Then there exist boundary
vectors |L),|R), and matrices A, ... A e N®* that
define a morphism A : [d]* — N°*¢ such that for all w € [d]*

(LIAM|RY=—=(A+1) if UWw)=V(w),
(LIA™W|R) > -2 it Uw)#V(w).  (2)

Lemma  12.—(see Ref. [54]) Let d,D >2,
AW AlD e QPP be matrices that define a morphism
A:[d]* - QP*P and |L),|R) € QP be boundary vectors.
Then there exist two matrices B(") and B that define a
morphism B: [2]* — QP#P4 together with an injective mor-
phism X:[d]* — [2]* satisfying |X(w)| = d|w| such that
(LIBX")|R) = (LIAM|R)  for all w € [d]f,
1X) = (|X),0,...,0)T.

Proof of Theorems 4 and 5.—We prove the theorem
by using the encoding A:[d]* — QP*P of the PCP with
d dominos into the matrices from Lemma 11. Using
Lemma 12 we reduce the physical dimension d to 2 at
the expense of having a larger bond dimension dD and an
increase of the system size n to dn. This results in an
encoding C: [2]* — Q9P*dD with boundary vectors |L) and
IR). Now we define a MPO tensor M by M@/ =

le 84,,04,C". Then (|L), M, |R)) is an encoding of the
PCP to the TP. All successively used encodings are
polynomial reductions. In particular, an instance of the
BPCP with word length n can be written as an instance of
the BTP with system size dn. Hence, Theorem 9 and
Observation 10 finish the proof.

Conclusions: In this work, we have shown that a
problem naturally occurring in the context of tensor net-
work states is NP-hard and in the thermodynamic limit even
undecidable. The findings point to the challenge for reliable
numerical methods for, e.g., finding Gibbs and stationary
states of quantum many-body systems: truncations in the
bond dimension—a common step in existing numerical
algorithms—can introduce inconsistencies that cannot be
found computationally. This insight provides an interesting
twist to numerical methods to capture mixed quantum
many-body systems as well as to notions of Hamiltonian
complexity [56,57]. Future research should follow a dual
aim: first, identify instances and approximations where
(near) positivity can be guaranteed; second, search for
further problems in the context of tensor network states that
are not decidable algorithmically.
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APPENDIX

In the first parte of this appendix we discuss different kinds
of postive matrix factorizations, positive ranks, and cones. In
the last part we prove Lemmas 10 and 11 using ideas from
Refs. [5, 7].

Matrix factorizations

In this section we first comment on the gap between the
usual rank and the non-negative rank of a matrix. Then we
briefly discuss another notion of positive rank, called semidef-
inite rank.

Non-negative rank. The problem of finding HMM real-
izations is closely connected with the theory of non-negative
matrix factorizations. Any entry-wise non-negative matrix F,
e.g., given by Fy, g = Pr[Y7 = «, Y2 = f3], can be written as

D
F = Z |Li)X Rl , (6)
=1

i.e., as a sum of rank-1 matrices. This is a quasi-realization of
the process (Y7,Y3) with two time steps. The minimal D is
the usual rank of F'. Similarly, the positive rank of F' is the
minimum number of entry-wise non-negative rank-1 matrices
that sum up to F'. Any such decomposition into rank-1 matri-
ces with the proper normalization is a HMM for (Y7, Y2).

We thus find that the auxiliary dimension D of a quasi-
realization of two discrete random variables is nothing but
the rank of the joint probability distribution seen as a matrix;
while the smallest D in a HMM is the non-negative rank. Old
results [2, 3] showing that minimal bond dimensions for re-
alizations and quasi-realizations are distinct can thus be re-
interpreted in terms of gaps between rank and non-negative
rank. Actually finding the non-negative rank is known to be
NP-hard [8].

Non-negative matrix factorizations have been studied ex-
tensively, just to name two famous examples, in Ref. [9] for
influential applications in machine learning theory, and in
Ref. [10] for algorithms.

Positive semidefinite rank. 1f A, Bz are non-negative
matrices, then Tr(A,Bg) is clearly a non-negative number.
One defines a positive semidefinite (PSD) factorization of a
matrix F' to be a choice of positive semidefinite matrices
Ay > 0,Bg > 0such that

Fa”[g = TI“(AQBB). (7)

The PSD rank of F' is the smallest dimension D such that
there is a PSD factorization of F in terms of D x D-matrices.
These notions have recently attracted considerable attention
[11-13] as novel lower-bounds on the PSD rank (partly de-
rived in the study of quantum communication complexity
[14]) have been used to disprove the existence of efficient
semidefinite programs that would solve certain NP-hard com-
binatorial optimization problems [11]. The problem of iden-
tifying semidefinite factorizations for empirically observed
statistics of quantum experiments has been treated in Ref. [15]
and prior works by the same author referenced there.

Bond dimensions of MPOs and local purifications

As in the previous case, one can easily check that a PSD
factorization for F' immediately gives a realization of the clas-
sical bivariate distribution defined by F' in terms of a quantum
HMM, i.e., a local purification. Of course, classical distribu-
tions can be embedded into quantum states. This was used
in Ref. [4] to leverage the fact [11] that there are families of
F's whose rank is bounded, but whose PSD rank diverges to
show that there are bi-partite quantum states with bounded
bond dimensions as MPOs, but unbounded ones for any local
purification.

Cones and generalizations

One can abstract even further. Element-wise positivity and
semidefiniteness are two notions of positivity in vector spaces.
There is a systematic theory of general ordered vector spaces
[16]. Notions of order in real vector spaces stands in one-one
correspondence to (Archimedean) closed convex cones. The
cone represents those elements of the vector space that are
deemed “non-negative”. For two vectors v, w € V, one says
v < w iff v — w is an element of that cone. One can now
define generalized HMMs by the “physical” and the “aux-
iliary” vector spaces carrying various orders and by requir-
ing that the F's are positive maps in the sense that they pre-
serve these orders. We can then distinguish various cases. If
both physical and classical spaces carry the usual element-
wise order, we recover the traditional notion of HMM. If both
carry the semidefinite order, we obtain quantum Markov pro-
cesses. If the physical one is element-wise, but the auxiliary
one semidefinite, one arrives at the model treated in Ref. [4]
and also in this work.



Such conal matrix factorizations have recently been dis-
cussed in the optimization literature [11, 13, 17]. Notably,
researchers working on stochastic process both in a classi-
cal [18] and quantum [1, Appendix] setting have appreciated
these ideas already quite early. They are also inherent to the
generalized probabilistic theories approach to quantum foun-
dations [19-22].

Proof of Lemmas 10 and 11

Proof of Lemma 10. For an alphabet ¥ of size b = |%| the
numeric representation of ¥* is the map o : ¥* — N given

by
|w] '
o(w) = o(w;)b"!~I 8)
Jj=1
where o(f)) = 0 and ox: ¥ — [b] is a bijection (enumeration
of 3J). Note that for any two words u,v € X*
o(uv) = blo(u) + o(v) )
and o(u) = o(v) iff u = v. Note that for all w
plvI=1 < g (w) < blvl—1. (10)

Next, we define A : ©* x ©* — N6%6 a5 in Refs. [5, 6] by

b2l 0 0 0 0 0

0 plultlvl 0 0 0 0

0 0 b2l 0 0 0

Alu,v) = a(u)bl o (v)bl 0 blul 0 0
0 o)l ol 0 bl o0

o(u)? 20(u)o(w) o@)? 20(u) 20(v) 1

Using the property (9) of the numeric representation of %* it
follows that

A(ug, v1) A(ug, v2) = A(uruz, v1v2) (1m)

for all words w1, ug,va,vs € X*. Now let U,V : [d] — X be
an instance of the PCP and define A(®) = A(U(a),V(a))
for all « € [d]* and the boundary vectors as |L) = |6) and
|R) = |1) —|2) +|3) — (A + 1)|6). Thanks to Eq. (11),
A viewed as a map on [d] extends to a morphism on [d]*, as
required. For any w € [d]* we have U(w) = V (w) iff Aéﬁ) =

Aélfg). Moreover,
(L] A |R) = (o(U(w)) — o(V(w))* = (A+1), (12)
and Eq. (4) follows. ]

Proof of Lemma 11. We using a technique from Ref. [7]. De-
fine B := diag (A(“>)ae[ 4 to be the block diagonal matrix
having A(®) in increasing order as the diagonal blocks and

0 1pa
B® = (1D e 1>>. (13)

Now we construct a bijective morphism X : [d]* — [2]* sat-
isfying

(L|BX®D|R) = (L| A™) |R). (14)

First, note that B® = S ® 1p, where S is the permutation
matrix representing the cyclic permutation (1,2,...,d) +—
(2,3,...,d,1). This means that B(?) acts as the cyclic left
shift on the d blocks of D neighbouring components of col-
umn vectors. Hence

cle) .— g2t g g)d=(e=b (15)
= diag(A®, ..., AD AM) Ale=Dy  (16)

for all « € [d]. Eq. (16) implies that for any w € [d]*
the upper left D x D block of C(*) is A(), Next, define
|L),|R) € ZP to be the vectors that have |L) and |R) as
their first D components respectively and all other compo-
nents equal to zero. Then we obtain

(L|C™)|R) = (L| A™ |R) a7

for all w € [d]*.

For s € N and o € [d] we denote by o the word that
consists of s times the letter «. Now we define a morphism
X : [d]* — [2]* by

X(a) =22"1129"2 (18)

for a € [d]. Note that for any w € [d]* we have | X (w)| =
d|w| and that one can reconstruct w from just knowing X (w),

“i.e., X is injective. Using Eq. (16) we obtain

cw) — pX(w)) 19)

Together with Eq. (17) this finishes the proof. O
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3 Quantum simulations and the
verification problem

In the last chapter, we discussed several results relevant in the broader context of simulations
of complex quantum systems. More precisely, we have discussed simulations on both, on
classical computers and on quantum computers. But in fact, there is also a notion of so-called
quantum simulations that is weaker than a scalable universal quantum computer but can solve
at least some task more efficiently than classical computers. Since such simulations started
recently to receive a lot of attention, I would like to start the conclusion of this thesis with the
discussion of a fundamental problem that arises once one starts solving problems other than
those in NP, i.e., problems other than those solutions of which can be verified efficiently on
a classical computer. In order to explain this, it is worth having a look at the intractability of
decision problems in NP first. For instance, deciding whether or not a natural number can be
non-trivially factorized is believed to be intractable on classical computers. If someone had
a machine factoring numbers efficiently, he clearly could solve this decision problem. But
even more, he could easily convince everybody of his machine’s power, since using a classical
computer one can efficiently check whether or not the factorizations are indeed correct. Coming
back to quantum simulations, in general there is no such efficient check that decides whether a
quantum simulation actually does what it is intended to do. This means that someone operating
a quantum simulation with supra-classical powers can not automatically convince a sceptic
second party that he actually does have those powers. We call this the verification problem.
A detailed discussion of this problem has strangely been absent in the quantum simulations
literature so far.

While building a fully fledged universal quantum computer is the ultimate goal, realizing
some sort of computation that is intractable on classical computers would constitute a great
breakthrough [CZ12, Prel2]. The hope is to achieve this breakthrough using quantum re-
sources, i.e., in a quantum simulation. In fact, there are already a number of works tackling
this more modest problem with photonic quantum systems [AGW12], ultracold gases in opti-
cal lattices [BDN12], trapped ions [BR12], superconducting circuits [HTK12]. Also annealing
processes with quantum signatures for finding certain ground states have been realized experi-
mentally [Boi+13, Boi+14]. As their functioning cannot be verified easily, they were criticized
for apparent “classical signatures” [SS13, Wan+13]. Another famous example for quantum
simulations is given by the Boson-Sampling problem [AA11], which was suggested solely to
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show that quantum systems can outperform classical ones in performing some particular task.
Therefore, Boson-Sampling is ideal for discussing the verification problem.

3.1 Indication that classical efficient Boson-Sampling
verification is impossible

The Boson-Sampling problem is to approximately sample from the output distribution of a
linear optical network with n bosons in m modes. A single sample is the vector of photon
numbers obtained when the output state of the network is measured in the Fock basis (see
Figure 1 in Publication [GKAE13] in Appendix B). If the passive Gaussian unitary describing
the network is drawn uniformly at random then this problem is proven [AA11] to be hard with
high probability for m scaling at least as n° and under reasonable conjectures. Such Boson-
Sampling simulations have even been implemented experimentally with up to three bosons
in six optical modes [Bro+13, Spr+13, Til+13, Cre+13] and the theoretical predictions of the
theory of passive linear optics have been confirmed. Of course, one would like to conclude that
quantum systems provably outperform classical computers (in performing some task). For this
conclusion, it remains to show that Boson-Sampling simulations can be scaled efficiently in the
number of bosons and the inverse error [AA11].

But more fundamentally, the verification problem needs to be resolved, at least in some
way. Of course, one can always gain some evidence that a quantum simulation works correctly
by testing it in a classically tractable regime [Bra+14, Tro+12]. Then it is a matter of taste
whether one trusts the simulation also in the classically intractable regime. However, it remains
open if and how this problem can be overcome in a more satisfactory manner. For Boson-
Sampling, the situation is particularly dramatic as its sole purpose is to provide an example for
a classical intractable quantum simulation. Hence, it is desirable that it performs particularly
well in this task, i.e., that one can convince even a sceptic person of its power. In this sense,
for Boson-Sampling a solution of the verification problem is particularly important. A good
intuition and also rigorous evidence that Boson-Sampling cannot be verified effectively with
only classical resources is given in Publication [GKAE13], which we will discuss in the next
section. As we will discuss in Section 3.2, first steps were already made towards verification of
Boson-Sampling using very restricted quantum resources. Whether or not full verification of
Boson-Sampling in an efficient manner is possible remains, however, an open problem.

For verification one ideally would like to test whether a potential Boson-Sampling device
either samples from a distribution that is e-close to the ideal Boson-Sampling distribution or
not. But since boundary cases can always be arbitrary hard to distinguish, the best one can
hope for is to verify that the distributions have a distance either less than e or larger than
€ + A, where A > 0 can be reduced efficiently. But actually a test that verifies the device if
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it samples from the ideal Boson-Sampling distribution and rejects if the device samples from
a distribution that is more than e far away from it could be sufficient for verification (see also
Publication [AGKE14] for detailed discussion of notions of verification). At this point it is
worth noting that the sample space is larger than exponentially large in the number of bosons n
and with similar discretization arguments as in Publication [Kli+11b] on pages 40f, it follows
that the space of distributions is larger than double exponentially large in n.

However, as a first step, we will discuss Boson-Sampling in a restricted setting, where sam-
ple complexity results [Bat+13] can be applied. More specifically, we ask the following: How
many samples are needed to distinguish the Boson-Sampling distribution from the uniform
one? One important ingredient to the hardness of Boson-Sampling is that not any probability of
a single outcome can be calculated efficiently (by a conjecture the hardness of Boson-Sampling
relies on) from the Gaussian unitary describing the linear optical network. Hence, it is reason-
able to first find an answer to that problem, where one is not allowed to use the unitary. This
essentially restricts the verification algorithm to be a so-called symmetric algorithm [Bat+13]
and one can show that exponentially many samples are needed in that case (see Publication
[GKAE13] in Appendix B). The intuitive argument is that the Boson-Sampling distribution is
typically very flat and, therefore, the size of the sample space makes it hard to detect its struc-
ture from few samples. Importantly, the structure is encoded in polynomially many samples
which is implied by Theorem 3 on page 124 of Appendix B. The main technical contribution
of this theorem is to show that the Boson-Sampling distribution is flat, i.e., to lower bound the
min-entropy of typical Boson-Sampling distributions.

Inspired by this work [GKAE13], algorithms were found that distinguish Boson-Sampling
from uniform sampling using only polynomially many samples, where the key is to actually
use the information about the Gaussian unitary in a smart way [AA11]. On the other hand, an
observation from F. G. S. L. Brandao is the following [AA11]: For every instance of Boson-
Sampling with high min-entropy and every circuit length " € O(poly(n)) there is a classically
efficiently samplable distribution indistinguishable from the distribution of the Boson-Sampling
instance by all circuits of length 7'. Hence, efficient classical Boson-Sampling verification, in
the sense explained above, is not possible.

3.2 Reliable quantum verification for photonic quantum
technologies

The discussion from the last section shows that the lack of practical verification tools is a sig-
nificant roadblock for the development of reliable quantum simulations. In particular, there
seem to be fundamental obstacles for purely classical verification of photonic quantum simula-
tions. But actually, there is no need to restrict to classical verification techniques. Very simple
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quantum operations can be performed reliably, such as single mode measurements. These op-
erations can be used to verify that the right quantum state is prepared in a photonic preparation
scheme. In Publication [AGKE14] (see Appendix B) different notions of verification are dis-
cussed and a verification protocol using single mode measurements is provided. The protocol
verifies m-mode Gaussian states and a class of linear optical states, which are given by a pas-
sive Gaussian unitary acting on an m-mode Fock basis state with n photons. In both cases, one
can even allow for post-selected target states. The protocol is efficient in m and the inverse
post-selection success probability but inefficient in n. The only restriction is that quadrature
measurements of the prepared state have bounded variances.

The verification protocol rests on Gaussian extremality based fidelity estimation and can
replace non-efficient tomography and compressed sensing techniques [Gro+10] for the im-
portant case where the target state is known. The protocol can verify states with negative
Wigner functions, which are not covered by the known classical simulation schemes [ME12b,
VWEE13]. With this verification, Boson-Sampling experiments with a constant number of pho-
tons [Bro+13, Spr+13, Til+13, Cre+13], all the states preparable with Knill-Laflamme-Milburn-
like schemes [KLLMO1, Kok+07] with inverse polynomially bounded post-selection probability,
state preparations for measurement based quantum computing with photonic states [Men+06,
Yok+13], and realization of multipartite entanglement [CMP14, Hua+11, Yao+12] can be veri-
fied efficiently. This suggests that, using simple quantum operations, one can indeed efficiently
verify quantum simulations that are not tractable classically efficiently.
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In this thesis, we have established various results on reliable classical as well as quantum simu-
lations of complex quantum systems, in particular, of local Liouvillian time evolution, systems
in thermal equilibrium, and photonic simulations. For each of these systems, we now briefly
summarize the results subsequently outline a few open problems.

We have seen that time evolution of open quantum lattice systems can be simulated effi-
ciently on quantum computers under reasonable assumptions. This result can be interpreted as
a Church-Turing type statement and also reveals limits of efficient state generation. Moreover,
such time evolution can be locally simulated efficiently in the system size even on classical
computers. Together this also provides a mathematical toolbox for classical simulations of
Markovian systems in, e.g., tensor network based methods. We also have identified an obstacle
for numerical truncations of mixed states that prevents the reliable simulation of such systems
on a larger scale: For the numerically convenient parametrization of operators in matrix prod-
uct form deciding positivity is NP-hard in the system size. If no bound on the system size is
imposed this even becomes an undecidable problem in the translation invariant setting. In order
to better understand and overcome this positivity problem, we suggest the following:

e Strengthen the hardness result on the bounded threshold problem as a weak membership
problem to positivity checks with polynomial accuracy (see pages 71f), if possible.

e Find optimal tests checking positivity of MPOs.
o Identify tractable and physically relevant instances.

e Finally, find algorithms that efficiently and reliably simulate open quantum systems (for
physically relevant instances).

e [f a system is subjected to local noise, is it still hard to classically simulate its continuous
time evolution? What are conditions for hardness and/or classical tractability? Here a
first analysis suggests that the time scale on which the noise is correlated plays a crucial
role.

Thermal states are ubiquitous in nature and appear as stationary states in many situations.
Here, we have extended the concept of intensive temperature to interacting quantum systems.
This is done by relating the length scale on which temperature can be defined (in a canonical
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way) to a length scale on which correlations, with respect to a certain correlation measure,
are negligible. For temperatures above a universal threshold, we show that these correlations
decay exponentially. As a consequence, thermal states are stable against distant Hamiltonian
perturbations in this regime of high temperature. Moreover, above the temperature threshold,
local expectation values can be approximated efficiently in the system size. The temperature
threshold also upper bounds physical critical temperatures of phase transitions involving long-
range order. These results are very general but only provide coarse bounds for specific models.
Here, one should be able to use more specific properties of a model to improve the results.
Moreover, connecting our methods with the recent results [RGE12] on thermalization in closed
quantum systems could lead to great progress towards a general microscopic understanding of
thermalization. More specifically, we leave open the following problems:

e Understand better the generalized covariance (for specific models). Is its magnitude
convex in 77 How does the averaged generalized covariance scale in the limit of large
£? One would expect that, in many situations, the averaged generalized covariance also
decays exponentially below the critical temperature. Can this intuition be made rigorous?
This would automatically extent our results on universal locality.

e Finding smaller values for the critical temperature 1/5* (see page 50) would, e.g., con-
stitute tighter bounds on phase transitions temperatures.

o What Hamiltonians have long-range order at the highest possible temperature?

e It is rigorously known that thermal states can arise dynamically in systems, where the
coupling to the environment is bounded by a small, system size independent constant
[RGE12]. Can our methods to exploit the locality structure be used to improve upon
this? With that, one might be able to prove stronger and more general version of ther-
malization.

The T-averaged generalized covariance (called “Matsubara time-ordered average” in its
“truncated version” by Kitaev) is closely related to local currents [Kit06]; and physical
intuition tells us that systems dynamically thermalize due to transport [CE10, Gogl14].
Searching for local transport conditions, maybe in terms of Kitaev’s local currents from
Ref. [Kit06], and rigorously relating them to thermalization and also to the stability of
thermal states seems to be an interesting research program on its own.

Inspired by these results about simulations of complex quantum systems, we have asked the
question of what a reliable simulation actually is in the first place and encounter the verifica-
tion problem of quantum simulations: Once a quantum simulation of some system outperforms
classical computers, it becomes unclear how one can verify that the simulation indeed simu-
lates the system. For the case of Boson-Sampling, sampling complexity lower bounds on the
verification in a restricted setting are discussed. These bounds suggest that Boson-Sampling
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cannot be verified efficiently with classical resources only. Driven by this insight, a reliable
verification scheme for photonic state preparations was developed, which uses single-mode
measurements. This scheme is efficient in the number of modes and allows for efficient ver-
ification of, e.g., Boson-Sampling experiments with a constant number of photons and state
preparations necessary for measurement based quantum computing. The verification scheme
turns out be be compatible with post-selection on measurements of ancillary modes and turns
out to be efficient in the post selection success probability. Nevertheless, in the big goal of
achieving reliable quantum simulations, this work constitutes only a first step. There are vari-
ous problems to be overcome and here we only mention the most fundamental ones:

o What is a reasonable notion of “quantum simulations”? In the literature, this term refers
to a lot of different ideas.

e Are there interesting, classically intractable problems, other than decision problems, so-
lutions of which can be verified efficiently classically? For instance, is there a version of
Boson-Sampling that can be verified classically efficiently?

In this thesis, we have presented various rigorous results on simulations of quantum sys-
tems, where locality and complexity play an intertwined role and by this contribute to a better
understanding of complex quantum systems.
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A Appendix: Terminology

In this appendix we briefly explain some basics concepts from computer science and quantum
information theory.

A.1 Concepts from computational complexity theory

We will use several terms from computational complexity theory, which is a branch of the
theory of computation. The main task is, for a given model of computation, to classify compu-
tational problems according to their difficulty. We need the following models of computation:

o A Turing machine is the theoretic model of a classical computer without randomness.

o A probabilistic Turing machine is equivalent to a Turing machine that can use random
numbers as an additional resource.

e The unitary or quantum circuit model is the standard model of a quantum computation.
The inputs are qubits, the actual computation is a sequence of unitaries, called quantum
gates, each of which acts on at most two qubits, and the output is measured in a canonical

basis called computational basis.

A computational problem has a natural problem size, e.g., for the problem of factoring an
integer the problem size is the number of digits. Decision problems are problems with finite
input and binary solutions, i.e., yes/no answers. By restricting the resources in terms of the
problem size one obtains a large number of complexity classes [Com]. For instance:

e P denotes that class of decision problems that can be solved by a Turing machine in
polynomial time, i.e., in a time scaling at most polynomially in the problem size.

e NP denotes that class of decision problems where solutions can be verified by a Turing
machine in polynomial time. Equivalently, on can define NP as the class of problems
that can be solved in polynomial time in another theoretical model of computation called
non-deterministic Turing machine. Hence, the name, NP stands for non-deterministic
polynomial time.
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e BPP, standing for bounded-error probabilistic polynomial time, is the class of decision
problems that can be solved by a probabilistic Turing machine in polynomial time with
error probability upper bounded by 1/3.

e BQP, standing for bounded error quantum polynomial time, is the class of decision prob-
lems that can be solve by a quantum computer in polynomial time, with error probability
upper bounded by 1/3.

o QMA, standing for Quantum Merlin Arthur, is a class of decision problems that can be
verified by a quantum computer in polynomial time with probability at least 2/3. Note
that QMA is related to BQP in a similar way as NP is related to P. Therefore, it is often
called the quantum analogue of NP.

It is not hard to show that P € BPP € BQP € QMA and P C NP C QMA and it is believed
that the inclusions, except maybe the first one, are strict. P Z NP is called the P versus NP
problem and is one of the seven Millennium Prize Problems of the Clay Mathematics Institute.

We call a decision problem undecidable if there cannot exist an algorithm that decides every
instance of the problem correctly. For a given model of computation we say that a problem
can be solved efficiently or is tractable if it can be solved in polynomial time. We say that it
is not tractable if this is not the case and intractable if it can be solved but not in polynomial
time, so that intractable problems are always decidable but not tractable problems might also be
undecidable. Moreover, a problem L is called hard for NP (QMA), or NP-hard (QMA-hard), if
any other problem in NP (QMA) can be reduced to L with overhead bounded polynomially. A
hard problem that is itself in NP (QMA) is called complete for NP (QMA) or just NP-complete
(QMA-complete). Finally, we briefly name a few famous examples:

e The so-called local Hamiltonian problem, which is the decision version of finding the
ground state energy of a 2-local Hamiltonian, is QMA-complete. More precisely, the
local Hamiltonian problem is to decide, whether the ground state energy of a Hamiltonian
with two-body interactions is either below a value a or above another value b > a, for
1/(b — a) scaling at most polynomially in the number of subsystems.

e The decision version of integer factoring is clearly in NP, believed to not be in P, and
also believed not to be NP-complete.

e An NP-complete problem is the famous travelling salesman problem, which is the deci-
sion version of finding a shortest route, starting from one city, passing any city of a list
of cities exactly once, and returning to the origin city in the end.
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A.2 Concepts from quantum (information) theory

A.2 Concepts from quantum (information) theory

The following mathematical definition is important to classify valid quantum operations, both
in the Schrodinger and the Heisenberg picture. A linear map T between operator spaces is
called completely positive if for all auxiliary spaces X with identity map id x, the map T'® id x
takes positive semi-definite operators to positive semi-definite ones (see, e.g., Ref. [Lin76] for
details).

A spin system is a quantum mechanical system described by a finite dimensional Hilbert
space. In the special case where the dimension is two one also calls it a spin-% system or a
qubit.

A quantum lattice system is a multipartite quantum system with an associated graph, where
the the subsystems are associated with the vertices and the interactions with the edges. The
graph is also called interaction graph. In the case where the single subsystems are spins/
fermions/ bosons the system is also called a spin/ fermionic/ bosonic lattice system. See, e.g.,
Sec. 2.3 and Sec. 5 of Publication [KGE14b] on pages 17f and 26 for more details on spin and
fermionic lattice systems, respectively.

If one draws a pure state of a spin lattice system uniformly at random, then the state reduced
to a subsystem has an entropy scaling as the number of sites in that subsystem and one says that
the entanglement scales as the volume in that case. In many physical situations, however, one
encounters pure states where the entropy only scales at most as the boundary of the considered
subsystem. One then says that the state fulfills an area law for the entanglement entropy. This
can be generalized to mixed states and/or different correlation measures such as the Rényi
entropy or mutual information. See Publication [KGE14b] on pages 23f for more details.

A class of pure states for one-dimensional spin systems that fulfills such an area-law for all
entanglement Rényi entropies are matrix product states (MPS). Here the expansion coefficient
in the product basis are given in terms of matrices (see page 101 for a precise definition).
They are convenient for numerical simulations as they approximate well important classes of
physically relevant states. See Publication [KGE14b] pages 22ff for more details.

Similarly, matrix product operators (MPOs) parametrize operators and are used in numerical
simulations to describe local observables, update steps in (imaginary) time evolutions, and
density matrices. See Publication [KGE14a] pages 71f for more details.
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B Appendix: Other publications
generated during this thesis

While firs-author publications are presented in the main text, the author’s other publications
[AGKE14, BK12, BKE10, GKAEI13] are included in this appendix for the sake of complete-

ness.
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Real-space renormalization approaches for quantum lattice systems generate certain hierarchical
classes of states that are subsumed by the multiscale entanglement renormalization Ansatz (MERA). It
is shown that, with the exception of one spatial dimension, MERA states are actually states with finite
correlations, i.e., projected entangled pair states (PEPS) with a bond dimension independent of the system
size. Hence, real-space renormalization generates states which can be encoded with local effective degrees
of freedom, and MERA states form an efficiently contractible class of PEPS that obey the area law for the
entanglement entropy. It is further pointed out that there exist other efficiently contractible schemes

violating the area law.

DOI: 10.1103/PhysRevLett.105.010502

Renormalization group (RG) methods aim at solving
many-body problems by treating energy scales in an iter-
ative fashion, progressing from high to low energies [1].
One of its earliest formulations is the real-space RG which
works by repeated steps of thinning out local degrees of
freedom and rescaling of the system as in Kadanoff’s block
spin transformation [2]. In real-space RG approaches to
quantum lattice models [3], in each RG step 7, the system
is partitioned into small blocks. From those blocks high-
energy states are eliminated and the Hamiltonian H._.,
for the renormalized system is obtained by applying the
corresponding projection operators, exactly H,,, =
1’3T+11'-A171'3;r 41 Or in some appropriate approximation, fol-
lowed by a coarse graining of the lattice. This is iterated,
e.g., until a step 7 = T is reached where the renormalized
system consists of a single small block for which the
ground state |gs;) can be obtained exactly. Applying the
RG transformations in reverse order yields an approxima-
tion ﬁfﬁ; ... ﬁ;lgsT) to the ground state of the original
model. Those states, generated by the real-space RG, fall
into the class of so-called tree tensor networks (TTN) [4].
A recent more elaborate real-space RG scheme, the multi-
scale entanglement renormalization Ansatz (MERA) [5,6],
a genuine simulation technique for strongly correlated
systems, allows in each RG step for local unitary opera-
tions to be applied before the elimination of block basis
states. The technique generates hence a more general class
of states, referred to as MERA states; see Fig. 1.

Whereas the degrees of freedom of MERA and TTN
states are organized in a hierarchical structure encoding
correlations on different length scales, there exists a differ-
ent class of so-called finitely correlated states where the
degrees of freedom are organized in a strictly local manner.
For D = 1 dimensional systems they are often referred to
as matrix product states [7], and for D =1 as tensor
product Ansdtze or projected entangled pair states
(PEPS) [8]; Fig. 2. PEPS are the basis of powerful numeri-

0031-9007/10/105(1)/010502(4)

010502-1

PACS numbers: 03.67.Mn, 02.70.—c, 03.65.Ud, 64.60.ae

cal techniques, such as the very successful density-matrix
renormalization group [9].

In this Letter, we establish the surprising fact that, for
D > 1, real-space RG, despite of the inherently hierarch-
ical nature of the procedure, generates states that capture
correlations by local degrees of freedom. More specifically,
it is shown that MERA states form a subclass of PEPS,
unifying both approaches. This also explains the failure of
real-space RG for some situations for which merely anec-
dotal evidence had previously accumulated.

PEPS, TTN, and MERA are all tensor network states
(TNS). In terms of an orthonormal product basis |o) =
®Y, lo;) for a lattice of N sites, TNS are of the form
Y, |0y where the expansion coefficients i, are en-
coded as a partially contracted set of tensors; Fig. 2.
Recently, this notion has been generalized to the fermionic
case [10]. For a PEPS, to each site i, a tensor A; is assigned
which has one physical index o; and further auxiliary
indices—one for each nearest neighbor—which need to
be contracted to obtain ¢ ,; Fig. 2. For TTN and MERA,

0 8 16 24 z

FIG. 1 (color online). A 1D MERA with linear branching ratio
b = 2. Circles, squares, and the triangle denote tensors, the lines
denote contractions of those tensors. The squares are isometries
that map two local subsystems 7 and H 7., into one FH 17/21 as
in Kadanoff’s block spin transformation. The circles denote
unitary operators, disentanglers, reducing the entanglement be-
tween 7 ® 7, and the rest of the system before the action
of the isometry. Tensor positions are chosen according to Eq. (6)
such that stacking of tensors is avoided.

© 2010 The American P 101 |Society
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FIG. 2 (color online). (a) Procedure for mapping a TNS (left)
to a 2D PEPS (right), by assigning tensors to lattice sites and
contraction lines to paths on the lattice. (b) The elements of the
PEPS tensors are determined by the elements of the tensors
composing the TNS.

the tensors are arranged in a hierarchical pattern with the
physical indices in the lowest layer; Fig. 1. The number of
degrees of freedom of a TNS can be tuned by changing the
number ) of values each auxiliary index runs over.
Increasing y for a fixed structure of the TNS enlarges the
variational space, allowing for a more precise approxima-
tion to the exact ground state in a variational method, but
increases computation costs. Hence, y is called the refine-
ment parameter of the TNS. The computational costs for
efficient simulation techniques scale polynomially in y.
For D = 1, TTN and MERA states can in general not be
encoded efficiently as PEPS. There are MERA states with
an entanglement entropy that scales logarithmically in the
subsystem size [11], as occurring in critical models [12],
whereas the entanglement entropy of 1D PEPS saturates
for large subsystem sizes. In this respect, MERA states are
more useful than PEPS for this case. For D > 1, however,
our aforementioned result on real-space RG means in the
tensor network language that MERA states with a refine-
ment parameter ) can be mapped efficiently to PEPS such
that the resulting PEPS refinement parameter xpgps is
some system-size independent function of y. This also
implies that D > 1 MERA states always obey the entan-
glement area law just as PEPS [12,13]. This behavior is
shared by ground states of noncritical systems and critical
bosons. Ground states of critical fermions, however, can
violate the area law [12,14]. Consequently y needs to be
scaled polynomially in the system size in order to describe
such critical fermionic systems accurately. Otherwise, the
real-space RG schemes addressed here [3,5] are neces-
sarily imprecise in that case. The remaining advantage of
D >1 MERA is that local observables and correlation
functions can be evaluated efficiently, whereas, for PEPS,
approximations are necessary. In this sense, MERA states
simply form an efficiently contractible subclass of PEPS.
This raises the question of whether any efficiently con-

tractible tensor network automatically yields an area law
which is, however, not the case. To show this, we construct
an example of efficiently contractible TNS based on uni-
tary quantum cellular automata (QCA). For a specific
choice of the tensors, one obtains instances that violate
the area law for generic bipartitions of the system.

General procedure for mapping TNS to PEPS.—All
TNS can be mapped to PEPS, although not necessarily in
an efficient manner. To map a TNS to a PEPS one can
(a) assign each tensor of the TNS to a specific site of the
physical lattice [15]

Vinys :=1{0,...,L — 1}P C 7P, (1)

and (b) for each contraction line that connects the tensors,
decide on a specific path for that line on the edges &y Of
the physical lattice,

Ephys = 1lr, 1) € Vphys X Vphysllr -, =1} @)

see Fig. 2. The tensors composing the PEPS are then
obtained by introducing for each edge of the lattice an
auxiliary vector space that is the tensor product of the
vector spaces of all TNS contraction lines that traverse
that edge. The elements of the PEPS tensor for site i are
determined by the elements of all the TNS tensors that
were assigned to site i. See Fig. 2(b).

Given a family of TNS for different linear system sizes
L, a mapping of the TNS to PEPS is called efficient if there
exists an upper bound ypgpg on the resulting PEPS refine-
ment parameter that is independent of L. Applying the
described mapping procedure for a 1D MERA state inevi-
tably results in an inefficient mapping, i.e., in a PEPS
refinement parameter ypgps that diverges with the system
size. This is not just a feature of the specific procedure. In
[11], a family of 1D TTN states is constructed for which
any mapping to PEPS necessarily requires ypgps to diverge
with the system size.

Qualitative argument.—The following argument moti-
vates why an efficient mapping of MERA to PEPS should
be possible for D > 1. Let us assign to each contraction
line of the MERA state a finite cross section, e.g., equal to
aP~! with the lattice spacing a. Then one can ask what
D-dimensional volume V(7) the contraction lines of a
certain layer 7 connecting to layers with 7/ = 7 cover.
Those contraction lines of layer 7 have length €(7) «
ab”, where b is the linear branching ratio of the MERA.
The number of lattice cells in layer 7 is b7~ 7P; Fig. 1.
Hence, the volume covered by the contraction lines of layer
Tis V(1) & a? 1 (7)bT =P o pPT=(D=17 The density of
the MERA contraction lines, or more precisely, a resulting
estimate for the average number of contraction line paths
traversing a unit cell of the physical lattice (7 = 0) is hence

T T
log , (xpgps) = b7 Z V(r) Z b=
7=0 7=0
| . T for D =1 3
= OgX(XPEPS) {l—bl‘D” for D> 1,T — oo, 3)
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Note that for an edge traversed by n paths, one obtains an
upper bound ypgps = X" to the PEPS refinement parame-
ter, i.e., n = log, (xpgps). As T = log,L, 1D MERA with a
fixed refinement parameter y have according to Eq. (3) the
potential to encode states with a logarithmic scaling of the
entanglement entropy [11], as occurring in critical 1D
systems. For D > 1, however, Eq. (3) suggests that there
is enough space on the physical lattice to assign the MERA
contraction lines to paths on the lattice such that the map-
ping to PEPS is efficient. That this is indeed possible is
proven constructively in the following.

Preconditions for MERA states.—In order to show that
the mapping presented in the following is efficient, it is
necessary to exploit the defining properties of MERA
states that correspond directly to features of the real-space
RG and can be summarized as follows. (i) The MERA state
is a TNS for a D-dimensional square lattice (Vphys, Ephys)
consisting of L? unit cells with

L =05 “4)

(i) The MERA consists of T layers of tensors labeled by
7=1,...,T. (iii) There is an upper bound Y on the
dimension of the vector spaces associated to the tensor
indices, and an upper bound C,, on the order of each tensor.
(iv) With each layer, we associate a coarse-grained square
lattice L, of (L/b7)P cells of the physical lattice

L.:={0,....L/b" — 1}P C ZP, )

and L, := Vphys. Every cell of lattice £, contains corre-
sponding bP cells of lattice £, ;. (v) There exists an
assignment of the tensors of layer 7 to cells of the lattice
L such that the number of tensors inside a single cell is
bounded from above by a constant C,, and the distance of
contracted tensors is bounded from above by C,, where the
distance of a tensor of layer 7 to a tensor of layer 7/ < 7 is
defined as the L; distance of their corresponding cells in
L. [16]. (vi) For |7 — 7/| > C, there are no contractions
between tensors of layer 7 with tensors of layer 7/.

The upper bounds y, C,, C,, C,, and Cy are required to
be independent of the system size L. [17] The stated
conditions guarantee that the MERA features a so-called
causal cone [6]. Hence, local observables can be evaluated
efficiently if all tensors are chosen isometric. As we require
only upper bounds on the MERA refinement parameter, the
apparent restriction to square lattices is not essential. The
conditions stated above are met for all typical MERA
structures considered in the literature so far. See Fig. 3(a)
for a 2D MERA with b =2, C, =8, C, = 2,and Cy = 1,
for which one can reach C, = 2.

Efficiently mapping MERA to PEPS for D > 1.—Let us
explain a general scheme for mapping MERA states for
D > 1 dimensional systems efficiently to PEPS. The pre-
conditions listed above are assumed to be given. A simple
procedure to assign the MERA tensors to certain lattice
sites is to put the tensors of cell n € L of layer 7 to the
site r.(n) =b"n € Vphys. The problem with this ap-
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FIG. 3 (color online). (a) Unit cell of a specific 2D MERA
state. With each layer, corresponding to a single RG step, unitary
disentanglers are applied that reduce the entanglement between
blocks of 2 X 2 sites with the rest of the system. Then, an
isometry maps from those 2 X 2 sites (dots) into one (crosses).
(b) Mapping of this MERA state to a PEPS. The diagram shows
the assignment of two layers of the MERA, composed of disen-
tanglers # and isometries W, to the physical lattice.

proach is that one generates stacks of tensors at certain
lattice sites, i.e., there exist positions r € Vphys to which a
number of tensors is assigned that is not independent of the
lattice size. For example, at site r = (0, ..., 0) a number of
o« T = log, L tensors accumulate. Further stacks of tensors
with height o« 7’ accumulate at lattice sites with coordi-
nates b7’ (1, ..., 1). It is necessary to avoid such stacks of
tensors, because they imply in general that ypgpg diverges
with the system-size. Stacks can be avoided by shifting the
allowed tensor positions for different layers relative to each
other. One possible such choice for r(n) is

r.(n)=>bn+b"le€ V,, with n€ L (6

and e := (1,...,1) € ZP as demonstrated in Fig. 1. With
this choice, two tensors can end up at the same site only if
they belong to the same layer £ and the same lattice cell n
within that layer. The possible tensor positions of layers 7
form disjoint sublattices V. of the physical lattice.

VT = {rT(n)ln S ‘ET} - VphySJ VT N VT’#T = 2.

All coordinates r; of » € V. have a b-adic valuation of
7 — 1, where the b-adic valuation v, (n) of an integer n is
defined such that v,(n) = 7 iff 7 is the largest integer such
that n mod b™ = 0, for example, v,(12) = 2. Avoiding
stacks of tensors is not sufficient for an efficient PEPS
encoding. In D = 1, all contraction lines are assigned to
paths that necessarily stack up on the x axis, Fig. 1. This
stacking of the paths can be avoided in D > 1 by assigning
contraction lines between tensors of layers 7 and 7/ to paths
that are restricted to edges from subgrids £, and £, and
that are shortest paths with respect to the L; distance on
V.U V,. Here, a grid &, is defined as the subset of
physical edges connecting nearest neighbors of the lattice
V. on straight lines; see Fig. 4.

gT:z {(r,r+ei) egPhyslvb(rj) =7—1 V]q& l}
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FIG. 4 (color online). Disjoint sublattices V, C Vphys to
which MERA tensors are assigned and disjoint subsets of edges
&, C Eppys to which MERA contraction lines are assigned for
b = 2. In our construction, the paths assigned to contraction
lines from tensors of layer 2 to tensors in layer 3 are, e.g.,
restricted to edges from &, U &;.

with [e;]; = 6;;. Hence £, NE, =@ V .. For this
choice of tensor positions and paths of MERA contraction
lines an upper bound for the resulting PEPS refinement
parameter ypgps follows: Contraction lines assigned to an
edge e = (r,r') € £, contract tensors of layer 7 with
tensors of layers 7 where |7 — 7| = C;. For a layer 7/
with 7/ > 7, tensors from at most (2C,)? cells of L.
around the cell corresponding to site r can have contraction
line paths traversing edge e. From the layers 7/ with 7/ =
7, tensors of at most (2C,)” ZIC:TO bP* cells can contribute.
Thus, the number of contraction line paths traversing edge
e and hence log, (xpgps) are bounded from above by

log , (xpeps) = (2C)P(Cy + bPC*D)C,C,.  (7)

As this upper bound is independent of the system size, the
presented mapping of MERA to PEPS is efficient.

The scheme displayed in Fig. 3(b) for mapping the 2D
MERA defined in Fig. 3(a) to a PEPS results in the PEPS
refinement parameter ypgps = x°. In the supplement [11],
the notion of a refined PEPS is introduced which allows for
a favorable scaling, yisiined = 32 in this case.

QCA violating the area law.—Let us point out that, also
for D > 1, there exist efficiently contractible TNS that
violate the entanglement area law; more details in [11].
Consider a QCA consisting of 2T layers, where in every
layer, (L/2)” local unitary gates are applied to plaquettes
of 2 X ... X 2 sites each. For T = (logL)'/?, the compu-
tation cost for the evaluation of local observables with
respect to such QCA is polynomial in L, namely
O(L2(logL)'/P). At the same time, one finds for a suitable
choice of the unitary gates and generic choices for sub-
systems A ; with Vol A, o« L” an entanglement entropy
of Sa, = Q(LP!(logL)"/P) which violates the area law.

Conclusion.—In this Letter, we have shown that MERA
states for D > 1 can be efficiently encoded as PEPS. From
a physical perspective, the result implies that real-space

RG techniques, despite the scale-invariant features of the
TNS they generate, give rise to states that can be encoded
with local degrees of freedom. As a corollary, it follows
that D > 1 MERA states obey the area law for the entan-
glement entropy [12,13]. Consequently, the refinement
parameter y needs to be scaled polynomially in the system
size in order to describe D > 1 critical fermionic systems
accurately. Otherwise, the real-space RG schemes ad-
dressed here [3,5] are imprecise for such systems.
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In this supplementary information, for the mapping of multi-scale entanglement renormalization ansatz
(MERA) states for D > 1 spatial dimensions to projected entangled pair states (PEPS), it is explained how
the resulting PEPS bond dimension can be reduced considerably by the use of refined PEPS. Furthermore, to
show explicitly that 1D MERA states can in general not be mapped efficiently to 1D PEPS, a family of MERA
states is constructed for which the entanglement entropy grows logarithmically in the linear system size for a
suitable bipartition of the system. To show that, for D > 1, there exist other efficiently contractible schemes
violating the area law, unlike MERA, we construct a family of efficiently contractible tensor network states
(TNS) based on a unitary quantum cellular automata. For a specific choice of the composing tensors, one

obtains instances that violate the area law.

I. LOWER BOND DIMENSIONS BY PEPS REFINEMENT

In the mapping of D > 1 MERA to PEPS, as described
in the Letter, all tensors of a given lattice cell n € L, of
layer 7 of the MERA are assigned to the same physical lat-
tice site (1) € Vpnys. Therefore, a considerable number of
contraction lines that start at the tensors of a given cell n may
traverse the same edges around 7, (n) and cause hence a rela-
tively high xpgps. While this is unproblematic for the purpose
of proving the existence of an efficient mapping, the situation
can be improved for numerical purposes, e.g., by introduc-
ing for each site of the physical layer b°"P — 1 auxiliary sites
with 7 > 0, resulting in refined lattices Vy, « and V;. The
corresponding refined PEPS has tensors for the physical sites
and tensors for the auxiliary sites, where the latter ones carry
no physical indices. The sites from V.. allowed for tensors of
layer 7 of the MERA are then defined as

r.(n,m) ="+ 'm+ b le € Vings (D

with m €L, and m,; €{0,...,0°" —1}P.

Lattice cells in layer 7 are again labeled by n € £, and m
labels now the possible positions for tensors inside that cell.
Due to the refinement of the physical lattice, the resulting
PEPS consists of [V;,..| = Y272 |Vpnys| instead of |Vpnys| ten-
sors. A refined PEPS is transformed to a “normal” PEPS by
contracting the PEPS tensors for the b°™P — 1 auxiliary sites

with the tensor for the corresponding physical site, resulting
pdT(D—1)

: _ refined
1N Xpgps = (XPEPS )

The scheme for mapping the 2D MERA defined in Fig. 1a
to a PEPS results in the PEPS refinement parameter xsined =
x? if one uses a refined PEPS with 67 = 1 where isometries
are located at m = (1,1) and disentanglers at m = (0,0),
according to Eq. (1). Each edge of the grid is traversed by at
most two contraction line paths in this case. Using, instead,
the tensor coordinates according to the most simple scheme,
described in the Letter, yields the xpgps = x5.

@

Figure 1: (a) Unit cell of a specific 2D MERA state with linear
branching ration b = 2. With each layer, corresponding to a single
renormalization step, unitary disentanglers are applied that reduce
the entanglement between blocks of 2 x 2 sites with the rest of the
system. Then, an isometry maps from those 2 X 2 sites (dots) into
one (crosses). (b) Mapping of this MERA state to a refined PEPS
with 7 = 1. The diagram shows the assignment of two layers of
the MERA, composed of disentanglers @ and isometries w, to the
physical lattice. Each edge of the lattice is traversed by at most two
contraction line paths. The resulting PEPS has xpeps = XQ.

II. 1D TTN AND MERA STATES CANNOT BE MAPPED
EFFICIENTLY TO 1D PEPS

To show that a 1D MERA can in general not be mapped
to a 1D PEPS with a bond dimension ypgps that is indepen-
dent of the system size L, we construct a family of graph tree
tensor network states [1, 2] for which the entanglement en-
tropy grows logarithmically with L for a suitable bipartition
of the system; see, e.g., Refs. [3-5] for a numerical analysis.
We choose a tree tensor network (TTN) state, so a MERA
state without disentanglers, with (partial) isometries mapping
from two qubits to one, i.e., x = 2 and b = 2. Each repre-
sentative of the family of states is defined on L = 27 sites
{0,..., L — 1} with a positive odd integer T'. For simplicity,
the TTN is embedded into the entire lattice of L sites, and each
isometry is considered as a unitary having one input from the
previous layer and one input |0); see Fig. 2. The state of the
the top layer 7 = 7" and the two-site gates ¥ are defined as

[r) = [0)2F  and G = e TXOX/A )
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Figure 2: The 1D TTN state discussed in Sec. Il for 7" = log L = 5.
For the chosen subsystems A, the entanglement entropy is logarith-
mic in the system size, Sa,, = (T +1)/2.

X and Z denoting Pauli matrices, and |0) being an eigenstate
of Z. For layers 7 = 1,...,T the state [1),_1) is generated
from |+;) by applying gates @ to sites 27(k — 1/2) — 1 and
27k —1fork =1,...,27~7. The entanglement is computed
for the subsystem A7 consisting of the last pr sites, where
p1 := 1and pr4o := 4pr — 1. Since all the gates, specified in
Eq. (2), are mutually commuting, all gates that are supported
entirely on A7 or entirely on its complement A7 can be dis-
regarded for the computation of the entanglement entropy

Sar =—Trpar10g pay with pa, =Tr g1 [Ur) (Y]

The locations pr of the bipartitions are chosen such that, for
odd T, exactly (T + 1)/2 gates act across the cut. Since each
such gate generates one pair of maximally entangled qubits,
one obtains S 4, = (T + 1)/2 which is logarithmically diver-
gent in the system size L and implies that any 1D PEPS en-
coding of the given graph state requires a xpgps that diverges
with L.

III. EFFICIENTLY CONTRACTIBLE TNS THAT
VIOLATE THE AREA LAW

As shown in the Letter, unlike for D = 1 spatial dimen-
sions, MERA states for D > 1 obey the entanglement area
law and not a log-area law, S, = Q(LP!log L), as it oc-
curs for critical fermionic models [6—12]. This raises the ques-
tion of whether any efficiently contractible tensor network au-
tomatically yields an area law. This is however not the case.
In order to show this, we construct, for a D-dimensional cu-
bic lattice of L? sites, a family of efficiently contractible TNS
based on a unitary quantum cellular automata (QCA). For
a specific choice of the constituting tensors, one obtains in-
stances that violate the area law for generic bipartitions of the
system.

Let us consider a QCA consisting of T'layers 7 = 1,..., T,
where each layer consists of two sublayers. With the first
sublayer, K is applied which consists of (L/2)? local uni-
tary gates § supported on plaquettes of 2 X --- X 2 sites
each. The operator K o for the second sublayer is identical
to K; except for a relative shifting of the gate positions by
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Figure 3: The graph state QCA discussed in Sec. IIl for D = 1
and D = 2. Each layer of the QCA moves the maximally entan-
gled qubits that initially are located on next nearest neighbor sites
two steps further apart from each other. This increases the entangle-
ment entropy for a given bipartition of the system in every step. For
an appropriate choice of the number of layers, the states violate the
entanglement area law while still being efficiently contractible.

(1,...,1). Therefore, periodic boundary conditions are im-
posed, and L is required to be even. The initial state |ig) is
a product state of (L/2)? plaquette states |@) for 2 x - -+ x 2
sites each, where the plaquette positions coincide with those
of the gates in K. The plaquette states are product states
of 2P~! maximally entangled pairs of qubits sitting each at
the ends of the plaquette diagonals, e.g., |¢) = 1g.1]|0)®? for
D = 1, where @ is chosen according to Eq. (2) and the in-
dices label the sites the gate acts on. For D = 2, the pla-
quette state is |¢) = ﬁ(o,o),(l,l)ﬁ(l,o),(o,l)|0>®4- The plaque-
tte operators §, composing the K;, are chosen as products of
swap operators S; ;|0;0;) = |ojo;) that act similarly on the
qubits at the ends of the plaquette diagonals. For example,
§= 5(070)7(1,1)5(170)7(0,1) for D = 2.

The QCA layers and the initial state are invariant under
translations by two sites and rotations by /4 and so are all
states [1p,) := (KoK1)T|tho). Like [tho), every state |1),) is
a product state of 2°71(L/2)P maximally entangled qubit
pairs. If two entangled qubits have positions r + Ar in [¢;)
there is exactly one corresponding entangled qubit pair at po-

sitions 7+ (1 + TZ\/E)AT in ¢ 4+1). Applying one QCA layer

after another, distances of entangled qubits increase by 4v/D
in each step, e.g., K1 K21(2,2,(3,3) = U(0,0),(5,5)> Se€ Fig. 3.

For generic choices for bipartitions of the system into two
parts, A7, C Vynys and its complement, where Ay, is connected
and has a volume o L”, the corresponding entanglement en-
tropy will violate the area law if the number of layers, T, is
chosen appropriately. Consider as an example the bipartition
with A;, = {0,...,L/2 — 1} x {0,...,L — 1}P~1. The
subsystem boundary is formed by the planes {r|r; = 0} and
{r|r1 = L/2}. Each plane is crossed by a number of different
pairs of entangled qubits that is proportional to its area and to



T, as long as L/2 > 2T. Consequently,
S, (T) = QLP7'T). 3)

For a choice T'  log L, this yields a log-area law S 4, =
Q(LP~'log L). But an upper bound on the computation
cost for the evaluation of local observables with respect to
QCA states of the given class (with arbitrary u) is of order
0(227°T), ie., O(L210e )" " log L) for T o log L. This
cost is not polynomial in L and the QCA are for this 7" hence
not efficiently contractible in an obvious fashion. However,

the computation cost is, of order O(L?(log L)'/P) for the
choice T = (log L)'/P, i.e., polynomial in L. The resulting
entanglement entropy is S4, = Q(LP~'(log L)'/?) which
violates the area law by the sublogarithmic factor (log L)'/ ?.
Note also that even a QCA consisting of a single layer of
k x --- x k plaquettes, where k is allowed to grow as k
(log L)l/ D can also violate the entanglement area law, albeit
only for specific bipartitions of the system, while being effi-
ciently contractible.
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We consider open many-body systems governed by a time-dependent quantum master equation with
short-range interactions. With a generalized Lieb-Robinson bound, we show that the evolution in this very
generic framework is quasilocal; i.e., the evolution of observables can be approximated by implementing
the dynamics only in a vicinity of the observables’ support. The precision increases exponentially with the
diameter of the considered subsystem. Hence, time evolution can be simulated on classical computers
with a cost that is independent of the system size. Providing error bounds for Trotter decompositions, we
conclude that the simulation on a quantum computer is additionally efficient in time. For experiments and
simulations in the Schrodinger picture, our result can be used to rigorously bound finite-size effects.

DOI: 10.1103/PhysRevLett.108.230504

In Lorentz-invariant theories, a maximum speed for the
propagation of information is, by construction, the speed of
light. In nonrelativistic quantum theory, the existence of a
maximum propagation speed results more indirectly and
for different reasons. For nonpathological models, this
maximum speed is much smaller than the speed of light.
The seminal paper by Lieb and Robinson [1] and further
contributions like [2—13] cover isolated systems.

Here, we consider the evolution of a more general and,
experimentally, extremely relevant class of systems—open
quantum many-body systems governed by a quantum mas-
ter equation [14,15] with short-range Liouvillians that are
allowed to be time dependent. Prominent experimental
examples are presented in Refs. [16-20], and recent theo-
retical advances on quantum computation, nonequilibrium
steady states, and phase transitions in open systems can, for
example, be found in Refs. [21-24]. Going beyond the
existence of a finite maximum propagation speed and the
existence of a well-defined thermodynamic limit [1,25], we
show that the time evolution of such systems is quasilocal.
This means that, up to an exponentially small error, the
diameter of the support of any evolved local observable
grows at most linearly in time, or, put differently, that the
evolution of the local observable can be approximated to
arbitrary precision by applying the propagator of a spa-
tially truncated version of the Liouvillian, as seen in
Fig. 1(b). For the special case of isolated systems, where
the evolution is given by a unitary transformation, the
corresponding question has been addressed in Ref. [9].
As a tool for the proof of quasilocality, we derive and
employ a Lieb-Robinson-type bound very similar to the
recent results of Poulin [26] and Nachtergaele et al. [25].
All constants in the bounds are given explicitly in terms of
the system parameters.

The quasilocality of Markovian quantum dynamics has
several crucial consequences. It implies that the evolution
of observables with a finite spatial support can be

0031-9( 108 108(23)/230504(5)
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simulated efficiently on classical computers, in the sense
that the computation cost is independent of the system size,
irrespective of the desired accuracy. This can, for example,
be exploited in an exact diagonalization approach for a
sufficiently large vicinity of the support of the considered
observable, as illustrated in Fig. 1(b). For more sophisti-
cated simulation techniques, we provide, in extension
of Ref. [27], error bounds for Trotter decompositions
[28] of the subsystem propagator into a circuit of local
channels, as shown in Fig. I(c). The Trotter error is
polynomial in the time, at most linear in the size of the
time step, and can hence be made arbitrarily small.
Importantly, the subsystem Trotter decompositions allow
for the efficient simulation of the time evolution on a
quantum computer as envisaged by Feynman. For any
required accuracy, the simulation can be implemented
with a cost that is independent of the system size and
polynomial in the time.

Experimental and numerical physicists who study non-
equilibrium systems in the Schrodinger picture can use our
result on quasilocality to rigorously bound finite-size
effects. This is, for example, relevant for experiments
with ultracold atoms in optical lattices [29] and numerical
investigations employing time-dependent density-matrix
renormalization group methods [30-33].

Setting.—Let us consider lattice systems, where each
site z € A is associated with a local Hilbert space
JH'.. Subsystem Hilbert spaces are denoted by
Hyi=@.cvH.Vycyand H := H ,.Let p(t) denote
the system state at time ¢. Markovian dynamics of an open
quantum system, i.e., the evolution under a linear differ-
ential equation that generates a completely positive and
trace-preserving map for p, can always be written in the
form of a Lindblad equation [34-36]:

) 1
o = ~ith.p)+ 3 LopLh — S WiLup + pLiL,)
14
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FIG. 1 (color online).

(a) An evolved local operator 7(s, 1)Oy behaves almost like the identity outside its associated space-time cone.

(b) Approximating 7(s, 1)Oy by application of subsystem propagators to Oy. The errors decrease exponentially with the subsystem
sizes. (c) For one-dimensional systems, approximating 7(s, £)Oy by a Trotter decomposition yields an error scaling as (r — s)?At. Note
that the Trotter circuit can be trimmed off at the boundary of the Lieb-Robinson space-time cone.

where the arbitrary Lindblad operators L, and the
Hermitian Hamiltonian H may depend on time. This equa-
tion captures, for example, in the framework of the Born-
Markov approximation, the evolution of a system that
interacts with an environment [14,15] and isolated systems
as a special case. Let us switch from the Schrédinger
picture, where expectation values are evaluated according
to (O),_,, = Tr{p(r)O] with p(s) = p to the Heisenberg
picture, where (O),_,, = Tr[pO(s)] with O(r) = O. The
corresponding time-dependence of an observable O(s) €
B(H) is then given by the quantum master equation
9,0(s) = — L(s)O(s), where L(1) € B(B(H)) is a
superoperator, the so-called Liouvillian, with the
Lindblad representation

1
L0 =i[H 0]+ Z<LI0LV - E(LIL,,O + OLIL,,)).
14

The set of Liouvillians with spatial support V C A will be
denoted by L, C B(B(H y)).

In order to be able to use Lieb-Robinson bound tech-
niques, we need to restrict ourselves to Liouvillians with
norm-bounded short-range interaction terms. Let us hence
assume that £ is a sum of local Liouville terms ¢, with
norm bound |[€|, maximum range @, and a maximum
number Z of nearest neighbors [37]. Specifically,

L) =D ;) (1) €y, (1)
ZCA
€] :=sup [[€z(0)l, (2)
LZCA
a = sup diam(Z), 3)
20,70

Z:=max {Z CA{l, #0,ZnZ# 3}, @)
Z:4,#0

where diam(Z) := max, ,czd(x, y) is the diameter of Z
and d is a metric on the lattice A. In Eq. (2), we have
used the superoperator norm [38,39] defined by ||T] :=

supoeg(2n)|ITOll/IO]]. In the Heisenberg picture, this is

the physically relevant norm as induced by the operator
norm ||O||. For notational convenience, we define for every
subsystem V C A the corresponding extension V, volume
Vol(V), and truncated Liouvillian L,

vi=Uz 5)
Vol (V) := [{Z C V|¢, # 0}, (6)
L) =Y £,(). )

ZCV

Propagators 7y (s, f) are superoperators that map observ-
ables to time-evolved observables. They are defined as the
unique solutions of

A,Ty(s, 1) = —Ly(s)y(s, 1), 7y, 1) =id V,=. (8)

With 7(s, £) := 7,(s, t), one has indeed O(s) = 7(s, 1)O(z).
Propagators obey the composition rule 7(r, s)7(s, 1) =
7(r, t) V,=,=,. Furthermore [38], the derivative with re-
spect to the second time argument is given by

atTV(s: t) = TV(S: t)‘EV(t)’ (9)
and the propagators are norm-decreasing,

I7(s, )0l = |lOll ¥V LE L, s=1t0 € B(H).
(10)

Quasilocality of the evolution—Given an operator
Oy € B(Hy) with support ¥ C A, we would like to
show that the exactly time-evolved operator 7(r, t)Oy
with r = ¢ can be approximated by the evolution with
respect to a spatially truncated Liouvillian, i.e., by
Ty(r, )0y with Y C V C A. Indeed, our main result,
Theorem 2, states that the approximation error is exponen-
tially small, in the distance of A \ V to the time-r slice of a
space-time cone originating from the operator’s support Y
at time ¢, as depicted in Fig. 1(b). More precisely, the error
decays exponentially in d(Y, A\ V)/a — v(t — r), where
d(X,Y) := inf,cy ,cyd(x, y) is the distance of two subsys-
tems X, Y C A, and v = eZ|€| is the so-called Lieb-
Robinson velocity.
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To prove this, we can write the difference of the evolved
operators in the form

7(r, )0y — 7y(r, ) Oy

= - fz dsas[Ty(r, s)7(s, 1)]Oy

/t dsty(r, s)[L(s) — Ly(s)]7(s, 1)Oy
' =Lyy(s)
=Lav S

due to the fundamental theorem of calculus and
Eqgs. (8) and (9). Using the triangle inequality and the
fact that the propagators are norm-decreasing, it follows
that

t
l7(r, )0y = T9(r, 00yl = f dsll€x(s)(s, ) Oyll.
XCA\VYT"
(11)
In the case of unitary dynamics (£x(s)O = i[hy, O]), the
integrand would be of the form ||[ Ay, 7(s, )Oy ]|, and the
standard Lieb-Robinson bound [1-5] would be applicable.
To proceed in our more general case, however, we use a
Lieb-Robinson bound for Markovian quantum dynamics,
similar to recent results in Refs. [25,26].

Theorem 1 (Lieb-Robinson bound for Markovian quan-
tum dynamics).—Let the Liouvillian L(r) = Y, €4()
for the lattice A be of finite range a, with a finite maximum
number Z of nearest neighbors, and [€| as defined in
Egs. (1)~(4). Also, let Ky € Ly, Oy € B(Hy), and
r =t € R. Then

|1 Ky 7(r, )0yl = Vi y | KyllllOyllert—n=d&N/a,
(12)

where v := exp(1)Z|€| and Vi := min{/%4X), Yoils,
The proof is given in the Supplemental Material [38].
With the Lindblad representation KxO = i[k, O] +
S [KIOK, —L(KIK,0 + OKIK,)] of the Liouvillian
XKy, one has in Eq. (12) that [[I|l/2 =< [lk]| +
> IIK,|I>. The theorem tells us that an evolved observable
7(r, t)Oy remains basically unchanged when we evolve it
with respect to a Liouvillian that is supported at a distance
R > v(r — r) away from Y, i.e., that 7(r, 1) Oy behaves like
the identity outside the corresponding space-time cone. In
the special case KyO = i[Oy, O], Eq. (12) yields a Lieb-
Robinson bound for |[[Oy, 7(r, 1)Oy]|| as in Ref. [26].
This theorem can now be employed to proceed from
Eq. (11) in our proof of quasilocality. Let us restrict
ourselves to the typical case of Liouvillians £(7) for which
the number of terms €y(7r) with distance d(y, X)/a €
[n, n + 1) from any site y € A is bounded by a power law,

|Rn,y| = Mn* vyEA,nENy

d(y, X)
a

R,, = {x C Ally %0, Enn+ 1)}, (13)

for some constants M, k > 0. Now, choose a point y, € Y
that is closest to A\ V, ie., d(yp, A\ V) =d(¥,A\V).
With D := [d(Y, A\ V)/al, we can exploit that the support
of every term in L\ is an element of exactly one of the
sets R, ,, with n = D to obtain

I7(r, Oy = 7y(r, N Oyl

=3 > [ aslitx)r(s 00yl

n=D XER, r

nyo

*© '
=S Maslllloy] f dsevtt—nn
n=D r

ev(t—r) 0 B
Z ne ™.
v n=D

In the second step, Theorem 1 and Vy, = Vol(X)/Z < 1
have been used. With the bound Y ,n“e™" =
2eD*e™P VY pos,q, We arrive at the central result of this
work.

Theorem 2 (Quasilocality of Markovian quantum dy-
namics).—Let the Liouvillian L(7) = Y, €(?) for the
lattice A be of finite range a, with a finite maximum
number Z of nearest neighbors, and |€| as defined in
Eqgs. (1)—(4). Further, let constraint Eq. (13) be fulfilled
for some constants M, k > 0. Also,letY CV C A, Oy €
B(Hy), and r=t€E R. Then one has with D :=
[d(Y, A\'V)/al

”T(r’ I)OY - TV(V, t)OY”

2M
= SN0y e P Yy, (14)

= M|l Oyl

where v is the Lieb-Robinson speed from Eq. (12).

The full dynamics can be approximated with exponen-
tial accuracy by subsystem dynamics. In a sense, the con-
straint Eq. (13) requires the lattice to have a finite spatial
dimension. A D-dimensional hypercubic lattice with
finite-range interactions fulfills Eq. (13) with & =
D — 1. An interesting observation is that short-range mod-
els on a Bethe lattice [40] have a finite Lieb-Robinson
speed according to Theorem 1 but do not fulfill Eq. (13)
and are thus not covered by Theorem 2. Hence, for such
systems, it is conceivable that a quench of the Liouvillian
starting at time ¢ = O with a distance of at least aD from
some point y causes a perceptible effect at y for a time
" < D/v.

Trotter decomposition of the evolution.—The quasilo-
cality of the dynamics, Theorem 2, implies that the evolu-
tion of observables with a finite spatial support can be
simulated efficiently on classical computers, in the sense
that the computation cost is independent of the system
size, irrespective of the desired accuracy. However, ex-
ploiting this, in an exact diagonalization approach that
stores the approximated time-evolved observable
7y(r, 1)Oy in a full basis of HH  exactly, requires resources
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that are exponential in the size |V| of the considered
subsystem. There are more sophisticated numerical tech-
niques; e.g., one can use matrix-product operators [41-43]
for the representation of (an approximation to) 7(r, t)Oy
or sampling algorithms. In such schemes, it is typically not
possible to address the differential equation for 7y(r, 1)Oy
directly, but one can use Trotter decompositions [28] in-
stead, where propagators 7y (r, 1) are decomposed into a
circuit of local (diameter-a) channels.

Using the quasilocality, Theorem 2, and techniques as in
Ref. [27], we can derive a Trotter decomposition with an
error that is polynomial in time, at most linear in the time
step, and, in extension of Ref. [27], system-size indepen-
dent. Furthermore, implementing such a Trotter circuit on a
quantum computer [27] yields a simulation that, addition-
ally to being independent of the system size, is efficient in
time. In this case, the physically relevant norm for super-
operators 7 is the subsystem-seminorm

I7lly == sup [ITOylI/lIOyll (15)

0yEB(IHy)

Theorem 3 (Efficient Trotter decomposition of time-
evolved observables).—With the preconditions of
Theorem 2, a sequence of times 7y = #t; = ... =ty and a
sequence of subsystems Y CV, CV,C...CVyCA
such that D, :=[d(Y,A\V,)/al>2k+1V,, the
Trotter decomposition

N
re 1l
n=1

77(ty—1, 1) (16)
ZCV,4,#0

into propagators 7, for local Liouville terms €, approx-
imates the full system propagator 7(f, fy) up to an error

N
2M
7z, 1) — #lly = 2(7 D vt ), 4 gn),

n=1

&y = (tn - tn—l)zz VOI(VH)MP@(["7t"71)|€| (17)
with the Lieb-Robinson speed v from Eq. (12).

In the Trotter decomposition 7, we used the convention
[12_, T, =T\T,...Ty, and the ordering of the channels
7z in the second product of Eq. (16) can be chosen
arbitrarily. As in Ref. [27], one can use averaged

Liouvillians, i.e., 7,(r, 1) — ef :‘MZ(S), without changing
the scaling of the error bound. Choosing a constant time
step, t, = nAt, and subsystems V,, such that D, = D, +
vnAt, for sufficiently large D, the bound (17) is domi-
nated by the Trotter errors g,. The subsystems can be
chosen such that diamV, < diam(Y) + aD,,, as shown in
Fig. 1(c). For this case, the total error is in
O(At(diam(Y)/a + Dy + vt)“*?). Higher-order Trotter-
Suzuki decompositions [44] can be used to further improve
the scaling in Ar.

230504-4

To prove Theorem 3, one can first apply Theorem 2,
the inequality [|7, T, — T\ To| < I Ty [T, = Toll + 1T, — Tl
[I75]l, and Eq. (10) iteratively N times, to obtain

2M <
l7(r0, t3) = 7VIly = = Z Dyev i) =Ps (18)

n=1

with 7V :=[]_, 7y (t,-1. 1,). For every time-step propa-

gator Ty (t,-y,1,), we can then employ a Trotter decom-
position similar to Ref. [27], yielding

l_[ 7,(r, )lly = (t — r)2Z Vol(V)|€|2e =7l

ZCV,{,#0

7y (r, 1) =

(19)

See the Supplemental Material [38] for details. Combining
Eqgs. (18) and (19) with the triangle inequality proves
Theorem 3.

Conclusion.—We have shown that the evolution of an
observable with support Y under a quantum master equa-
tion with a short-range Liouvillian can be approximated by
the evolution with respect to the truncation of the
Liouvillian to a subsystem V D Y. The error decreases
exponentially in the distance of Y from the complement
of V. With this tool, we derived an error bound for Trotter
decompositions of the propagator. Those results corre-
spond to efficient simulation techniques for open-system
dynamics on classical and quantum computers and provide
rigorous bounds to finite-size effects.
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In the following appendices we give a brief account
of the operator and super-operator norms used in the
main text, explain some properties of the propagators,
prove the generalized Lieb-Robinson bound for Marko-
vian quantum dynamics (Theorem 1), give the deriva-
tions for the employed bounds on two elementary series,
and present the Trotter decomposition of the propagator
for a single time step along the lines of Ref. [1].

A. Operator and super-operator norms

In this work, two of the Schatten p-norms [2] are em-
ployed. The oco-norm of an operator O € B(#H) is defined
as its largest singular value and is equal to the operator
norm,

10¥)]]
Ol = |O|| = sup ,
9] = wyen 1Yl

(1)

where |||[¢)]| = +/{(¥]¢) denotes the vector 2-norm. The
oo-norm is the physically relevant norm for observables.
The 1-norm, of an operator O € B(H) is defined as the
sum of its singular values and is equal to the trace norm,

101l = 11Olly, = TrvVOTO. (2)

It is the physically relevant norm for states, i.e., density
matrices [3]. Those operator norms induce corresponding
norms for super-operators T' € B(B(H)). The (00— 00)-
norm is defined as

17Ol
1T =Tl o0 = sUP =z 3)
oeB#) 104
and the (1—1)-norm is
17Ol

HT||1_>1 = (4)

oesm) IOl
In order to switch between the Schriodinger and the

Heisenberg picture, one needs to consider the adjoint 7't
of a super-operator T', defined by

(A,TB)us = (T"A,B)us Va peso), (5)

where (-, -)g denotes the Hilbert-Schmidt inner product
(A, B)g = Tr(A'B). The (1 — 1)-norm is dual to the

(00— 00)-norm in the sense that

[Tl sosoo = sup [[TOf|
0] (=1
= sup sup |(X,TO)ps|

Ol o =111 X1l;=1

= sup sup |<TTX,O>HS|

X1, =110] =1
_ T — ||t
= sw [T =TT, (6)
IXxl,=1
This allows us to relate the appropriate norm of a prop-
agator T in the Heisenberg picture to the norm of the
corresponding propagator Tt in the Schrédinger picture.

For more on properties of the norms, see, for example,
Refs. [2, 4].

B. Properties of the propagators

The derivative of a propagator with respect to its sec-
ond time argument is given by

Oty (s,t) = v (8, t) Ly (B). (7)

properties  Js7v (s, 1) =
id, Eq. (7) follows

Using  the defining
—Ly(s)ty(s,t) and Ty (t,t) =
from the equation

0=0yid = O[rv (L, 8)Tv (s, 1)]
= [0y (L, 8)]Tv (s, t) + Tv (¢, 8)[OsTv (s, t)]

after applying 7y (s,t) to it.
Let us explain why the propagators are norm-
decreasing, i.e.,

IT(s,)O|| < IOl YLELp,s<t O€B(H). (8

The adjoint propagator 71(s,t) (see Sect. A), describes
the time-evolution in the Schrédinger picture, p(t) =
71(s,t)p(s), where p(t) denotes the system state at time
t. First of all, we note that 71(s,t) is a completely posi-
tive, trace-preserving (CPT) map since it can be written
as a product integral [5],

ri(s,t) = lim L (L)AL
Atj—)O :
J
Every factor L1 8)AY g ap exponential of a constant

Liouvillian and is hence CPT. Thus, the finite products
are CPT maps and, since the set of CPT maps is closed,
also the limit 77(s,#) is a CPT map. Then Eq. (8) fol-
lows from the norm duality || T|| = ||T]|co—co = [T ]|1 =1
[Eq. (6)] and || T7|l;—; = 1 for all CPT maps 77. The
latter has, for example, been shown in Ref. [1].
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C. Proof of Theorem 1

With an argument similar to those in Refs. [6-12], we
want to bound the norm of the operator
G(r) = Kx7(r,t)Oy (9)

under the preconditions of Theorem 1. G is the solution
to the final value problem G(t) = Kx Oy,

0rG(r) = =Kx L(r)7(r,t)Oy
= _ﬁA\X(T)G(T) - /C)([,)*((T')T(T, t)Oy,

due to 0s7(s,t) = —L(s)7(s,t), L = Lg + La\x, and
KxLax = La\xKx for all Liouvillians Kx € Lx. As
can be checked by differentiation, a corresponding inte-
gral equation for G(r) is

G(r) = max (1, 1)G(2)
t
+/ dsTp\x (1, 8)Kx Lz (5)7(s,1)Oy.
Using the triangle inequality, the norm-submultiplica-

tivity, and the fact that the propagators are norm-
decreasing, this yields the bound

G < IG@ + IIICxlI/ ds [|Lx(s)7(s,1) Oy ||

<1601+ kx) 3 [ as lexts

zZcX

S t)OyH

(10)
Now a Picard iteration for the related quantity
t
Ox(r) = sup IXT{nD0]| (11)
keLx K|l

can be used to obtain a bound for |G(r)].
Eq. (10) in Eq. (11) gives

Inserting

Cx(r) < Cx(t)+ Y sup [0 (s)] | ds Oz (),
zZcX
Cx(t) < 8(X,Y) Oy, (12)

where 6(X,Y) = 1for XNY # @ and §(X,Y) = 0,
otherwise. The second line follows from KxOy = 0 for
Liouvillians Kx € Lx with X NY = &, and |[KOy| <
[I<|| [|Oy || in general. Starting the Picard iteration for
Cx (r) with Eq. (12) and Z, := X leads to

r)sIIOYIIZ
= > > Y 6ZaY) Hsup 102, (s)]] -

Z1C20 Z2CZ1  ZnCZn-1 i=1 €[

% ¢ with (13)

Now we can exploit that the Liouville terms are of finite
range a and that they induce a finite maximum number
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Figure 1: In the proof of Theorem 1, we need to bound a
sum over all paths of length n starting in X, the support
of Kx, and ending in Y, the support of Oy; see Eq. (13).
A path corresponds to a sequence of local Liouville terms
(£z,) with overlapping supports. In the depicted situation of
a two-dimensional lattice with nearest-neighbor interaction,
path Ci would contribute to the sum for n = 10 and Cs for
n = 5. To simplify the calculation for upper bounds, the sums
are extended to contain all paths starting in Y (if Vol(Y) <
Vol(X); all paths starting from X, otherwise). Hence, in the
bound for n = 5, also paths like C3 are taken into account.

Z = maxz.p, -0 Vol(Z) of nearest neighbors. The sum in
Eq. (13) runs over all paths from X to Y. Depending on
whether Vol(X) or Vol(Y) is larger, the number of such
paths with length n can be bounded by the number of
all length-n paths starting in X or Y, respectively. See
Fig. 1. This gives the simple bound

Cn < Vx,y(Z|€|)”, and thus,
en
Cx(t) < Vxy Oy Z (14)

nD

where 0 == (t —r)Z|{|, D = [d(X,Y)/a], and ZVxy
is the minimum of the numbers of Liouville terms £z,
supported in X and Y, Vx y = min{Vol(X), Vol(Y)}/Z.
We have also used that ¢, = 0 for all n < D, as one
needs at least D Liouville terms of overlapping support
to pass from the subsystem X to subsystem Y, such that
§(Z,,Y) # 0. Using induction, the sum in Eq. (14) can
be bounded by 3707 ) &° < ¢%~P; see Sect. D. Hence,
Theorem 1 follows,

IGO)I| < Vxy IKx ]| |Oy]] et=rZHle=D,

D. Bound on the partial exponential sum

In the following, we prove that
ZZO—N % < emefN

— N~
=:fn(x) =:gn ()

Note first that, for N = 0,

fo(z) = ¢ < e™ = go(x)

V>0, NeNy.  (15)

VIZO'



The functions fy and gy obey the differential equations

Oz fN+1(z) = fn(2),

For all N > 0, the initial values fx(0) = 0 and gn(0) =

N obviously obey fn(0) < gn(0) Vnso. Consequently,
In(z) < gn(x) Voso implies fyy1(2) < gnii(x) Veso.
This proves Eq. (15) inductively.

Ozgn+1(z) = gn(T) Yo N.

E. Bound on a sum of exponentials

In the following, it is shown that
Z n"e™" < 2eD"e P Vk>0,D>2k+1€N. (16)
n=D

Due to the definition I'(a,z) == [ dtt* e
complete Gamma function, one has

of the in-

Z n"e ™ <I'(k+1,D—1). (17)
n=D

The bound

B(a—1)
B-1

I'(a,2) < Bz ‘e VYa>1,B>1,z>
of Natalini and Palumbo [13], reads for the choice B = 2
D(a,2) <227 '™ Va>1,2>2(a—1).

Together with Eq. (17) one obtains

fem™ < 2(D—1)"e Pt Viso psontt

n=D
and hence the acclaimed Eq. (16).
F. Trotter expansion of a propagator

For two times g < t, we derive the Trotter error bound

H 7z(¢, 0)|ly

ZCV

||7_V Q7

< (t—a)?ZVol(V)[¢) e~ 1 (18)

that is employed in the proof of Theorem 3. To this
purpose, let us determine an upper bound for the right-
hand side of

) strpg,t , Jtng,t
|ITL, =TT, < |2, - T2'TY
where T,%’t denotes the propagator for a Liouvillian

K(t) € L, L(t) € L obeys the preconditions of Theo-
rem 3, and £(t) € Lz is a local Liouvillian term with
support Z. We denote the inverse of a propagator T,qc’t
by T Uslng 9, Tq’ = —K(q)TE', o, T = TH'K(),
T,QSTS =T T = id, and applying the fundamental
theorem of calculus twice, one finds

TEy, — TETP = (T, T —id) TR T8
t

:/ ds 05 (TE: T TR ) TR T
)

t

= [ dsTZ7,(L(s) —

/ds/ drT[q:’H

= / ds / dr TS T [(r), L(s)] T, TR T
q

S’qﬁ(s)T;’s)T;’qT‘Z’tTlfI’t

(T L(s)T) )T T T

The time arguments occurring in the integrand are or-
dered according to ¢ < r < s < t. The norm of the
propagators is HT,ét H =1Vs<¢. A bound for the norm of
the inverse propagators can be obtained from their rep-
resentations as time-ordered exponentials [1, 5], yielding
17| < exp(fst dr || K(t)]]) Vs<¢. With those properties,
the triangle inequality, and the norm submultiplicativity,

t s
T8, — TE T S/ ds/ dr |[[e(r), £(s)]]| es— 1
q g

< (t— ) Z|¢| 2o(t=a)le]

This bound and the inequality ||Th7T> — T1T2H <
| Tu|| || T2 — To|| + || T2 — T1||||T2|| can now be used itera-
tively, separating one local propagator quz’t after another.
As Ly is a sum of Vol(V) terms ¢z, Eq. (18) follows.
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Boson-Sampling is a classically computationally hard fmbthat can — in principle — be effi-
ciently solved with quantum linear optical networks. Veegently, a rush of experimental activity has
ignited with the aim of developing such devices as feasiid¢ainces of quantum simulators. Even ap-
proximate Boson-Sampling is believed to be hard with higbbpbility if the unitary describing the
optical network is drawn from the Haar measure. In this woekskiow that in this setup, with proba-
bility exponentially close to one in the number of bosonsspmmetric algorithm can distinguish the
Boson-Sampling distribution from the uniform one from fewlgan exponentially many samples. This
means that the two distributions are operationally indgaiishable without detailed a priori knowledge.
We carefully discuss the prospects of efficiently using Kiedge about the implemented unitary for de-
vising non-symmetric algorithms that could potentiallypirave upon this. We conclude that due to the
very fact that Boson-Sampling is believed to be hard, efftoidassical certification of Boson-Sampling
devices seems to be out of reach.

1 Introduction

Quantum information theory suggests that it should be ptessd design physical devices
performing information processing tasks that cannot besatally efficiently simulated. The
most spectacular example of this type known to date is a-fidlghed Shor-class quantum
computer, able to factorize numbers efficiently, henceisgla practically relevant problem
for which no classical efficient algorithm is known [1]. Néesk to say, the actual physical
realisation of such a device is extraordinarily difficult Bonumber of reasons, the difficulty
of protecting quantum systems from the unwanted effecteoblderence being only one of
them. In the light of this observation, it has become a vergdnant milestone to identify
devices that can solve some problem that seems impossible tealised classically, or —
in the wording of a blog entry [2] — to achieve “quantum supaegi. This is a challenge
equally interesting for experimentalists as well as footigts: On one hand, it surely is still
very difficult to achieve the necessary degree of controlthenother hand, it is a challenge
for complexity theorists and theoretical computer scaatio show that a task at hand is
computationally hard.

A seminal theoretical step in this direction has recentlgrbachieved with the introduction
of theBoson-Sampling problefB]. In this problem, the task is the following: Given as itpu
the unitaryU, the number of modes:, and the number of photons together describing a
quantum linear optical device (see Fig. 1), sample from thiipwt distribution of this device.
Ref. [3] establishes strong reasons to believe that clbsisampling from this distribution
up to a small error in 1-norm is computationally hard withthigrobability if the unitary
U is chosen from the Haar measure ands scaled suitably witm. The hardness proof
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S1 S2 53 S4 S5 S6 St

Figure 1: The Boson-Sampling quantum device receives ag apnitaryl, applies it tom
bosonic modes initialized with exactly one boson in eacheffirstn modes and
the vacuum in the remaining — n modes and outputs the resufts, .. ., s,,) of
local boson number measurements. The Boson-Samplinggmnablto sample from
the output distribution of this device whetgis fixed and chosen in the beginning
from the Haar measure di(m,).

rests on the fact that approximating the probabilities diiidual outcomes of such a device
basically amounts to approximating the permanent of a stuibmat U [10], which, by a
plausible complexity theoretic conjecture, is believed&o# P hard. The main result of
Ref. [3] suggests that a 1-norm approximate efficient atassimulation of Boson-Sampling
would imply a collapse of the polynomial hierarchy to thedHevel (compare also Ref. [4]).
This has triggered a rush of exciting experimental actifse8], aiming at realizing instances
of Boson-Sampling, accompanied by theoretical discussabout what errors one should
expect in such quantum linear optical experiments [9].

In view of all this, a crucial question that arises is how tdifgthat a given experiment does
actually solve the desired sampling problem, and how mapstitions of the experiment, i.e.,
samples from its output distribution, are needed for théfaztion. In contrast to a machine
that is efficiently factoring large numbers and hence sadvpsoblem in NP, i.e., produces an
output that can be checked efficiently on a classical computeefficient certification scheme
for Boson-Sampling is known and it is not clear whether susbreeme can exist.

As a first step towards a better understanding of the diffiafltertifying sampling devices
we consider the task of deciding whether a device outputpksfrom some given interesting
probability distribution, for example the Boson-Sampldigtribution, or the uniform one. We
approach this decision problem in two complementary sgstihat differ in the amount of
information the certifier is allowed to use besides the sasmpltput by the device.

State discrimination (known probability distributions): The certifier works wsrdthe as-
sumption that the sampling device outputs independentiagly distributed samples and
that the output distribution is either of two completely lmodistributions (for example one
of them being the uniform one), i.e., he has access to allrbleghbilities.

Black box setting (unknown probability distribution): The certifier works der the as-
sumption that the sampling device outputs independenticdly distributed samples, but
has no a priori knowledge about the output distribution efpam the sample space.

We show that known bounds on the sample complexity imply thahe first setting a
number of samples scaling polynomially with the number afdyws is sufficient to guarantee
distinguishability of the Boson-Sampling distributiorofn the uniform one. Notably, this
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does not imply that polynomially many samples are suffictertertify that a given device
samples from the correct distribution, even if unlimitednputational power and full a priori
knowledge abouitn, n, andU implemented by the supposed device are assumed. The reason
for this is simply that being able to decide which of two givdistributions a device samples
from under the promise that it does indeed sample from edfire two, does not necessarily
imply that one is also able to exclude that the device sanfpesany distribution outside of

a small region around the target distribution from the saomaler of samples.

The complexity theoretic conjecture under which Boson-§larg is a hard sampling prob-
lem, namely that it is expected to BeP hard to approximate the permanent, implies that
approximating the probabilities of the individual outpofsa Boson-Sampling device is also
computationally hard. A classical certifier with limitedmputational power will hence have
only very limited knowledge about the ideal output disttibo of a supposed Boson-Sampling
device. The state discrimination scenario is thus far frealistically capturing the challenge
of classically efficiently certifying a real Boson-Sampgjidevice in the laboratory.

The realistic situation much more closely resembles thekibmx setting (we will discuss
this in more detail in Section 3). In this setting the certifias no a priori knowledge about
the output distribution. It is hence reasonable to demaatith decision should only depend
on how frequent the outcomes appear. That is to say, knowattyng about the probability
distribution, the labels of the collected samples don’tmaything to the certifier, hence they
should not influence his decision.

We formalize this in the notion afymmetric probabilistic decision algorithraad show that
such algorithms can give meaningful outputs only if theyeree sufficiently many samples.
This is true not only for the task of distinguishing somerdisttion from the uniform one, but
also in more general settings involving multiple sampliryides. The number of samples
necessarily depends on hdat the distribution(s) are. We call a probability distributiover
a finite samples spaceflat if the probability of the most likely outcome is upper bouddby
e or, equivalently, if its min entropy is larger thdwg,, 1/e. More precisely, we show that the
output distribution of any symmetric probabilistic algbrm receiving at mos©O((1/¢)'/4)
samples from each a¥ sampling devices is with probability — O(N?2,/¢) independent of
the distributions of the sampling devices if the distribus are:-flat (Theorem 8).

We then show that the Boson-Sampling distribution is, feritiieresting parameter regions
and if U is chosen from the Haar measure, with overwhelmingly higibability exponen-
tially flat (Theorem 12). Together, our findings imply thattive black box setting distin-
guishing the Boson-Sampling distribution from the unifasne requires exponentially many
samples.

We emphasize that our analysis applies to the ideal situatithout any experimental im-
perfections. It is important to mention that our resultsaaming the flatness, just like the
hardness proof of Ref. [3], is probabilistic, in the sensdalling with an extremely high
probability if the unitary describing the optical circustiandomly chosen from the Haar mea-
sure and ifn andm are sufficiently large. To end up with, we identify a classmaperfect
linear optical experimental situations for which one cassically efficiently sample from the
output distribution even up to a constant small error in tAmo

The rest of this work is organized as follows. First, in Satt2 we introduce the notation
and recapitulate the setting considered in the Boson-Sagyploblem. Next, in Section 3 we
connectthe problem of certifying a sampling devices withdbkcision problem of distinguish-
ing its output distribution from the uniform distributioaxplain the state discrimination and
the black box setting in more detail, give upper and lowermatson the sample complexity of
this task and discuss what they mean for the original questi@ertifying Boson-Sampling.
Section 4 and 5 contain our technical results concerningdneple complexity in the state
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discrimination and black box setting respectively. In &8t we show that, with very high
probability, the Boson-Sampling distribution is exponelty flat (Theorem 12). Finally, in
Section 7 we identify a class of sampling experiments thag,td experimental imperfections,
are classically efficiently simulatable in 1-norm.

2 Setting and notation

We use the Landau symbdisand(2 for asymptotic upper and lower bounds. Moreover, we
employ the short hand notatidf := {1,...,5} for j € Z*. The 1-norm ando-norm on
(probability) vectors are denoted By ||; and|| - || co-

We consider the output probability distributiéh; of theBoson-Sampling deviagith n >
1 bosons inm € poly(n) modes, given by [3, 10]

| Perm(Us)|?
Pr[S] = ].nSDUSQ:m77 1)
EriS] =1 {1l o) 19) * = Sy
with S € @, ,, being the output sequence of the Boson-Sampling devicesvher
Dy = {(31,...,sm):Zsj:n} (2
j=1

is the sample space. The state ve¢fris the Fock space vector correspondingstd1,,)
the initial state vector of the Boson-Sampling device with:= (1,...,1,0,...,0), ¢(U)
the Fock space (metaplectic) representation of the impiadeunitary. The unitary matrix
U € U(m) is the corresponding unitary in mode space, transformirgove of bosonic
operators. In turnl/g € C™*" is the matrix constructed frorf by discarding all but the
first n columns ofU and then, for all € [m], takings; copies of thej™" row of that matrix
(deviating from the notation of Ref. [3]). The perman@ntm is defined similarly to how the
determinant can be defined via the Leibniz formula, but withibe alternating sign.

We refer taDy as theBoson-Sampling distributiorTheBoson-Sampling probleis: given
as input to the algorithm, m, andU, sample exactly or approximately from,. We will
also consider thpost-selected Boson-Sampling distributiBf) which is obtained fronDy;
by discarding all output sequencgsvith more than one boson per mode, i.e.,.SWhich are
not in the set otollision-freesequences

S {SG@m,n;vseS;se{og}}. 3)

For the relevant scalings of. with n the post-selection can be done efficiently in the sense
that on average at least a constant fraction of the outcomeesees is collision-free (Theo-
rem 13.4 in Ref. [3]).

The main result of Ref. [3] is that under reasonable complekieoretic conjectures, 1-
norm approximate Boson-Sampling, i.e., sampling from aribistion that is close to the
Boson-Sampling distributio®;; in 1-norm, is computationally hard, with high probabil-
ity if the unitary U is chosen from the Haar measyig, which we denote by/ ~ upy,
andm increases sufficiently fast with. In fact, the hardness result of approximate Boson-
Sampling requires thatr € Q(n%), but it is conjectured that: growing faster tham? is
sufficient. Importantly, the proof of this result considerdy collision-free output sequences,
so in fact approximately sampling fro®;; is already hard and the hardness argument for
Boson-Sampling only uses the structure of the distribufignon @7, ..



3 Boson-Sampling in the context of sample complexity

We will repeatedly use that the size

Bpn| = (m—l—n—l) @

n

of the sample space of Boson-Sampling, which grows fasser ¢éixponentially with, fulfills
the following bound: Letn < ¢n” for somerv > 1 andc > 0, then

<em(en’ '4+1-1/n)" < (2(c+1)e)"n=Dm, ©

3 Boson-Sampling in the context of sample complexity

Our aim is to understand if and how an experimental impleatént of Boson-Sampling can
be certified to sample from the correct distribution. In jgatar, we address the question of
whether a certification can be achieved from the samplesubbipthe device only. This is
natural because Boson-Sampling is an abstract sampliridepnowith a classical input (the
number of bosons, the number of modes: the unitary matrixUU) and a classical output
(samples fromb,, ,,). The sampling problem as such is independent of the péatiphysical
implementation. We call all information about a claimed 8osSampling device that is in
principle available to the certifier in addition to the saega priori knowledge

The problem of certifying a device can be formalized as agi@ciproblem. Whether a
decision can be reached can be expressed as a statemerntha&bexistence or non existence
of an algorithm which, possibly using parts or all of the apgrknowledge, and given a set of
samples, accepts (device certified) in the “good” situatiith probability at leas2/3 and in
the bad instances rejects (device not certified) with pridibabt least2/3. The probabilities
to erroneously reject in a “good” instance (accept in a “bedtance) are called errors of
the first (second) kind. If such an algorithm exists we sayeitides the problem, if no such
algorithm exists we say that the problem can not be decidkd.sampling problem has a
natural problem size, like the number of bosaria the case of Boson-Sampling, it is natural
to consider the scaling of the number of samples needed kath tleciding algorithm exists
as a function of this problem size. The order of the numbeaofdes needed by an algorithm
is called itssample complexityThe sample complexity of a decision problem in turn is the
minimal sample complexity of any algorithm that decides pneblem. The choice of the
value2/3 for the accept/reject probabilities is purely conventioday other constant finite
bias in the accept/reject probabilities can be amplifiecitaes arbitrarily close to one without
changing the sample complexity.

The main hardness result of Ref. [3] covers all distribugitimat are 1-norm close to the
ideal Boson-Sampling distribution. Hence, an algorithit ttertifies a Boson-Sampling de-
vice must necessarily reject with probability at leas? whenever the device samples from a
distribution further away than some small constant distancl-norm and it is desirable that
it accepts with probability at leagy/3 if the device samples from the ideal Boson-Sampling
distribution. Such an algorithm must hence at least be abfietide whether a given device
samples from the ideal Boson-Sampling distribution or thiéoum distribution over the same
sample space.

In the state discrimination setting, the sample compleaftyhis task is of ordeO(n?)
(Theorem 3), but it is certainly not realistic to assume thatcertifier asked to decide this
question has full knowledge of the ideal Boson-Samplingdrithstion. After all, it is the
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very point of Boson-Sampling that approximating the pralités of individual outcomes is
a computationally hard problem. It is therefore importarinvvestigate the sample complexity
of this task under more reasonable restrictions on the aifnowledge and computational
power of the certifier.

Colloquially speaking, our results on this problem, which formally stated below, give
rise to a rather ironic situation: Instead of building a dewthat implements Boson-Sampling,
for example by means of a quantum optical experiment, on&léostead simply program a
classical computer to efficiently sample from the uniformstabution over®;, ., and claim
that the device samples from the post-selected Boson-$aynglilstributionD;; for some
U. If one choose$/ from the Haar measure the chances of being caught cheatiugries
significantly large only after one was asked for exponelgtiabny samples. This implies that
the findings of any experimental realisation of Boson-Samgphave to be interpreted with
great care, as far as the notion “quantum supremacy” is coade

To be precise, our main result is a lower bound on the sampiglExity of distinguishing
the post selected Boson-Sampling distribution from thdaumi one for symmetric proba-
bilistic algorithms. We will give a precise definition of symetric probabilistic algorithms in
Section 5 (Definition 5), but essentially a probabilisticideon algorithm is called symmetric
if its output distribution is invariant under relabelingetblements of the sample space.

Theorem 1 (Distinguishing the post selected Boson-Sampling distidm from the uniform
one) If U ~ g, i.e., U is drawn from the Haar measure, and € Q(n”) with v > 2,
then with probability supra-exponentially smallimo symmetric probabilistic algorithm can
distinguish the post-selected Boson-Sampling distidiouf?;; from the uniform distribution
on®; . from fewer tharf2(e"/?) many samples.

Proof. The theorem is an immediate corollary of our Theorems 8 and 13 O

Notice that the hardness results of Ref. [3] requiresthat 5, andv > 2 is known to be
necessary for the proof strategy used there to work, so eorém fully covers the interesting
parameter range.

Without any a priori knowledge about the distribution thiedks of the elements of the sam-
ple space have no meaning to the certifier. Thus, in the blaxlsetting any decision reached
following a non-symmetric algorithm seems arbitrary andras qualify as a conclusion, but
at the same time, as Theorem 1 shows, symmetric algorithenssaentially useless to distin-
guish the post selected Boson-Sampling distribution flieenuniform one.

We now argue that the above theorem is relevant for the pmobfeertifying a real Boson-
sampling device. Importantly, in a realistic situation teetifier knows the specific unitaty
implemented by the supposed Boson-Sampling device. In gamtieular cases, for example,
whenU is such that it has some special structure, e.g., such tha satcomes are particu-
larly likely to occur or some have probability zero [11, 1®]is knowledge could be used to
construct a non-symmetric decision algorithm, thus opgenip the possibility to drastically
reduce the sample complexity. However, this seems veryaugible in the interesting in-
stances, i.e., the ones that are covered by the hardnedsgmexsely due to the fact that it is
believed to be# P hard to approximate the probabilities of individual out@sfiorU ~ .

We can make a similar statement about the full Boson-Samgistribution:

Theorem 2 (Distinguishing the Boson-Sampling distribution from t@form one) If U ~
pwg andm € Q(n”) with v > 3, then with probability supra-exponentially small inno
symmetric probabilistic algorithm can distinguish the BosSampling distributiorDy; from
the uniform distribution ove®,,, ,, from fewer tharf2(e"/2) many samples.

Proof. The theorem is an immediate corollary of Theorem 8 and 12. O



4 Upper bounds on the sample complexity in the state disgdtitin setting

As said earlier, Ref. [3] requires that> 5, however, it is believed that growing faster
than quadratically withe is sufficient for hardness, which leaves open a parametgeraat
covered by Theorem 2. At the same time we have good reasomdi¢wddthat this is merely
a technicality and that > 2 is already sufficient for the statements of Theorem 2 to biel val
(see the discussion in Section 6 and Theorem 13).

In the latter case of the full Boson-Sampling distributibp the restriction to symmetric
algorithms is arguably less natural, mainly because it mamthat bosons tend faunchor
cluster[11-13]. That is, output sequences, ..., s,) € ®,, , wWith “collisions”, i.e., ones
in which at least ons; is larger than one are, on average oer .z, more likely than in
the uniform distribution ove®,,, ,, (although not dramatically more likely, see Theorem 13.4
in Ref. [3]). This could potentially be used to distinguiste tBoson-sampling distribution
from the uniform one by a non-symmetric algorithm. We archa this does not qualify as
a certification of a provably hard task. This is because tloefoof Ref. [3] only considers
the distribution on the Boson-Sampling distribution on ¢tbéision-free secto®;, . Hence,
checking that the output distribution shows the correctchimg cannot help to corroborate
that the output distribution is covered by the hardnessfybRef. [3].

This is related to another subtlety that is important to ectty understand the meaning of
our results. The hardness result of Ref. [3] covers all ithistions that are at most a small
distance away in 1-norm from the ideal Boson-Sampling ithistion. Hence, a device that
certifies that a black box samples from a distribution thabigered by the hardness results of
Ref. [3] does not necessarily need to accept with probglatiteast2/3 on the ideal Boson-
Sampling distribution, it is in principle sufficient if it @ so on some distribution inside this
1-norm ball. The 1-norm ball includes distributions that aot exponentially flat and which
can be distinguished from the uniform distribution fromypamially large number of samples
using a symmetric algorithm [14]. Symmetric certificatidgaithms with polynomial sample
complexity for these distributions thus cannot be excluoedur results.

There is a further subtlety: Consider a device that with pbility 1 — ¢ outputs a sample
from an ideal Boson-Sampling device and with probabiityutputs a specific sample that
encodes the solution to an NP-complete problem. The outsunifaition of this device would
bee close to the Boson-Sampling distribution in 1-norm. At taeng time, it can be certified
from O(1/¢) many samples, using a simple but non-symmetric algorithat, the device is
implementing a hard sampling problem by simply identifyihg special outcome and check-
ing that it is indeed a solution to the NP-complete problemerithough this distribution is
covered by the hardness results of Ref. [3], one would haathat its (certifiable) hardness
is a consequence of the hardness of Boson-Sampling.

One might also consider the following alternative certifima scenario. Assume one al-
ready has a certified Boson-Sampling device, then one coutd tertify another device by
comparing the samples they output. Again, our technicalltgsTheorem 8 and 12, imply
that with high probability this cannot be done using a symimetigorithm and less than ex-
ponentially many samples.

Finally, it is important to note that our findings do not cadlict the results of Ref. [3].

4 Upper bounds on the sample complexity in the state discrimi nation setting

In the state discrimination setting the certifier has thevpse that the given sampling device
samples from one of two known distributiofsor Q. In particular he has knowledge of the
sample space and all the probabilities that each of the twdidate distributions assign to
the elements of this space. The certifier’s aim is to minintiiee probability of wrongfully

answering@ if the true distribution isP (error of the first kind) and that of wrongfully an-
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sweringP if the true distribution isQ (error of the second kind). This minimization can be
done in various different ways. For example one can minirthiegweighted) sum of the two
probabilities, or minimize one while the other is kept camstor suppressed exponentially
in the number of samples with a predefined rate. The asynafietiavior of the number of
samples needed in these situations has been extensiveilgdsin both the classical [15, 16]
and quantum setting [17-20], in which the probability disttions are replaced by quantum
states. See also the introduction of Ref. [21] for a shoiiereand [22] for further references.

Only recently, in Ref. [21], bounds on the error probalahtifor finite sample sizes were
derived. They hold in both the classical and the quanturmgetbut here we will only need
the classical versions. They imply that in the state disgration setting the Boson-Sampling
distribution can be distinguished from the uniform digtibn from a polynomial number of
samples:

Theorem 3 (Lower bound on the sample complexity of distinguishing Buson-Sampling
distribution from the uniform one in the state discrimioatsetting) Lete > 0 andm < ¢n”
for somec > 0,v > 1. Then for anyy > 0 there exists a constadt > 0, such that for and
any instance of Boson-Sampling withbosons inn modes, whose distribution is at leadar
from the uniform distribution in 1-norm, there is an algdwit that distinguishes the former
from the latter fromC n2+Y many samples.

Note that the above theorem covers all instances of Bosamplgag that can potentially be
hard to sample from approximately in 1-norm.

Proof. For0 < ¢ # 1 and two probability distributions over a finite sample sp&age define
thet-Rényi relative entropyf P given Q
1 .
— In Z Pr[S]* Pr[S]'~ if supp(P) C supp(Q)
_)t—1 P Q
Si(P[|Q) = Sesupp(P)Nsupp(Q) ) (7)
00 otherwise

wheresupp(P) = {S € @ : Prp[S] # 0} and we sein0 = —co. As P is normalized the
limit t — 1 exists [21] and5(P||Q) = lim;—,1 S (P||Q) is calledrelative entropyof P given
Q.
Let 3, be the optimal achievable error of the second kind in the stigcrimination setting
after receiving samples when the error of the first kind is upper bounded.biheorem 3.3
in Ref. [21] implies that for all, o« > 0

1 1 2In2
“nfra < —S(P|Q) + —=4v2In(a~ ) Iny — 2, 8)
7k Vi I
where
n=1+ 653/2(7’HQ)/2 + 6—51/2(’PHQ)/2. (9)
Since
N < 24 e52(PIQ)/2 < (Saa(PIQ)/2+In3 (10)
this implies
1 L Vo ln(a-!
7 Ing o <-=S(P|Q)+ 724 2In(a™") (S3/2(P[|Q)/2 + In3). (12)
8



5 Sample complexity in the black box setting
Theorem 1.15 in Ref. [23] implies the first of the followingenualities

S(PIQ) > 1P — QI > 2, (12)

N | =

the second is implied by the assumptions of the Theorem. ®ereif Q is the uniform
distribution overd, then

Ss/2(P||Q) < S2(P(|Q) = In(|®| ) Pr(S)%) < In|@]. (13)

Sed

Hence, ford = ¢, , and ifm < c¢n” we have by Eq. (6)
S3/2(P||Q) <nln(2(c+1)e) +n (v —1)In(n). (14)

This implies that fore = 1/3, P the Boson-Sampling distribution withh < ¢n”, andQ
the uniform distribution ove®,, ,,, a number of sampldsscaling likel € Q(n?*7), for any
v > 0, is sufficient to make the right hand side of Eq. (11) negativel therebys; ; ;5 < 1/3
for sufficiently largen. O

5 Sample complexity in the black box setting

In this section we give lower bounds on the sample compleitgecision problems in the
black box setting. Apart from the scenario relevant for tedification of Boson-Sampling,
in which the certifier is given a black box and is asked to dgiish the two cases where it
samples from the Boson-Sampling distribution or the umifone, we will also cover scenar-
ios where the certifier is given two or more black boxes andked to decide whether they
sample from the same or form different probability disttibos (see also Ref. [14]).

The lower bounds are ultimately a consequence of a varidheddirthday paradox fa«flat
probability distributions. We call a probability distrithan 7 over a finite sample spaedflat
if |P|loo < €, i.e., all probabilities are smaller thanor equivalently if? has min entropy
Ho > —logye.

Lemma 4 (Non-uniform non-identically distributed birthday paced. The probabilityp(l, ||, €)
that [ samples drawn independently from not necessarily identiiat distributions over a
finite sample space are all different fulfills

VI<14+1/(26): p(l,|®[,e) >27" ¢ (15)

Proof. The probabilityp(l, |®|, €) that all samples are different is bounded by

-1
p(l,|®@],¢) > | | (1 — je). (16)
j=1

If1/2<1—-¢€(l—1)<1,wehave

Vie[l—1]: 1—je>27%c (17)
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5 Sample complexity in the black box setting

This implies that for sufficiently large

l
p(l, |®],€) >

=)

1 -1
(1—je)>][2 % (18)
J j=1
-

N

Siide _ 9—t(-1)e > 2—126' (19)

O

Now, we consider the situation of black boxes that sample each from onéoprobability
distributions (P))_, over the same finite sample spae Forj € [N] andl € ZT,

let SO = (8., 59y e & be sequences of samples of lengtfrom each of the
distributions respectively. We will keep the discussiorthis chapter general but will later
mostly be interested in the cade= 1.

The certifier works under the assumption that the samplingcdeoutputs independent
identically distributed samples. Hence, the order of thepas in each sequence should not
influence the certifier's decision. Moreover, in the black lsetting the certifier is assumed
to have no a priori knowledge about the distribution. If irdaihn the decision problem of
the certifier is invariant under a relabeling of the samplacsp its decision should be inde-
pendent of which element of the sample space is assignediwdbel. If this is not the case
it cannot qualify as a conclusion reached based on the samplerefore, for tasks such as
deciding whether a given black box is sampling from the umifalistribution or not, or de-
ciding whether a number of black boxes sample from the sarfremrdifferent distributions
the certifier should follow aymmetric probabilistic algorithm

Definition 5 (Symmetric probabilistic algorithm)An algorithm that takes as input for each
j € [N] a sequence of sampl&s’) c @' and probabilistically outputs either “accept” or
“reject” is called a symmetric probabilistic algorithrif its output distribution is invariant
under permuting the samples in each sequences

vieN: (ST 8 = (SULL ST, e Sym([l)), (20)
and relabeling of the sample spadei.e., the action oBym(®) on all S¥) simultaneously

Vj e [N]: (9,89 s (k(SY), . k(SD))), k€ Sym(®). (21)

Following Ref. [14] we define thingerprint tensoiC ((SW)A ) € N(HDxx(+1) of the
sequences of samples, such that forkall. .., ky € {0,1,...,1}, Ck,.._ky 1S the number
of elements ind that for allj € [N] appear exactly; times in thej-th sequence of samples

SW. Obviouslyy; o Ch,..kw = |®]. For N = 1 this construction results in the
fingerprint vector

Cry ={8"€®:|{SeSV:85=25% =k} (22)
and forN = 2 the result is the fingerprint matrix

Chy ky = {S" € @ :|{SH € SW : W = g1 | = |,

23
and|{S® e §@ . 52 = §'}| = ky}|. (23)

For example, if® = [6], SV = (1,5,1,1,2) andS® = (2,6,1,4,6), then the fingerprint

10



5 Sample complexity in the black box setting

matrix is given by

111000
110 0 00
00 0 O0O0°TO
¢= 010 00O (24)
000 0O0TO
000 O0O0O0

The fingerprint tensor encodes all the information continghe samples that is invariant
under permuting the labels of the sample space or reordérengamples in each sequence.
That is, the sequences of samples can be reconstructedyefxant the fingerprint up to a
permutation of the samples in each sequence and a globla¢lielg of the sample space [14].
This proves:

Lemma 6 (Symmetric algorithms and the fingerprint (see also Ref])]14~or every sym-
metric probabilistic algorithmA there is exists an algorithmal’ which has the same output
distribution asA, but takes as input the fingerprint of the sequences of sanple

Denote byDc((P<j>)§V:1, 1) the probability distribution on fingerprint tensors indddgy

drawingl samples from eacR(?), and then constructing the corresponding fingerprint tenso
and when we write” ~ D¢ ((PY)IL,,1) we meanC' drawn fromDe ((PU)I, 1), For
each|®|, N, and! there is a uniquéivial fingerprint tensorC' that characterizes the situation
where no sample appears more than onceNFex 1 this is the vector

C = (|®|—1,1,0,...,0) € N+, (25)

and forN = 2 it is the matrix

(-2 1 0 --- 0
l 00 --- 0

C = 0 0 0 -+ 0] gNUFDxU+1), (26)
0 00 ... 0

Due to the birthday paradox, fingerprint tensors constcufriem few samples are trivial
with high probability.

Lemma 7 (Fingerprint tensors from few sampledlet N € Z* and (P<j>)§V=1 be e-flat

probability distributions over a finite sample spage If I € O((1/¢)'/*) many samples are
drawn from each?/) then

Pr [C # C) € O(N?Ve). (27)
C~De (PO, 1)

Proof. Leta > 0 andl < a(1/¢)'/* and denote for each € [N] by SU) the sequence of
1 samples drawn fror®?). Since all theP7) aree-flat probability distributions oved we
have

N
Pr 35" € ®: Y {Se8V 8 =28 >1| =pNL|2e), (28)

N
CnDe((PYY, ) =

11
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6 The Boson-Sampling distribution is flat

with p as in Lemma 4. For sufficiently smallLemma 4 yields

BN, |®,¢) < 2 (Na)'ve (29)
and } ,
Pr [C#C)<1—2"WaVe < (Na)? e (30)
C~De (PN, 1)
O

Similar results can be obtained for all scalirigs O((1/€)*) with o < 1/2, buta = 1/4
is good enough for our purposes and yields the particulariple result stated above.

Theorem 8(Symmetric algorithms aneéHflat distributions) For every symmetric probabilis-
tic algorithm there exists a trivial output distribution guthat the output distribution of the
algorithm after receiving at mosd((1/¢)*/*) many samples from each of black boxes

sampling frome-flat distributions is with probability — O(N?2,/¢) equal to the trivial output

distribution and hence, in particular, does not depend otictvi-flat distributions were used
to generate the samples.

Proof. By Lemma 6 any symmetric probabilistic algorithm is equévdlto an algorithm that
only receives the fingerprint of the samples as input. Ifrglut distributions are-flat, then

by Lemma 7, if at mosO((1/¢)'/*) samples are drawn from each distribution, the proba-
bility that their fingerprint is non-trivial is of orde®(N?2,/¢). The result follows and the
trivial output distribution is the output distribution gesponding to samples with the trivial
fingerprint. O

By strengthening Lemma 7, as pointed out after its proofsaltsimilar to Theorem 8 can
be obtained for the number of samples scaling (iK¢1/¢)*) for all o« < 1/2.

6 The Boson-Sampling distribution is flat

In this section we show that the Boson-Sampling distributsoextremely flat with high prob-
ability. The strategy is as follows: First we relate the @bitity measure induced on the
matricesUs described in Section 2 to a Gaussian meagyfg,). Then we use measure
concentration fop () to provee-flatness.

A crucial step in the proof of the main result of Ref. [3] is twosv that if m is sufficiently
large compared ta andU ~ pg, i.e., U is chosen from the Haar measurg on U(m),
then, for any fixeds € @;, ,,, the measure o@"*" induced by the maps = (U + Us) is
close to 1/ /m)» Whereug (o) is the measure obtained by choosing the real and imaginary
part of every entry of am x n matrix independently from a Gaussian distribution with mea

zero and standard deviation

Lemma 9 (Theorem 5.2 in Ref. [3]) Let f : C"*™ — [0, 1] be measurable and > 0 with
the property thain > (n°/8)1n?(n/d). Then
VS € o

m,n *

JE fUs)S1+00) B f(X), (31)
~pH Xevtaa ) vm)

It is known thatm > c¢n” with v > 2 and0 < ¢ € O(1) is necessary for closeness of
JLH © ggl andug ) m)- As this is a crucial ingredient to the proof of hardness of. {34,
we will from now on assume that > c¢n” with v > 2 and0 < ¢ € O(1).

12



6 The Boson-Sampling distribution is flat

Lemma 9 is not strong enough for our purpose, as we must beabtatrol all of®,,, ,,
and not only the collision-free subspace. Fortunatelyaih@ve lemma extends naturally to
all S € ¢,,,, but first we need some notation: For every sequefdet S be the sequence
obtained fromS by removing all the zeros, i.e,

S=(51,...,85) =(s€85:5>0). (32)

Let (o) e the probability measure @' *" obtained by drawing the real and imaginary

part of every entry of $§| x n matrix independently from a Gaussian distribution with mea
zero and standard deviatienand then for allj € [|S|] taking 3, copies of thej™ row of this
matrix.

Lemma 10 (Multiplicative error bound) Let f : C"*™ — [0, 1] be measurable and > 0
with the property thatn > (n°/5) In*(n/4). Then for allS € ®,, ,,

E f(Us) < (1+0()) E f(X). (33)

U~pn Xvpgg (1) vm)

Proof. LetS € @, . S asin Eq. (32) and’ = |S|. Definev to be the sequence containing
§; times the integey for everyj € [m’] in increasing order and the sequence containing
the positions of each of the first of the repeated rowS4dni.e.,

vi=(1,...,1,2,...,2,....m/,...,m') € (Z")", (34)

m’'—1

wi= (L1435, 145 +5,...,1+ Y §)e@H)m. (35)
j=1

The sequence defines a linear embeddimg C™ *™ — C"*™ component wise by
7](Y)i7j = Yvi,j V’L,j c [n], (36)

i.e,, n(Y) hass; copies of thej-th row of Y. The sequence defines a linear projection
N 2N Cm’xn by

T(X)ij = Xuw,; Vie[m], jen], (37)

in particular,m(Us) contains only the first out of each series of the repeated imWs. Note
thaty o : C**™ — C™*" is a projection onto the subspace of matrices that have the sa
repetition structure aSg. Let

fs = fonom, (38)

thenfs(Us) = f(Us) only depends on the first of the repeated rowSinand is independent
of all the other rows. Since the Haar measure is permutatizeriant,

E fs(Us) = UEH fs(U1,). (39)

U~pa

13
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6 The Boson-Sampling distribution is flat

Hence, Lemma 9 yields the inequality in the calculation

LE flUs)=_E fs(Ui,) (40)
~UH U~pna
< (14 0(9)) Xwﬂgl/\/m) fs(X) (41)
= (1+0(9)) E f(X), (42)

XevpG g1/ vm)

which finishes the proof.
([l

In addition to the multiplicative error bound we need a coricgtion result for the Gaussian
measurgiq (o)-

Lemma 11 (Concentration of the Gaussian measufg, (). For all n,m € Z*, all S €
¢, »andall§ >0

=)
Pr max |z | > <1—(1-Erfc|—=— . 43
eBr o 2 €] <1- (1-me( @

Proof. For Gaussian random variables we have

. § )
VéE >0, 5,k € : P k| > €] = Erfe [ —— 44
€>0.gkells  Pr (el 2 =B (o (a4)
where )
Erfc <L> — 2/00 L7 (45)
V2o ¢ V2mwo?

is the complementary error function. This implies that

VE>0: X~E£(a> Vi, ken]: |z <& = (1 — Erfc <%)> . (46)

Itis also true that

VS €Dy pn,&>0: Pr Vi, ke n]: |z <&
~HGg (o) (47)
> Pr [Viken]: |l <€,
X~pG(o)

because the additional dependency of the entries ef 1. () only decreases the chance of
having an exceptionally large entry. O

Theorem 12(Flatness of the Boson-Sampling distributiobet > 3. Then for everyn €
Q(n")

“In (UPr [35 € B Prs] > e_2"]> €0 (n”_Q_l/"> . (48)

~HH

Proof. Using the union bound (also known as Boole’s inequality) weam that for every

14



6 The Boson-Sampling distribution is flat

e>0

Pr [EIS €d,,,: Pr[s] > e] (49)
UN,U,H DU

< P Pr[S] > 50
<|®pmp| max Pr [Pr [S] > e} (51)

S€®m,n U~pm |Du
P 2
=|®,, n|] max Pr M > el . (52)
? S€EPm,n U~pg Hj:l(sj!)

Applying Lemma 10 for thes' that yields the maximum with = n and the indicator function

1 if | Perm(Us)|? > ¢

f(Us) = { [1521(s5Y) (53)

0 otherwise

yields

Pr |3S€®,,,,: Pr[S] > e}
n Lk

U~pm
(54)

< (1+0(n))|®m,n| max Pr
S€@m n XvpiG g (17 m)

| Perm(X)|? .
TG -~ ] |

Recall that the permaneBtrm(X) of a matrixX = (z, ;) € C**™ is defined as
Perm(X):= > []=z-0) (55)
reSym([n]) j=1
whereSym([n]) is the symmetric group acting dn]. This implies that

| Perm(X)|?
[T52:(s5Y)
Hence, for everys € &,, ,, and every > 0
P X 2 1/n
Pr W >e| < Pr max_|z; x| > <£> . (57
Xvbag/vm) Hj:l (s51) Xvpggayvmy |5:.k€n] n!

Now we use Lemma 11 with

2n
< | Perm(X)|* < (n!)? <Inax} |xj,k|) . (56)

j,kE€[n

6= (i) " (58)

n!

15
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6 The Boson-Sampling distribution is flat
and Eq. (6) to arrive at

Pr |3S€ ®,,, : Pr[s] > €:|
Du

U~pn -

” n’ (59)
B cet/nn?
< (1+0(n)) (2(c+ 1)) D | 1 (1 e W> '

Bounding the complementary error function by [24]

2

Erfc(z) <e ™, (60)

we obtain
2 2 n2 n 'I’L2
1= Be)” <1- (1-e ) ==Y (V) e e
0

n n2 ) 5
- ()e“”’“(—U’“‘ls (n%e/k)F e (62)

k=1 k=1
n2
=) (n? e*w2+1)k. (63)
k=1
If = is sufficiently large such that
2 —x?41 1
n-e < 3 <1, (64)

the geometric series converges and

2

3

2 —z2+1
2 —z?+1\k n-e
1(n € ) S 1 _ 'I’L267I2+1 (65)

>
Il

< 2nZe Tl (66)

Hence, for the bound (59) to become meaningful it is suffidieat the argument of the square
root in the error function grows slightly faster than linegith n. Because of the bound
n! < el="n"t1/2 (g variant of Stirling’s approximation) we have for the amgnt of the
square root in Eq. (59)

61/77,7,11/ c 61/"

c e/rpy c
9 e2/n—2p2+1/n ~ 9 g2/n—2

¢ >
2 (nl)2/n —

nl/—2—1/n7 (67)

and with the convenient choiee= e 2" it follows that for allv > 3

Pr |3S5€®,,,:Pr[S]>e 2"
U~£H|: o Di[]_e

€0 (n3 (2(c+1)e)" n D exp(—ce™ 2/ n”*zfl/"/2)> .

(68)
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6 The Boson-Sampling distribution is flat

The above proof of Theorem 12 yields the result only:ifas 3. This is a consequence of
then! prefactor introduced in the extremely crude bound on thenpeent used in Eq. (56).

In fact, it is known that [3]

E  [|Perm(X)[*] =2"n!m™", (69)
Xeopg/vm)

so it seems likely that, the inequality in Eq. (56) can beaept by an inequality that is

fulfilled with high probability and has &'n! prefactor instead of the!.
For all S'in the collision-free subspack;, ,, we can show the improved bound:

Theorem 13(Flatness of the Boson-Sampling distribution on the doltisfree subspace) et
v > 1. Then for everyt > ¢ > 0 andm € Q(n")

~ln ( Pr [35 € B Brls) 2 eD € O((v—1)nlnn) — 2In(1/e), (70)

U~pn

and in particular

U~pn

—1In ( Pr {35 €y, DPr [S] > n”/Q}) €O((v—2)nlan). (71)

Proof. Itis known that [3, 25]

E [| Perm(X)|Y] = 22" (n))? (n + 1) m™2". (72)
X~pna/vm)

Hence, by using Markov’s inequality for the positive randeaniable| Perm(X)|* with m =
cn” we find that for every > 0

Pr  [|[Perm(X)]> > ¢ < 22" (n))? (n 4 1) c 2" n =27 e 2 (73)
Xvbeayvm)

Using again the bound! < e!~" n™*+1/2 this implies

Pr [[Perm(X)|? > ¢] < n(n+1)22ne2 2 2np2-1n =2 (74)
Xr~na/vm)

Hence, by Eq. (6)
[ 2
@ SInax Pr [M > 6]

€05, X~ha g/ vm) HT:1 (si!) —

<(2(c+1)e)"n(n+1)22ne? 2n e 2npli-rin =2,

(75)

Inserting this into Eqg. (54) and taking the logarithm yiettle first bound, the choice =
n~"/2 the second bound. O

A derivation of a similar bound for al§ € @,,, ,, would prove the statement of Theorem 12
under a weaker condition an We conjecture that the statement of Theorem 12 is true for al

v > 2.
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7 Efficiently simulatable instances in 1-norm

In this section we finally ask the question in what settings cen expect an efficient classical
simulation to be feasible even up to a small error in 1-norrfterAall, any experiment will
not realise the precise ideal Boson-Sampling setting,rsiead an imperfect approximation
thereof. This may provide room for the efficient classicaidiation of the output distribution
actually obtained. Subsequently, we will identify a settod this kind, which resembles those
implementable with present-day linear optical circuitss hot claimed that the discussed sce-
nario exactly matches realistic experiments, but it doasssmany features. We will show that
efficient classical 1-norm approximate sampling is posditnider the following conditions:

Condition 1: The input statel1,,) is replaced by a Gaussian product stat¢26, 27].
Sources that produce such states are common in quantunaldptiementations. In prac-
tice, many single photon sources provide approximatelyepsft states or mixed Gaussian
states instead of states for which the probability of haviraye than a single photon is zero.
If single photon sources are being generated by heraldi8gdource of (Gaussian) two-
mode squeezed states, the argument presented here ialglillAfter all, the entire statistics,
including the heralding events, is then classically sirtaiike.

Condition 2: The unitaryp(U) with U € U(m), specifying the optical network, is re-
placed by a Gaussian completely positive rfiap8(H) — B(#), a Gaussian channel [29].
Such operations cover the ideal unitary case »(U) p o(U)' as well as situations involving
losses in the linear optical network and aberrations dueddemmatching issues. Gaussian
completely positive maps are a very accurate modelling @gmt linear optical experiments.

Condition 3: Projection onto Fock states is replaced by measurementsiloed by di-
chotomic POVMS{IIy, IT; } with IIp +IT; = I (“bucket detector”), where the Wigner function
corresponding to the no click eveliy for some fixedR > 0 is given by

1/(27) if|r| <R

. (76)
0 otherwise

WHO (’I“) = {

This is an idealised model for imperfect photon detectoedus experiments that distin-
guishes the presence and the absence of photons, takirgcitdant losses and dark counts.
In the latter aspect the model considered here departs ttiee$l from actual experiments:
While Condition 1 and 2 are usually satisfied to an extraa@ndliy large extent in quantum
optical experiments, Condition 3 constitutes a rather eragproximation of an imperfect
detector such as a realistic avalanche photodiode. $iilnoteworthy that these conditions
are sufficient to arrive at an efficient classical simulatiddeedless to say, other detector
models with positive Wigner functions for the POVM elementwgk equally well.

For a trace class operatdracting on a system witim modes, its Wigner functiohl’4 :
R?™ — R is defined as

Wa(r) = wim Tr[w(r) T®™w(r)' A]. 77)

Here,IT is the single mode parity operatéiy(r)} the family of Weyl operators, ande R?*™
a vector collecting them phase space variables. A state is Gaussian if and only ifigs&Y
function is Gaussian [26, 27]. Gaussian channels transttates with a Gaussian Wigner
function into states with a Gaussian Wigner function. Thmidékowski isomorphs of such
maps are Gaussian states.

18



8 Conclusion and outlook

Expressing Hilbert-Schmidt scalar products as integreés ®Vigner functions, one finds
for the dark count rate

R
(O[T1;]0) = 1 — (O[TIo|0) = 1 — 2/ re " dr=e . (78)
0

The Wigner function of the coherent staté,. that containd photon on average is given by

2

1
Wiy (r) = Zem (oLt (79)
} . s
With this one finds for the effective detector efficiency

1- <1|CH0|1>C =

1 R 2 (80)

ForR = 1.6, say, one gets a reasonable dark count rate|df; |0) = 0.0773 and(1|.IIy|1). =
0.7104 , so an effective detector efficiency 02896. These values are not that far off from
those achieved in current experiments (see, e.g., Ref3f3D,

In the setting considered here, the Wigner functidng , andV,, of the two single mode
input states from which the initial state is constructeat thf the partial transposed of the
Jamiolkowski isomorphs of all gaté@’fjr, j € [m?], as well as that of the POVM elements
W, andWrp, are non negative. Therefore, the algorithms of Refs. [31£88 be applied.
The detailed error analysis of Refs. [32, 33] implies théofeing.

Observation 14 (Efficient sampling in 1-norm for imperfect detectargjor any number of

modesn, any R > 0, any Gaussian product input statein which each mode is prepared in
either the vacuurj0) (0| or an arbitrary Gaussian state, any linear optical network, and any
dichotomic detector with POVM elemeiiig andIl; as defined in Eq(76), one can sample

from the output distribution ove¥ € ®,,, ,,, to an errore in 1-norm with efforO(poly (m/e)).

That is to say, one can efficiently simulate the output distion of imperfect linear optical
networks and imperfect detectors of the above type even apstoall error in 1-norm. We
suggest that it should be an important and constructivergiige to exactly flesh out how
far one can go with approximating realistic experimentalicks, while still being able to
provably efficiently simulate the output distribution.

8 Conclusion and outlook

In this work, we have revisited the Boson-Sampling probleomfthe perspective of sample
complexity. We have arrived at the ironic conclusion thatsgometric probabilistic algo-
rithm can distinguish the Boson-Sampling distributiomfrthe mere uniform distribution on
the collision-free subspace, unless exponentially mamypses are available. The specifics
of the problem if a priori knowledge is available have beescdssed carefully. We have
also addressed the question to what extend imperfect, =ippete physical realisations of
the Boson-Sampling problem can be classically efficientlyutated up to a constant error
in 1-norm. As such, our work emphasizes the challenge oftiiyémy ways to certify the
correct working of such quantum simulators. Our resultsciate that even though, unques-
tionably, the Boson-Sampling distribution has an intecstructure that makes sampling from
it a classically hard problem, this structure seems inatlokesby classical means. To develop
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a portfolio of methods forcertifying the correct functioning of quantum simulat@sems
timelier than ever. Probably, quantum methods are indisgigle to achieve that goal.

The question of the precise boundary of classically sinablatquantum processes remains
wide open and interesting, and is also enjoying an incrgasimount of attention [35, 36],
not least because of the rather loud claims made in the cooftéixe discussion on the func-
tioning of the D-Wave processor and their careful assess[8@&r39]. It is the hope that the
present work can contribute to a thoughtful scientific re&sg on identifying the boundary
of classically simulatable processes in general, and aaire time contribute to clarifying in
what precise sense quantum devices such as Boson-Sampléndeed more powerful than
classical devices.

Obviously, technically, our argument leaves significamimdor improvement. It would be
interesting to see, for example, whether, or to what exgeptjori knowledge on the distribu-
tion can be used or what other important features of the B&onpling distribution may be
identified. It would also be important to see how the hardiaegament can be partiallye-
randomisedand the Haar-measure random unitaries replaced by ajpaenitary designs
or related concepts derived fraoantum expanders

We also hope that our work can be read as yet another invitaithe enterprise of looking
at the sample complexity of tasks in quantum theory. Quiteegaly, all information that is
ever available in any quantum mechanical experiment ismddgrom samples from a certain
distribution. These samples may be used to infer about itapbfeatures or properties of the
underlying quantum state — or even about the very identithefstate in the first place. The
quantum state tomography problem — the inference about known quantum state from
measurement data alone — should be phrased as a samplingrprahdeed, théomography
problemhas already been faithfully viewed as a sampling problentlamdample complexity
lower bounded, both in the context qiantum compressed sensi@®] and in notions of
reliable quantum state tomograpigl]. A similar mindset has been taken in foundational
arguments explaining the apparent emergence of ensenfljeatum statistical mechanics
based on microscopic unitary evolution [42]: Indeed, ong argue that if by sampling alone,
one cannot operationally distinguish a situation from the predicted by a statistical ensem-
ble, then the apparent emergence may be considered expl#irgethe hope that the methods
discussed in this work suggest further applications albegé lines.
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A major roadblock for large-scale photonic quantum technologies is the lack of practical reliable certifica-
tion tools. We introduce an experimentally friendly — yet mathematically rigorous — certification test for
experimental preparations of arbitrary m-mode pure Gaussian states, pure non-Gaussian states generated
by linear-optical circuits with n-boson Fock-basis states as inputs, and states of these two classes subse-
quently post-selected with local measurements on ancillary modes. The protocol is efficient in m and the
inverse post-selection success probability for all Gaussian states and all mentioned non-Gaussian states
with constant n. We follow the mindset of an untrusted prover, who prepares the state, and a skeptic certi-
fier, with classical computing and single-mode homodyne-detection capabilities only. No assumptions are
made on the type of noise or capabilities of the prover. Our technique exploits an extremality-based fi-
delity bound whose estimation relies on non-Gaussian state nullifiers, which we introduce on the way as a
byproduct result. The certification of many-mode photonic networks, as those used for photonic quantum

simulations, boson samplers, and quantum metrology, is now within reach.

Many-body quantum devices promise exciting applications
in ultra-precise quantum metrology', quantum computing®~,
and quantum simulators>. In the quest for their large-scale
realisation, impressive progress on a variety of quantum tech-
nologies has recently been made®®. Among them, optical
implementations play a key role. For example, sophisti-
cated manipulations of multi-qubit entangled states of up to
eight parametrically down-converted photons'®!'! have been
demonstrated and continuous-variable entanglement among
60 stable'? and up to 10000 flying!? modes has been veri-
fied in optical set-ups. In addition, small-sized simulations
of BosonSampling'“'7 and Anderson localisation in quantum
walks'®!? have been performed with on-chip integrated linear-
optical networks.

This fast pace of advance, however, makes the problem of
reliable certification an increasingly pressing issue’*?*, From
a practical viewpoint, further experimental progress on many-
body quantum technologies is nowadays hindered by the lack
of practical certification tools. At a fundamental level, certi-
fying many-body quantum devices is ultimately about testing
quantum mechanics in regimes where it has never been tested
before.

Tomographic characterisation of quantum states re-
quires the measurement of exponentially many observables.
Compressed-sensing techniques® reduce, for states approx-
imated by low-rank density matrices, the requirements sig-
nificantly, but still demand exponentially many measure-
ments.  Efficient certification techniques, requiring only
polynomially many measurements, for universal quantum
computation®®?’ and a restricted model of computation with
one pure qubit® exist in the form of quantum interactive
proofs. However, these require either a fully fledged fault-
tolerant universal quantum computer’®?’ or an experimen-
tally non-trivial measurement-based quantum device?®. In ad-

dition, these methods involve sequential interaction rounds
with the device’®?®. In contrast, permutationally invari-
ant tomography?’, Monte-Carlo fidelity estimation®*?, and
Clifford-circuit benchmarking techniques®® provide experi-
mentally friendly alternatives for the efficient certification of
preparations of permutationally invariant?> and qubit stabiliser
or W states®03240 respectively. Nevertheless, none of these
methods addresses continuous-variable systems, not even in
Gaussian states.

Here, we introduce an experimentally friendly technique
for the direct certification of continuous-variable state prepa-
rations without estimating the prepared state itself. First,
we discuss intuitively and define rigorously reliable quantum-
state certification tests. We do this for two notions of certifica-
tion, differing in that in one of them robustness against prepa-
ration errors is mandatory. Then, we present a certification
test, based on single-mode homodyne detection, for arbitrary
m-mode pure Gaussian states, non-Gaussian states resulting
from Gaussian unitary operators acting on Fock-basis states
with n photons, and states prepared by post-selecting states in
either of the two classes with measurements on a < m ancil-
lary modes in arbitrary local bases. This covers, for instance,
Gaussian quantum simulations such as those of refs. 12 and
13 as well as the non-Gaussian ones of refs. 6, 10, 11, 14—
19. Furthermore, so-called de-Gaussified (photon-subtracted)
Gaussian states*'™* as well as all non-Gaussian states ac-
cessible to qumode-encoded qubit***® or finite-squeezing
qumode*’*® quantum computers also lie within the range of
applicability of our method. The protocol is efficient in m
and, for the cases with post-selection, in the inverse polyno-
mial post-selection success probability, for all Gaussian states
and all mentioned non-Gaussian states with constant n.

With a high probability, our test rejects all experimental
preparations with a fidelity with respect to the chosen target
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Figure 1. Different certification paradigms. (a) Naive approach: To certify an untrusted experimental preparation g, of the target state g, a
certifier Arthur would like to run a statistical test that, for all g, decides whether the fidelity F' between g, and py is greater or equal than a
pre-specified threshold F'r < 1 (green region, accept), or smaller than it (red region, reject). However, due to the preparations at the boundary
of the two regions and experimental uncertainties, a test able to make such a decision does not exist. (b) The ideal scenario: A more realistic
certification notion is to ask that the test rejects every o, for which F' < Frr (red region) and accepts every g, for which F' > Fr 4+ A (green
region), for some given A < 1 — Fr. Here, a buffer region of width A (in grey) is introduced within which the behaviour of the test can be
arbitrary, but, in return, the certification is now feasible. This type of certification is thus robust against experimental infidelities as large as
1 — Fr — A. (¢) The practical scenario: Finally, the least one can demand is that the test rejects every gp, for which F' < Fr (red region) and
accepts at least g (green point). The former condition is sometimes called soundness and the latter one completeness. Here, no acceptance
is guaranteed for any o, with F' > Fr (grey region) other than o itself, but any g, accepted by the test necessarily features F' > Fr. This
certification notion is not robust against state deviations, but it can be more practical. In addition, in practice, the resulting tests succeed also

in accepting many g, # ot for which F' > Frr.

state lower than a desired threshold and accepts if the prepa-
ration is sufficiently close to the target. That is, the protocol
is robust against small preparation errors. We upper-bound
the failure probability in terms of the number of experimental
runs and calculate the necessary number of measurement set-
tings. Our method is built upon a fidelity lower bound, based
on a natural extremality property, that is interesting in its own
right. Finally, the experimental estimation of this bound relies
on non-Gaussian state nullifiers, which we introduce on the
way.

Results

We present our results in terms of photons propagating
through optical networks, but our methods apply to any
bosonic platform with equivalent dynamics. We consider a
sceptic certifier, Arthur, with limited quantum capabilities,
who wishes to ascertain whether an untrusted quantum prover,
Merlin, presumably with more quantum capabilities, can in-
deed prepare certain quantum states that Arthur cannot. This
mindset is reminiscent to that of quantum interactive-proof
systems?%-28 of computer science, but our method has the ad-
vantage that no interaction apart from the measurements of the
certifier on the single-run experimental preparations from the
prover is required.

In particular, we consider the situation where Merlin pos-
sesses at least a network of active single-mode squeezers
and displacers as well as passive beam-splitters and phase-
shifters, sufficient to efficiently implement any m-mode Gaus-
sian unitary>>=°, plus single-photon sources. Arthur’s re-
sources, in contrast, are restricted to classical computational
power augmented with single-mode measurements. With that,
he can characterise each of his single-mode measurement
channels up to any desired constant precision. The task is for
Merlin to provide him with copies of an m-mode pure target
state gy of Arthur’s choice. We assume that Merlin follows in-
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dependent and identical state-preparation procedures on each
experimental run, described by the density matrix g,. We re-
fer to g, as a preparation of the target state o;. His prepa-
ration is unavoidably subject to imperfections and he might
even be dishonest and try to trick Arthur. Thus, Arthur would
like to run a test, with his own measurement devices, to certify
whether g, is indeed a bona fide preparation of g.

To measure how good a preparation g, of o is, we use the
fidelity between g, and gy, defined as

F = F(oi. 0p) = Tr [(Veeohv/e)?])* = Tr [orep], (1)

where the last equality holds because gy is assumed to be pure.
As we see below, our measurement schemes directly estimate
fidelities. However, all our results can also be adapted to the
trace distance D := D(os, 0p), which can be defined via the 1-
norm distance in state space as D(gy, 0p) = Tr[|or — 0pl]/2.
This is due to the fact that D can be bounded from both sides
in terms of I through the well-known inequalities 1 — F2 <
D < /1 — F?, where the first inequality holds because gy is
pure.

Let us first discuss what properties an experimental test
must fulfil to qualify as a state certification protocol. Differ-
ent certification paradigms are schematically represented in
Fig. 1. We start with the formal definition of certification in
the sense of Fig. 1 (c).

Definition 1 (Quantum state certification). Let Fp < 1 be a
threshold fidelity and o« > 0 a maximal failure probability.
A test, which takes as input a classical description of oy and
copies of a preparation oy, and outputs “accept” or “reject”
is a certification test for oy if, with probability at least 1 — o, it
both rejects every gy, for which F(py, 0p) < Fr and accepts
0p = 0t We say that any o, accepted by such a test is a
certified preparation of ox.

To specify the target states we need to introduce some no-
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Figure 2. Classes of target states. (a) Cg is the class composed of all m-mode pure Gaussian states. These can be prepared by applying
an arbitrary Gaussian unitary U (possibly involving multi-mode squeezing) to the m-mode vacuum state |0). (b) The class Cro includes all
m-mode pure non-Gaussian states produced at the output of an arbitrary linear-optical network, which implements a passive Gaussian unitary
U (without squeezing), with the Fock-basis state |1,,) containing one photon in each of the first n modes and zero in the remaining m — n ones
as input. As the order of the modes is arbitrary, choosing the first n modes as the populated ones does not constitute a restriction. (¢) The third
class, CLpsa, encompasses all (m — a)-mode pure non-Gaussian states obtained by projecting a subset A of a < m modes of an m-mode pure
Gaussian state or € Cq onto an arbitrary pure tensor-product state |¢) ,. In practice, this is done probabilistically by measuring .A in a local
basis that contains |¢) , and post-selecting only the events in which |¢) , is measured. Thus, the a modes in A are used as ancilas, whereas
the effective system is given by the subset S containing the other m — a modes, which carries the final target state. For concreteness, but
without any loss of generality, in the plot, the ancillary modes are chosen to be the last a ones. (d) Analogously, the class Cr,psr.o is that of all
(m — a)-mode pure non-Gaussian states obtained by projecting the ancillary modes of an m-mode pure linear-optical network state o € Cro
onto an arbitrary pure tensor-product state |¢) ,. These four classes cover the target states considered in the vast majority of quantum photonic
experiments.

tation. We denote m-mode Fock basis states by |n), with
n = (n1,na,...,Ny) being the sequence of photon numbers
n; > 0in each mode j € [m], where the short-hand notation
[m] == {1,2,...,m} is introduced, and call n == 77" | n;
the total input photon number. In particular, we will pay spe-
cial attention to Fock basis states | 1,,) with exactly one photon
in each of the first n modes and the vacuum in the remaining
m — n ones, i.e., those for which n = 1,,, with

1,:=(1,...,1,0,...,0). 2
N N —

n times m—n times

Note that |1¢) is the Gaussian vacuum state |0). We denote
the photon number operator corresponding to mode j by 7;
and the total photon number operator by n == Z;n:1 .

In addition, for post-selected target states, we denote by
A = {A;}cla)> Where each element A; € [m] labels a dif-
ferent mode, the subset of a := |.A| < m modes on which the
post-selection measurements are made. We then identify the
remaining m — a modes as the system subset S, which carries
the post-selected target state ps,. The subindex S empha-
sises that g5, represents an (m — a)-mode post-selected tar-
get state and distinguishes it from m mode target states with-
out post-selection, which we denote simply as g;. We denote
by @) 4 = |01) 4, |92) 4, - - -[Da) 4, With {|¢j>Aj}j€a an
arbitrary pure normalised state of mode A;, an a-mode prod-
uct state on the modes .A. We use the short-hand notations
(@l g000) 4 = Tralo(ls @|@) 4 (@] 4)], where Tr4 in-
dicates partial trace over the Fock space of A4, 1s denotes the

identity on S, and P(¢ 4]0) := Tr [(}| 4 01 |@) 4] is the post-
selection success probability, i.e., the probability of measur-

ing |¢) 4 in a projective measurement on .A. Without loss of
generality, we consider throughout only the non-trivial case
P(¢4lot) # 0. Thus, we consider exclusively post-selected
target states of the form

_ (Dlaocldia

= . 3
25t = "B Al ov) ®

With the notation introduced, we derive our results for:

1) Arbitrary m-mode pure Gaussian states, given by the class
Ca = {o; = U |0X0|U': U Gaussian unitary}, (4)

2) m-mode pure linear-optical network states from the class
Cro = {os = U [1,,X1,] Ut U passive unitary}, (5)

3) arbitrary (m — a)-mode pure locally post-selected Gaus-
sian states, given by the class

Crpsc = {os.: 0t € Ca}, (6)

4) and (m— a)-mode pure locally post-selected linear-optical
network states from the class

Crpsro = {0sy: 0t € CLo}- @)

The class Cq is crucial within the realm of “continuous-
variable” quantum optics and quantum information process-
ing. It encompasses, for instance, “twin-beam" (two-mode
squeezed vacuum) states under passive networks, which are
used to simulate, upon coincidence detection, multi-qubit
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states®. The class Cr,o includes all the settings sometimes re-
ferred to as “discrete variable” linear-optical networks. This
class covers, among others, the targets of several recent ex-
perimental simulations with on-chip integrated linear-optical
networks!41°. The third class, Crpsc, is the one of locally
post-selected Gaussian states. This class includes crucial non-
Gaussian resources for quantum information and quantum op-
tics. For instance, when the post-selection is in the Fock ba-
sis, it encompasses de-Gaussified photon-subtracted squeezed
Gaussian states*'*. Furthermore, if apart from Fock-basis
measurements, the post-selection uses also quadrature homo-
dyne measurements, Cppgc contains all the states accessi-
ble to finite-squeezing cluster-state qumode quantum com-
puters*’*8, The last class, Cr.psr.o, of locally post-selected
linear-optical network states, covers, for the case where the
post-selection is in the Fock basis and n is proportional to m,
all the states prepared by probabilistic schemes of the type of
refs. 45 and 46 for universal qumode-encoded qubit quantum
computation. Naturally, Crpsro also includes both photon -
added or -subtracted linear-optical network states.

The basis of the our certification scheme is a technique for
the estimation of the quantity

F) :—1<(ﬁn)Hﬁj> 7 (8)
j=1

Uto,U
with n the total input photon number. As shown in the Meth-
ods section, for all target states oy € Cg U CrLo, F ORTIPY
lower bound on the fidelity F' and, moreover, F) = F =1
if o, = ot (see also Methods and Section S2.A of the SI for
analogous bounds for the post-selected target states). This
bound is a consequence of a natural extremality notion: the
smaller the expectation value (7 — n) [Tj_y 7j) 51, 5 1,
Op

the closer are |1,,) (1,,| and U 0, U and, therefore, the closer
are the preparation g, and the target state g;. Our test 7,
summarised in Box 1, yields an estimate F* of () 1f
F()* is sufficiently above the threshold Fp, the preparation
0p 1s accepted. Otherwise it is rejected. The estimate Fn)s
is obtained via a measurement scheme that depends on the
specific target state. In the Gaussian case n = 0 the mea-
surement scheme M can be used, while linear-optical net-
work states with n > 0 require the scheme Mr,o. Mg and
My,o are both summarised in the Methods section and de-
scribed in detail in Boxes S1 and S2, respectively, in Sec-
tion S2 in the Supplementary Information (SI). In addition,
in Section S2.B of the SI we adapt 7 to post-selected target
states 05, € CrLpsc UCLpsLo, and provide the corresponding
adapted measurement schemes in Section S2.C of the SI.

Our theorems guarantee that the test from Box 1 is indeed a
certification test and give a bound on the scaling of the num-
ber of samples that are needed for the test. In order to state
them we introduce some notation related to mode space de-
scriptions of linear-optical networks first. Any Gaussian uni-
tary transformation U on Hilbert space can be represented by
an affine symplectic transformation in mode space, i.e., by
a symplectic matrix S € Sp(2m,R) followed by a phase-
space displacement x € R®™ (see equation (26) in the Meth-
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Box 1 (Certification test 7).

1) Arthur chooses a threshold fidelity Fy < 1, a maximal
failure probability o > 0, and an estimation error 0 <
e < (1-Fr)/2.

2) Arthur provides Merlin with the classical specification n,
S, and x of the target state oy and requests a sufficient
number of copies of it.

3) If n = 0, Arthur measures 2mk two-mode correla-

tions and 2m single-mode expectation values specified by
the measurement scheme M (see the Methods section),
which can be done with m + 3 single-mode homodyne
settings.
If n > 0, he measures O (m(4d*> + 1)™) multi-body
correlators, each one involving between 1 and 2n + 1
modes, specified by the measurement scheme My (see
the Methods section), which can be done with at most
(:’Z) 271 single-mode homodyne settings.

4) By classical post-processing (see the Methods section),
he obtains a fidelity estimate F™* such that F(")* ¢
[F() — ¢, F() 4] with probability at least 1 — o, where
F() s the lower bound to F given by expression (8).

5) If F* < B4 ¢, he rejects. Otherwise, he accepts.

ods section), where the real symplectic group Sp(2m, R) con-
tains all real 2m x 2m matrices that preserve the canonical
phase-space commutation relations®>3*. By virtue of the Euler
decomposition®->, S can be implemented with single-mode
squeezing operations and passive mode transformations. We
denote the maximum single-mode squeezing of S by sy ax and
define the mode range d < m to be the maximal number of
input modes to which each output mode is coupled (for details
see Section S1 of the SI). Also, it will be useful to define

x = 2min{d?,m}. )

The displacement x can be implemented by a single-mode dis-
placer at each mode j € [m], with amplitude (x2;_1,%2;),
where xy, for k € [2m)], is the k-th component of x. The vec-

: 1/2
o ie., [[x[|o = (207, 27) 2

We take o; to be a uniform upper bound on the variances
of any product of i phase space quadratures in the state
op- If o, is Gaussian, o1 and o9 are functions of the sin-
gle mode squeezing parameters of g,. In addition, we call
0<; ‘= maxy<;{ox} the maximal i-th variance of o,. Fi-
nally, we use the Landau symbol O to denote asymptotic up-
per bounds.

tor 2-norm is denoted by || - |

Theorem 2 (Quantum certification of Gaussian states). Let
Fr < 1 be a threshold fidelity, o« > 0 a maximal failure
probability, and 0 < ¢ < (1 — Fy)/2 an estimation error.
Let oy € Cg have maximum single-mode squeezing smax > 1,
mode range d < m, and displacement x. Test T from Box |
is a certification test for o, and requires at most

0 S?nax (20-%”)(”%7”:3 + U%H3m4)
(1)1 a)

(10)



copies of a preparation o, with first and second variance
bounds o1 > 0 and o4 > 0, respectively.

Theorem 3 (Quantum certification of linear-optical network
states). Let Fr < 1 be a threshold fidelity, o > 0 a maximal
failure probability, and 0 < ¢ < (1 — Fr)/2 an estimation
error. Let gy € Cpo have mode range d < m. Test T from
Box 1 is a certification test for g, and requires at most

o (JiQ(nH)m‘l(/\ d®n m)")

2In(1/(1—a) (1D

copies of a preparation o, with maximal 2(n+ 1)-th variance
O<2(nt1), Where X > 0 is an absolute constant.

The proofs of all our theorems are provided in the SI. The
treatments of the classes Cr,psq or Crpsr.o follow as corollar-
ies of Theorems 2 and 3, respectively, and are also provided in
the SI (see Section S2.D there). Expressions (10) and (11) are
highly simplified upper bounds on the total number of copies
of g, that T requires. For more precise expressions see equa-
tions (S55) and (S77) of the SI. Note that neither of the two
theorems requires any energy cut-off or phase-space trunca-
tion. While our bound in equation (11) is inefficient in n,
both for the Gaussian and linear-optical cases, the number of
copies of gy, scales polynomially with all other parameters, in
particular with m. Thus, arbitrary m-mode target states from
the classes Cg and Cpo with constant n, are certified by T
efficiently.

Interestingly, since states in Cr,o in general display negative
Wigner functions, sampling from their measurement proba-
bility distributions cannot be efficiently done by the available
classical sampling methods®”-*8. Furthermore, for Fock-state
measurements, these distributions define BosonSampling, for
which hardness results exist’ for m asymptotically lower-
bounded by n°.

Also, note that there are no restrictions on g, except that, in
practice, to apply the theorems, one needs bounds on o1, o9,
and 0<(,+1). These variances are properties of o, and are
therefore a priori unknown to Arthur. However, he can rea-
sonably estimate them from his measurements. Note that, for
random variables that can take any real value, assuming that
the variances are bounded is a fundamental and unavoidable
assumption to make estimations from samples; and it is one
that can be contrasted with the measurement results.

To end up with, we consider certification in the robust sense
of Fig. 1 (b):

Definition 4 (Robust quantum state certification). Let F'p < 1
be a threshold fidelity, o« > 0 a maximal failure probability,
and A < 1 — Fr a fidelity gap. A test, which takes as input
a classical description of the target state oy and copies of a
preparation gy, and outputs “accept” or “reject” is a robust
certification test for o if, with probability at least 1 — «, it
both rejects every gy, for which F(oy, 0p) < Frr and accepts
every oy, for which F(poy, 0p) > Fr + A. We say that any o,
accepted by such a test is a certified preparation of gt.

This definition is more stringent than Definition 1 in that it
guarantees that preparations sufficiently close to gy are neces-

sarily accepted, rendering the certification robust against state
deviations with infidelities as large as 1 — (Fp + A). We show
below that our test 7 from Box 1 is actually a robust certifi-
cation test.

To this end, we first write g, as

op = Foy+ (1 — F)of, (12)

where o is an operator orthogonal to g, with respect to the
Hilbert-Schmidt inner product, i.e., such that Tr[g; oi-] = 0.
As g is assumed to be pure, it follows immediately that o
is actually a state. In fact, multiplying by o and taking the
trace on both sides of equation (12), one readily sees that the
decomposition (12) is just another way to express the fidelity
(1). We define the photon mismatch - between oy and Op as

it = <(ﬁ—n)Hﬁj>mw. (13)

Jj=1

The photon mismatch gives the expectation value that Arthur
would obtain if he had access to o;-, applied the inverse of
Merlin’s network to it, and then measured (72 — n) H?:l ;.

For the ideal case g, = g, it clearly holds that nt=0.

Theorem 5 (Robust quantum certification). Under the same
conditions as in Theorems 2 and 3, test T from Box I is a
robust certification test with fidelity gap

— aL —
A= maX{QE - Fo)@ 1),25} )
n

where it is the photon mismatch.

As expected, the gap cannot be smaller than twice the esti-
mation error for any photon mismatch. Notice also that in
the limit 7+ — oo it holds that A — 1 — Fp, so that the
certification becomes less robust with increasing . As At
decreases from infinity to one, the gap decreases to its min-
imal value A = 2¢, where it remains for all 0 < 7+ < 1.
We emphasise that 71 depends on oi-. Thus it cannot be di-
rectly estimated from measurements on g, alone. However,
for any 7t < oo, Theorem 5 guarantees the existence of an
entire region of states around gy that are rightfully accepted.
Furthermore, in the experimentally relevant situations, atis
expected to be small. In this case, Theorem 5 provides a lower
bound on the size of the region of accepted states.

Finally, a statement equivalent to Theorem 5 for target
states os, € Crpsg U CrpsLo follows as an immediate corol-
lary of it and is presented in Section S2.E in the SI.

Discussion

Large-scale photonic quantum technologies promise impor-
tant scientific advances and technological applications. So
far, considerably more effort has been put into their realisa-
tion than into the verification of their correct functioning and
reliability. This imposes a serious obstacle for further experi-
mental advance, specifically in the light of the speed at which
progress towards many-mode architectures takes place. Here,
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we have presented a practical reliable certification tool for a
broad family of multi-mode bosonic quantum technologies.

We have proven theorems that upper-bound the number of
experimental runs sufficient for our protocol to be a certifica-
tion test. Our theorems provide large-deviation bounds from
a simple extremality-based fidelity lower-bound that is inter-
esting in its own right. Importantly, our theorems hold only
for statistical errors, but the stability analyses on which they
rely (see Lemmas S6 and S9 in the SI) holds regardless of the
nature of the errors. As a matter of fact, in Section S5 in the
SI, we show that our fidelity estimates are robust also against
systematic errors.

From a more practical viewpoint, our test allows one to cer-
tify the state preparations of most current optical experiments,
in both the “continuous-variable” and the “discrete-variable”
setting. This is achieved under the minimal possible assump-
tions: namely, only that the variances of the measurement out-
comes are finite. Thus, the certification is as unconditional as
the fundamental laws of statistics allow. In particular, no as-
sumption on the type of quantum noise is made. Despite the
rigorous bounds on the estimation errors and failure proba-
bilities, our methods are both experimentally friendly and re-
source efficient.

Notably, our test can for instance be applied to the cer-
tification of optical circuits of the type used in BosonSam-
pling: There, m-mode Fock-basis states of n photons are sub-
Jected to a linear-optical network descnbed by a random uni-
tary U drawn from the Haar measure®® and, subsequently,
each output mode is measured in the Fock basis. While
the question of the certification of the classical outcomes
of such samplers without assumptions on the device is still
largely open®®?!, with the methods described here the pre-
measurement non-Gaussian quantum outputs of BosonSam-
pling devices'*!7 can be certified reliably and, for constant
n, even efficiently. In this sense, this work goes signifi-
cantly beyond previously proposed schemes to rule out par-
ticular cheating strategies by the prover>'~?*. Furthermore, a
variety of non-Gaussian states paradigmatic in quantum op-
tics and quantum information are also covered by our proto-
col (see Section S2 in the SI for details). These include, for
instance, de-Gaussified photon-subtracted multi-mode Gaus-
sian states*'**, multi-mode squeezed Gaussian states post-
selected through photon-number or quadrature measurements,
as in finite-squeezing cluster-state qumode quantum com-
puters*’*®, and linear-optical network outputs post-selected
though photon-number measurements, ranging from pho-
ton -added or -subtracted linear-optical network states to
all the states preparable with Knill-Laflamme-Milburn-like
schemes®#°. For all such states, our test is efficient in the
inverse post-selection success probability 1/P(¢ 4|0t ).

The present method constitutes a step forward in
the field of photonic quantum -certification, with poten-
tial implications on the certification of other many-body
quantum-information technologies.  Apart from that of
BosonSamplers and optical schemes with post-selection,
the efficient and reliable certification of large-scale pho-
tonic networks as those used, for instance, for multi-

mode Gaussian quantum-information processing'>!*, non-
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Gaussian Anderson-localisation simulations'®!°, and quan-

tum metrology!, with a constant number of input photons, is
now within reach.

Methods

Fidelity lower bound. In this section, we formalise the
extremality notion and derive a lower bound on the fidelity F'.
All target states are of the form

=Un)n|UT, (15)

where U is an arbitrary Gaussian unitary and |n) an arbitrary
Fock-basis state. First, we derive a general fidelity lower
bound and then consider the linear-optical gy € Cpo and
Gaussian g, € Cg cases separately. Analogous bounds for
the post-selected target states are provided further below in
the Measurement Scheme and Section S2.A of the SI.

We start recalling that

S

Do), (16)

where a;f- is the creation operator of the j-th mode. Its Hermi-
tian conjugated a; is the corresponding annihilation operator.

These operators satisfy [a;,a ] = 0;;, where ¢; j» denotes
the Kronecker delta of j andy and n; = a; &j, forall j,j’ €
[m]. The fidelity (1) can be written as F' = F(|n) (n], gp).
where ¢, = Ut ng is the Heisenberg representation of g,

with respect to Ut. With this, equation (16), and the cyclical-
ity property of the trace, we obtain that

F=Tr [|0><0‘9p, ] = F(loXol, @pm)v a7

where

T)" (18)

Op.n Hr(% ’QDH

Jj'=1

To lower-bound F'(|0)X0|, 0pn). We consider the average
total photon-number (7). . = Tr[dp n] of 0p n. We write

1 for the identity operator. From the facts 1 — |0)}0| < # and
Op,n > 0, it follows that

() gy =Tr | > n|n)n] ép,n}
>Tr [(1n— 10X0]) 2p ]
=1-F (19)
and hence,
F>F® =1 (R, .. (20)

This bound justifies the natural extremality intuition men-
tioned: The lower the average number of photons of g, y, is,
the closer to the vacuum it must be and, therefore, the closer



op to p¢. Notice that, for o, = g, the inequality in equa-
tion (19) becomes an equality and therefore bound (20) is sat-
urated, as announced earlier.

Next, we define the operator valued Pochhammer-Symbol

—1)(R; —2)-

for any integer ¢ > 0, and p_;(z) := 1. In Section S6.A in
the SI we show that

pe(Ry) = 1y (Ry (R — 1), (21)

(d;r')nj fij(a;)™ = pn, (7)), (22a)

and

(@)™ (@)™ = pp,—1 (7))

Inserting equation (18) into equation (20), using the cyclicity
property of the trace, grouping the operators of each mode to-
gether, using equations (22) and that p;(72;) = pe—1 () (7 —
t), we obtain the general fidelity lower bound

(22b)

m

Hpnﬁl nJ> . (23)

F>F® =1_ <
©p
where n! := nilns!...n,!. In order to specialise to the
linear-optical case oy € Cro, we simply take n = 1,, i.e.,
n; = 1forall j € [n] and n; = 0 otherwise. With this,
F(™) in equation (23) simplifies to precisely the bound F(")
in equation (8). Finally, to restrict it to the Gaussian case
oy € Cqg, we take n; = 0 for all j € [m]. This yields the
particularly simple expression
F>F9:=1— (i), . (24)
Arthur does not have enough quantum capabilities to di-
rectly estimate (1), by undoing the operation U on Merlin’s
outputs and then measuring 7 in the Fock state basis. How-
ever, we show in the next section that he can efficiently obtain
(n) s, as well as the expectation values in equations (23) and
(8), from the results of single-mode homodyne measurements.

Measurement scheme. First, we introduce some notation.
By ¢; and p; we denote, respectively, the conjugated position
and momentum phase-space quadrature operators of the j-th
mode in the canonical convention3>3*, i.e., with the commu-
tation relations [§;, ;] = 1 0; ;7. The particle number oper-
ator of the j-th mode can be written in terms of the phase-
space quadratures as ; = q + p3 — 1/2. In addition, it will
be convenient to group all quadrature operators into a 2m-
component column vector ', with elements

fgj_l = (jj and fgj = ﬁj' (25)
As already mentioned, the action of U on mode space is given
by a symplectic matrix S € Sp(2m,R) and a drsplacement
vector x € R?2™. More precisely, under a Gauss1an unitary U,
# transforms according to the affine linear map*3

t— UTtU = SF + x. (26)

Equivalently, the right-hand side of this equation defines the
Heisenberg representation of 1 with respect to U. In addition,
it will be useful to denote the Heisenberg representation of 1
with respect to Ut by r := UtU'. Thanks to equation (26),
we can write T in terms of the symplectic matrix S and dis-
placement vector x that define U, as

r=S"1G—x). 27)

The symbols 72 := #7# and 72 := rZ T will represent, respec-
tively, the scalar products of  and  with themselves. Also,
we will use the same notation for the Heisenberg represen-
tations of each quadrature operator with respect to Ut ie.,
ﬁj = (Aﬁ(jjU andf)j = UTﬁjU.

Next, for 8 € {0,n,n}, we express our fidelity bounds in
the general form

FB) —1_ <N(6)> : (28)

p

where N® is an observable decomposed explicitly in terms
of the local observables to which Arthur has access. We start
with the Gaussian case gy € Cg. To express the bound (24) as
in equation (28), we first write the total photon-number oper-
ator as

R m K m K ) 1 ) m

This, in combination with equation (24), yields

NO =722 (30)

Note that, due to equation (27), each component of ris a lin-
ear combination of at most 2m components of r. This implies
that Arthur can obtain <7§2)£,p by measuring at most 2m single-
quadrature expectation values of the form (f;),, and 4m?

second moments of the form F,(Cl,)v, = ( (PePrr + TR/ TR)) 0 -

He can then classically efﬁcrently combrne them as dictated
by S and x in equation (27). In Section S1.A of the SI, we
give the details of this measurement procedure, which we call
Mg, and show that measuring m x second moments, instead
of 4m?2, is actually enough. Furthermore, in Section S4.A of
the SI, we show that only m + 3 experimental settings suffice.

Now, proceeding in a similar fashion with the generic
bound (23), we obtain

) s m+2n 2 1
N® = (r 5 Hpn]_l G +05-3)

Jj=1
€1V

Note that the observable in equation (30) is contained as the
special case n = 0. For target states in the class Cro, U
is assumed to be a passive Gaussian unitary. Such unitaries
preserve the area in phase space, i.e., if o € Cro it holds
that 72 = 72 (for details, see Section S1.B in the SI). Hence,
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using this and specialising to the case n = 1,,, equation (31)
simplifies to

W (- T i)

Again by virtue of equation (27), Arthur can now obtain

the expectation values of the observables in equations (31) and

(32) by measuring 2;-th moments of the form F,(jl{ll gl =

(55 (PeyPiy + Py Py ) o+ (P, P, + 71,7%,)) o, and then classi-
cally recombining them, which — for constant n — he can do
efficiently. In Section S1.B of the SI, we give the details of the
measurement procedure to obtain F' (), which we call M.
In particular, we show that, to obtain (N (")>gp, estimating a
total of O (m(4d? + 1)™) 2;j-th moments, with j € [n + 1],
is enough. Also, we list which moments are the relevant ones
in terms of g; € Cy,o. Furthermore, in Section S4.B of the SI,
we show that only (’:) 27+1 experimental settings suffice.

Finally, in the SI, we derive a bound analogous to that of
equations (28) with (31) for post-selected target states os,.
More precisely, we show that the fidelity Fis := F'(osy, 05)
between gs; and an arbitrary, unknown (m — a)-mode system
preparation gs, is lower bounded as

Fs> F{Y =1-(N{) (33)
osp
with
. P 1+ N®)
Nén) — (¢A|Qt) + n! <¢)|A |¢)>A (34)

P(¢alor)

From this, the corresponding expressions for the classes
Crpsc an Crpsro follow, in turn, as the two particular cases
n=0andn = 1, with U passive, respectively. See Sec-
tion S2.A of the SI for details.

Non-Gaussian state nullifiers. It is instructive to mention
that the operators

7(0) . 22 | 22
Nj = qj+pj71/2, 35)

for j € [m)], correspond to the so-called nullifiers of the Gaus-
sian states in Cg. The nullifiers are commuting operators
that, despite originally introduced*® as a tool to define Gaus-
sian graph states, can be tailored to define any pure Gaus-
sian state*>>0: If a state is the simultaneous null-eigenvalue
eigenstate of all m nullifiers of a given pure Gaussian state,
then the former is necessarily equal to the latter. The bound
F©) given by equations (28) and (30), exploits the fact that
if a preparation gives a sufficiently low expectation value for
the sum N(©) = ZT:l N ;O) of all m nullifiers then its fi-
delity with the target state must be high. A similar intuition
has been previously exploited'>! to experimentally check
for multimode entanglement of ultra-large Gaussian cluster
states. Here, we can not only certify entanglement but the
quantum state itself.

Analogously, in the non-Gaussian case, from the derivation
of equation (31), we can identify the operator

N (a2 2 14205\ 1 20 | 29
i =\ 4 +pj_T Hp”k—l i + P — 1/2
k=1

(36)
as the j-th nullifier of the m-mode non-Gaussian state g
of equation (15). Indeed, all m observables given by equa-
tion (36) for all j € [m] commute and have g, as their unique,
simultaneous null-eigenvalue eigenstate. To end up with, due
to the projection onto |¢) 4, the equivalent observables for
post-selected target states do not in general commute. Nev-
ertheless, their sum, given by N én), still defines an observ-
able with pg, as its unique null-eigenvalue eigenstate. These
observables constitute, to our knowledge®*>%, the first ex-
amples of nullifiers for non-Gaussian states.
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In this Supplementary Information we present the technical details of the certification test and the proofs of the theorems.
It is organised as follows: In Section S1 we provide a detailed description of the measurements schemes Mg and Mo for
the classes of target states Cq and Cro, respectively. In particular, in Boxes S1 and S2 in that section, a full specification of
the necessary correlators to measure is given. In Section S2, we extend Theorems 2 and 3 to the classes of post-selected target
states Crpsc and Crpspo. Section S3 contains the proofs of our three theorems, as well as of the Corollaries that follow for
post-selected target states. In particular, in that section, equations (S55) and (S77), in Lemmas S7 and S10, respectively, give
more precise expressions of the bounds (10) and (11) of Theorems 2 and 3 in the main text. In Section S4 we upper-bound
the number of experimental settings necessary for our measurement schemes. In Section S5 we analyse the stability of our
fidelity estimates under systematic errors. Finally, Section S6 contains some auxiliary mathematical relations necessary for our
treatments. Equation and theorem numbers that do not start with an upper case S refer to the respective equations and theorems
of the main text.
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S1 The measurement scheme

In this section we elaborate on the fidelity bounds F(°) and F(") of the fidelity bounds for the Gaussian and linear-optical
case, respectively. To this end, it will be convenient to first specify some details of the symplectic matrix S, which describes the
optical network.

By virtue of the Euler decomposition®’, S can be decomposed as

S=0DO, (S1

where D € R2m*2m jg positive-definite and diagonal, with elements Dy;_1 251 = s; > 1 and Dyj 5; = sj_l, for j € [m], and
O € R?™X2m gnd Q' € R?™*2m are orthogonal matrices. D describes m active single-mode squeezers in parallel, each one
with squeezing parameter s; along the position quadrature. The maximum single-mode squeezing is Smax = maxi<;<m{s;}.
O and O/, in turn, describe passive mode transformations that can be implemented by linear-optical networks of at most m (m —
1) /2 beam-splitters and single-mode phase shifters®. In the two settings considered here, i.e., for any g; € Cq UCro, the unitary
U in equations (4) and (5) is such that O’ can be taken as the identity matrix. In the first setting, i.e., for gy € Cg, this holds
because U acts on the vacuum state vector |0) and any passive mode transformation maps the vacuum into itself. For the second
setting, i.e., for gy € Cr,0, this holds simply because there we assume that the total transformation itself is passive, i.e., in that
case it holds also that D = 1, so that S = O.

In both cases, coupling between different modes only takes place through the linear-optical network described by O. A
general circuit can couple all m modes with each other, meaning that the quadrature operators of each output mode are linear
combinations of those of all m input modes. However, often, each mode is only coupled to at most d < m other modes. In
these situations, O is a sparse matrix with at most 4md non-zero elements. More precisely, the columns of O are given by 2m
orthonormal vectors (0(’“>)ke[2m] each having at most 2d non-zero entries. Furthermore, since the position and momentum of
each mode is coupled to at most the 2d quadratures of the same d modes, each pair 0> =1) and 0(27) shares the same sparsity
property, i.e., 02=1) and 0(%/) have at least 2(mm — d) zero entries in common, for all j € [m].

S1.A Gaussian case
Using that in the Gaussian case S = O D and squaring equation (27) yields
7 =+"OD 207 't — 2x"OD 20 't + x"OD 20" 'x
=Tr [OD 20" [#+" — (2f — x)x]], (S2)

where O~! = O has been used and the trace is taken not over the Hilbert space but over the 2m x 2m matrix with operators
as entries. Combining equations (S2), (28), and (30) yields

FO =1 - Tr [0D 207 [(#t7),, — (2(i),, — x)x"]] + = (S3)

5.

Now we introduce the first moment vector v € R2™ and the symmetric second moment matrix TM) € R2mX2m of o with

components
= (), and T = <””;””> , (s4)
o
respectively. Since the matrix OD 207 is symmetric, it holds that
Tr [OD 207 [(i%7), ] = Tr {OD—20T[<ff~T>gTJ , (S5)
so that we can rewrite equation (S3) in terms of the observables which Arthur has access to as
FO —1_Ty [0D*20*1[r<1> ~(2y - x)xT]} n % (S6)

We will show later (see Lemma S5 in Section S3.C and the discussion immediately after its proof) that the bound (S6) actually

depends on at most 2m« out of the 4m? entries of 1"(1), with kK = 2 min{d2, m}, as defined in equation (9). Thus, only the
2mk corresponding observables, and the 2m observables necessary for -, as indicated in Box S1, need to be measured. All
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Box S1 (Measurement scheme M ).
1) For each 1 < 1 < 2m Arthur uses Cy copies of op, with Cy given by equation (S56a), to measure the observable 7y,
obtaining an estimate ;" of the expectation value v, = (71),, .

2) Foreach 1 <1 < 1I' < 2m for which (OD_2O_ i = Zk 10 k)D,c %0p (k) # 0, Arthur uses C5 copies of oy, with Cy
given by equation (S56b), to measure the observable 5 (7171 4 7 7y), obtaining an estimate Fl(7 12 of the expectation values
Fl(}ﬂ = Pl(,l,z in equation (S4).

3) He obtains the estimate FO* of FO) by replacing in equation (S6) the actual expectation values 'Y and ~ by the
estimates T(D* and ~*, respectively.

these observables can be measured by homodyne detection®. Furthermore, in Section S4.A we show that only m + 3 different
measurement settings are required. Finally, by classical post-processing, Arthur recombines his estimates according to the third
step of Box S1 and obtains the fidelity estimate F(°)*. This last step is also efficient in m.

S1.B Linear-optical case

For g4 € Cro the unitary U is assumed to be passive. Hence, one has x = 0 and S = O, and it follows that

7 =72, (S7)
The components of 7* are
G =0 D% and ;=o' (S8)
where o(*) denotes the k-th column of O. Defining
P — o2i-1g@i-DT | jenen” (S9)

as the projector onto the subspace spanned by the two vectors 02~1) and 0(2) and using equations (S8), (28), and (32), we

obtain
F<”>=1—<(f2—m+2”)ﬁ( TP(J>‘—)> . (S10)

9p

Next, we consider the ( ) subsets of {1,2,...,n} of length j and define fo) as the p-th of these subsets for some arbitrary
ordering. With this, we expand the product inside (S10) as

n (5)
H( TpUj _ ,) Z( 1/2)"~3 Z ® FTPO;. (S11)

p=1 ZEQ(J)

Using that a product of traces can be written as a trace over tensor products, equation (S10) can be written as

F<n>:1_<(fz_m+2n Z< 1/2”32Tr(® p())( }> , (s12)
EQ(/) @p

where ®Z ca®_p P() := 1 and the traces are again taken not over the Hilbert space but over tensors that have operators as
o=

components. For each j € [n + 1], we introduce the 2j-th moment tensors rv e (R2m*2m)®J with components

F(])

Kol (S13)

. Py T1, + 71, Tk fkjﬂj + f’le’Akj
kg ly T 9 9
e

P

and define ¥ .= 1. Clearly, these tensors are invariant under the partial transposition with respect to any j’-th pair of subindices
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Box S2 (Measurement scheme Mi,0).
1) Foreach1 < j <n,eachl1l < pu < (7;), and each 1 < kq, 1y, ko, lo, ..., k;,1; < 2m, for which

(i
(® P ))k17l1,/€27lz,...7k ; 70, (S16)

P 32
ieQf)

2) Arthur uses C<a(ny1) copies of op, with Ccyny1) given by equation (S78), to measure the observ-

able (7,71, + 71,7k, ) /2~ (Pr,;71; + 71,7k, )/2, obtaining an estimate F(j)*kl,ll,kz,lz 11111 k;1; of the 2j-th moment

Féﬂl)ﬁlhk”?,wkjJJ_, For each 1 < kj1 < 2m, he uses Ccp(nq1) copies of o, to measure the observable
((f’kl 72l1 + 7A‘l17§k1)/2) cee ((f’kj flj + 721_7. fk'j)/Z)?g]%j+1’ obtaining an estimate F(]Jrl)*kl,ll7k2,l27...,]§j,Z_j,k_j+1,k_j+1 ofthe 2(j +

(3+1)
1)-th moment Fkl,ll,kg,lz,...,kj.,lj,lcj+1,kj+1'
3) He obtains the estimate F™* of F™) by replacing in equation (S15) for all 1 < j < n + 1 the actual expectation values

T'Y) by the estimates TU*,

k‘jl and lj/,

() _ 1
Dty = LRy ey b 1y (S14)

With the definition (S13) and the fact that each projector P(%) is a symmetric matrix, equation (S12) finally becomes

n

()
PO =1-% " (—1/2)" Z{ Tr{(l ®

i=0

0% P(i))I‘(J’H)} _ mZQ”Tr{( 0% P("’))F“%p} } (S15)

ieQ) e

Note that this is an explicit expression for F(™) in terms of the correlators (S13) that Arthur can measure. Due to the sparsity
of O, each matrix P() has at most (Qd)2 non-zero entries. Then, it follows (see Lemma S8 in Section S3.D for details) that
the measurement of O (m (4d2 + 1)”) observables, those listed in Box S2, suffices for the estimation of (S15). As in the
Gaussian case, all these observables can be measured by homodyne detection®. Furthermore, in Section S4.B we show that at
most (’g) 2+l < (2m)™ /n! measurement settings are sufficient. Once again, by classical post-processing, Arthur recombines
his estimates according to the third step of Box S2 and obtains the fidelity estimate F(™)*. Provided that n is constant, this last
step is also efficient in m.

S2 AQuantum certification of locally post-selected target states

In this section, we extend our results to locally post-selected (m — a)-mode target states g5, in Cppsg or CLpsro- The entire
treatment of the classes Cppsg or CLpspo is similar to, and follows directly from, that already seen for the classes Cq or Cro.
Therefore, instead of repeating all the details, we simply explain the specific differences.

S2.A The fidelity bound

The first step is to derive the fidelity bound Fén) given by equation (33). We proceed in a similar fashion to the Methods
Section in the main text. Due to equations (1) and (3), the facts that ps, and o are pure, and the properties of the trace, it holds
that

0t(ls @ @) 4 <¢|A)] 0s } _Ir [oc(05, @ |D) 4 (Dl4)] — F (o1, 05, ® ) 4 (¢])

Fs = Fl(esy, 0sp) = Trs {T“‘ { P(dalor) _

P(¢.4lot) B P(¢alor) (Sl77)

151



Box S3 (Certification test 7y ps).

1) Idem as in T from Box 1.

2) Arthur provides Merlin with the classical specification n, S, X, a, and |@) 4 of the target state os and requests a sufficient
number of copies of it.

3) If n = 0, Arthur measures 2mr two-mode correlations and 2(m — a) single-mode expectation values specified by the
measurement scheme Mypsa (see Section S2.C), which can be done with m — a + 3 single-mode homodyne settings.
Ifn > 0, he measures O (m(4d2 + 1)") multi-body correlators, each one involving between 1 and 2n + 1 modes, specified
by the measurement scheme M1,ps1,0 (see Section S2.C), which can be done with at most (7;) 27+ single-mode homodyne
settings.

4) By classical post-processing, he obtains a fidelity estimate Fén)* such that Fén)* € [F‘é") — &, Fén) -+ ] with probability
at least 1 — o, where Fén) is the lower bound to Fs given by equation (S20).

5) IfFé")* < Fr + ¢, he rejects. Otherwise, he accepts.

where Trs indicates partial trace over the Fock space of the m — a modes in S. Now, due to equations (28) and (31), it holds
that

F (00,08, @ 19) 4 (614) = 1= Tr [N (05, @16) 4 (6l4)] =1 Trs [(6l N |g) 4 05, S18)

with N® the observable of equation (31). Using equations (S17) and (S18), we obtain the general fidelity bound Fén) of
equation (33), with N én) given by (34).
In particular, setting n = 0 in equations (33) and (34) yields the specialized fidelity bound Féo) >1- <N é0)> for the

0sp
case s, € Crpsa, with

P(opalor) — 14 (9| 4 NO ) 4
P(d.4lot) ’

N = (819)
where N is the observable of equation (30) and p; is the m-mode state in Cg associated with gs, through equation (3).
Analogously, taking n = 1,, and U passive yields the corresponding fidelity bound F' é") >1- <N én)> for ps; € CLpsLO.,

0syp

with

P(opalor) — 14 (9| 4 N® D) 4

NG = ,
s P(qu‘Qt)

(S20)

where N (™ is the observable from equation (31) and gy is the m-mode state in Cr,o associated to gs, through equation (3).

S2.B The certification test

Next, in Box S3, we present a test 7y ps that works for post-selected target states in Cy,psg or Crpsr,o and which is a slightly
modified version of the test 7 from Box 1. It is, of course, possible to unify both tests so as to account for all four classes of
target states in one single test. We have however opted for splitting the tests into the two cases with and without post-selection
to avoid an excessive notational overhead in Box 1 of the main text.

S2.C The measurement scheme

The measurement schemes Mypsg and My psro to estimate Féo) and Fén), respectively, are essentially replicas of the
schemes Mg and Mo to estimate F(9) and F(™), already described in detail in boxes S1 and S2. Thus, instead of repeating
all the details of boxes S1 and S2, we simply outline the concrete differences between My psg and Mg, as well as between
Mo and Mppgro. There are only three specific differences.

1. The moment vector and tensors are now defined with respect to g5, © ) 4 (¢| 4 instead of g,,. More precisely, we now

152



(R2m><2m) ®j

need to estimate the vector v5 € R2™ and tensors 1"(] ) , with elements

<¢l|_A fl|¢l>_,4 ) leEA:
V51 = 1) o5 010) 4 (014 = UPLaTLI)4) o { (1) " irl¢ A (S21)
Sp ? )
and
& Py PPy T Ty T T
S ki, kily B) 5
05,8|P) 4 (D] 4
Pro Py + PPy Ty + 77k
=<<¢|A —— 5 P)a > : (S22)
05,
respectively.

2. Féo) and Fén) are obtained dividing the expressions on the right-hand sides of equations (S6) and (S15) by P(¢ 4]0+ ), and
with « and ro replaced by v and I‘g), respectively.

3. The presence of the divisor P(¢ 4|o¢) in Féo) and Fé") is the reason for the third difference. As discussed in Lemmas

S12 and S15 in Sections S3.E and S3.F, respectively, this divisor makes Féo) and Fé") 1/P(¢ 4]0¢) times more unstable
than F(©) and F("). As a consequence, the number of copies of 05, required to estimate each relevant moment of Féo)
are g ¢i1|9 ) and B ¢02| 3 instead of C'; and C'5. This is summarized in Lemma S13. Analogously, the number required

for each relevant moment of F(") is g(f;‘"l“ﬂ , instead of C'<y(;,4-1). This is summarized in Lemma S16.

As is clear from equations (S21) and (S22), the estimation of g and I‘g) requires only the measurement of multi-body
correlators among the (m — a) system modes in S. This is due to the facts that after post selection the system is in a product
state with respect to the bipartition in S and .4 and that the quadrature operators in equation (S22) can also be correspondingly
grouped into two factors, one containing exclusively operators of modes in S and the other in A. Furthermore, since |¢) , is
a tensor-product state known to Arthur, he can efficiently calculate the expectation vale of any product of quadrature operators
of modes in A with respect to |¢) ,. For instance, suppose that k1,1, k> € A and that Iy, k3,15...,kj,l; ¢ A. Then, the
corresponding 2j-th moment decomposes as

(S23)

¥ — (9| PPty + PPl o 1) (7 Tksfszrf‘zgf'ks,,_fkﬁlﬁrﬁjfkj
S ki,l1,. ¢ A 92 k2 ¢ 2 2 ’
os

P

and only the measurement of the (2j — 3)-th moment given by the second factor of equation (S23) is required. As another
example, consider the case where a given |¢;) A, is a Fock-basis state. Then, all the moments containing an odd number of
quadrature operators of the A;-th mode automatically vanish and need therefore not be measured at all.

In general, Arthur can always efficiently obtain «g and the FES]) ’s as a product of an (a priori known) expectation value with
respect to |¢) , of a multi-body product of quadrature operators of modes in .A and a (measured) expectation value with respect

to gs,, of a multi-body product of quadrature operators of modes in S, in a way analogous to the example of equation (S23).

S2.D Corollaries of Theorems 2 and 3

Since the moments to be estimated are now given, in equations (S21) and (522), by expectation values with respect to g5, ®
|p) 4 (@| 4, instead of g, a simple way to extend Theorems 2 and 3 to target states in Crpsg or CLpsLo is by redefining
the variance upper bounds o;. More precisely, taking o; as an upper bound on the variances of any product of ¢ phase space
quadratures now in the state gs,, we introduce the quantities

i = P, T A i—7 (s 524
S e k_eA{<¢|ATk17’k2 P, [) 4 0ij} (S24)

fori € [2(n + 1)]. In addition, we call ¢<; = maxy<;{cx} the maximal i-th generalised variance of gs,.

The parameters ¢; quantify the maximal variances of random variables defined by products of ¢ — j quadrature-measurement
outcomes on gs,, renormalised by the expectation value of products of j quadrature operators with respect to |¢) ,, therefore
automatically accounting for factorisations of the type of equation (S23). They constitute very non-tight upper bounds to the
real variances. In particular experimental situations, tighter bounds can be found. Here, we are simply interested in taking
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advantage of the proofs of Theorems 2 and 3 without introducing too much extra notational overhead, for which the definition
of equation (S24) is enough. Indeed, with these redefinitions, the following corollaries follow straightforwardly from Theorems
2 and 3.

Corollary S1 (Quantum certification of locally post-selected Gaussian states). Under the same conditions and for the same oy
as in Theorem 2, test Tpps from Box S3 is a certification test for s, € CLpsc and requires at most

o ( (26311x[13m? + 3rPm?) )
[P(¢4lor) )’ In(1/(1 — a))

copies of a preparation s, with first and second generalized variance bounds 1 > 0 and ¢y > 0, respectively.

(S25)

Corollary S2 (Quantum certification of locally post-selected linear-optical network states). Under the same conditions and for
the same g as in Theorem 3, test Ty ps from Box S3 is a certification test for ps, € Crpsro and requires at most

O( Gopmynym(Ad®nm)" )
[P(¢.alo0) el In(1/(1 - )

copies of a preparation gs,, with maximal 2(n+1)-th generalised variance <3 (n 1), where X > 0 is the same absolute constant
as in Theorem 3.

(S26)

Corollary S1 is proven in Section S3.E and Corollary S2 in Section S3.F. Equations (S25) and (S26) correspond to exactly the
same expressions as in equations (10) and (11), respectively, with the replacements ¢ — ¢ and ¢ — P(¢ 4]0;) €. The rescaling
of € with the factor P(¢ 4|o) originates directly from the new expression for the fidelity given in equation (S17). As mentioned
in Section S2.C, this makes the fidelity bounds F' éo) and Fén) more unstable than F(©) and F(™) leading to the error rescaling
discussed earlier. In most interesting cases, the post-selection success probability P(¢ 4|t ) turns out to be exponentially small in
a. Moreover, one can always come up with families of target states and post selection procedures for which P(¢ 4|ot) decreases
arbitrarily fast in m. In such cases, the scalings in equations (S25) and (S26) are not efficient in m, inheriting the inefficiency
of the state preparation by local measurements and post selection. However, both bounds are efficient in 1/P(¢ 4|o¢). That
is, in every practical situation where state preparation via post selection is feasible, so is state certification. Interestingly, even
for families of target states and post selection procedures for which P(¢ 4|g;) decays exponentially in a, the overall scaling
(of both bounds) with a is better than the scalings (of the bounds in equations (11) and (S26)) with n. Indeed, the bound in
equation (S26) grows, just like the bound in equation (11), faster than exponentially in . Finally, both bounds (S25) and (S26)
scale polynomially with all the other relevant parameters, including 1/e. Thus, arbitrary m-mode target states from the classes
Crpsc and Crpsio, with constant n, are certified by Tips efficiently in m, 1/P(¢ 4]0), and all the other relevant parameters.

S2.E Corollary of Theorem 5

Finally, it is possible to show that our certification test is robust also for the locally post-selected target states of the classes
Crpsc or CLpsLo. Writing os, as

0sp = Fsos, + (1 — Fs)osi, (S27)

where gsi- is such that Tr[os, 0si"] = 0, and introducing the generalised photon mismatch ﬁf.;- between gs and g5, as

[P~ 1+ =TT
o P(daler)

_ N§>> , (S28)

osi

>UTQS€‘®¢>A<¢|AU

where N é") is the same observable as in (S20), the following holds true.

Corollary S3 (Robust quantum certification of locally post-selected states). Under the same conditions as in Corollaries S1 and
S2, test T from Box 1 is a robust certification test for ps, € Crpsc U CrLpsro with fidelity gap

_ 5L
As = InaX{2€+ (1 ﬁf)("é‘ 1),25}, (S29)
ns

where ﬁé is the generalised photon mismatch.
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8

The proof is identical to the proof of Theorem 5 presented in Section S3.G but with the replacements F' — Fs, F(™) — Fén),
FM)x* F‘é")*, A — As,and it — g,

S3 Proofs of the theorems and corollaries

Before going to the proofs, we devote two sections to establish necessary notation, review some known facts, and prove a
general lemma.

S3.A Norms
Here, we introduce some helpful notation used in the proofs and review a few facts about norms on finite dimensional vector
spaces. The max norm || - ||max of a tensor is the largest of the absolute values of its entries. For a matrix A, for example,

|Allmax = maxy |Ax,|. Forp € [1,00], we denote the vector p-norm of a vector a by ||al|, and the Schatten p-norm of a
matrix A by ||A||,. which is defined to be the vector p-norm of the vector of its singular values. For any matrix A, we define
vec(A) to be a vector containing all the entries of A (in some order). Then one can see that

[All2 = |l vec(A)]2 (S30)
and
A |lmax = [l vec(A)][oo- (S31)

For the vector and Schatten p-norm of vectors with N elements and N x N matrices, respectively, the following inequalities
hold

Iy € VN[ll2 < N-lloo- (S32)
Because the Schatten co-norm is induced by the vector 2-norm, i.e.,

A
Ao = sup I y”Q, (S33)
y Iyl

it follows that for any two vectors € and x

lex” [0 < [l€ll2]x]]2. (S34)

S3.B Reliable estimation of expectation values from samples

We continue by proving a general large-deviation bound for estimates of expectation values from a finite number of measure-
ments on independent copies, which we need for the proofs of Theorems 2 and 3.

Lemma S4 (Reliable estimation of multiple expectation values from samples). Let o > 0, p be a state, and let Al, RN Ay be
observables with expectation values A; = Tr|pA;] and variances bounded as Tr[pA2] — A2 < 0. For each i € [N] and ¥,
let X i(X) be the random variable given by the measurement statistics of A; on state p; such that, in particular, the (X ,-(X>)i,x are
independent random variables and the finite sample average over c measurements of A is the random variable
4o Ly g
et xW, (835)

c
x=1

Then, the { A}, are independent and, for every € > 0 and @ € [1/2, 1), it holds that

P[Vi: |Af — Aj| <e| >@ (S36)
whenever
o?(N +1)
= e2n(1/a)’ (537
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Proof. The sample averages { A }; are independent by definition. By Chebyshev’s inequality it holds that
o2
Vield: P[A;—A]>¢] < el (S38)
¢

Since the { A} }; are independent random variables, this yields

o\ N
PVi: [A} — A, <¢e] > (1 - ‘;) . (S39)
c
Finally,
a2\
(1 - 2) >a (840)
ce
is satisfied if
0?/e?
C 2 COpt = ’71_1/]\[—‘ . (S41)
To finish the proof we upper bound
o?/e?
Copt = ’7 7/111(1/6) “ . (842)
l—e" ¥

Using that (see Section S6.B) for all x > 0

1_6_1/I§x+2+12$+%7 (S43)
it follows that
o? N 1 1
Copt < = (ln(l/a) + W % + 2) . (S44)

To simplify the right-hand side of this inequality, we use that, since @ > % > e~ L, it holds that In(1/@) < 1 and, therefore,
24 % > 4. So, using again that In(1/@) < 1, we finally arrive at

% (i * 1) = Fow

(S45)

Copt S

m(i/a) "4

S3.C Proof of Theorem 2

Before the proof of Theorem 2, we present three auxiliary lemmas specific to the fidelity bound F(°) for the Gaussian case.

The first lemma upper-bounds the number of elements of 'V which the fidelity bound F(°) depends on.

Lemma S5 (Sparsity of the Gaussian fidelity bound). F(%) depends on at most 2m« elements of TV, We call these the relevant
elements of r®,

Proof. Equation (S6) can be written as

FO =1+ 2 +x"0D 7?07 (2y - x) - Tr[0OD~207T]. (S46)
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The last term can, in turn, be expressed as
2m
Tr[oD207TW] = ZD,;i(o<k>)Tr<1>o<k)

= Tr [Z{ o(%i— 1) (2j*1))T + $§0(2j)(0(2j))T}1"(1):| ) (S47)

Due to the sparsity of O, as described in Section S1, each matrix s 20~ (0=1)T 4 s20(27) (0(2))” has at most 4d?

non-zero elements. Hence, summing over j, we see that F'(°) depends on at most 4m min{d?, m} = 2xm elements of r. o

Note that the counting argument following equation (S47) does not take into account the fact that ris symmetric. Taking
this fact into account, we see that, from the 4d? relevant elements of T that appear in each term of the trace (S47), only
d(2d + 1) are independent. Thus, even though 2my entries of T') contribute to F(©, only m min{d(2d + 1),4m} < 2ms of
them must actually be measured.

The second auxiliary lemma bounds the deviation of F(* from F(©) in terms of the errors made in the estimation of the
individual expectation values entering F'(¥).

Lemma S6 (Stability of the Gaussian fidelity bound). Ler F<0>* be defined like F(©) in equation (S6) but with v and T'")
replaced by v* and TW* and let €max ‘= |[¥ — Y || max and Emax = ||I‘(1) I‘(l)*Hmax. Then

IO _ O] < 92 ( D /R + emas]|x]2v/2 ) (S48)

Proof. For convenience, we define the error vector

€:=~—~"€R™ (S49)
and the error matrix
gV =1® M~ (S50)
The fidelity estimation error can then be written as
FO — O =y [OD207 (M + 2ex™)]. (S51)

Due to Holder’s inequality,
PO — FO| < [OD 207 | £ + 2ex" |3
< ID2oe (112 + 2llell2xI12) . (852)

where in the last step we have used the bound (S34). The second inequality in equation (S32) implies that ||€|l2 < vV2m||€||oo-
It remains to bound ||£||1. To this end, we use the first inequality in equation (S32) and equation (S30) to arrive at

HS(I)Hl < \/2m\|vec(8(1))||2. (S53)

According to Lemma S5, F(?) depends on at most 2km entries of £1). Without loss of generality we can hence omit all other
elements of £() and thus take vec(£(M) as a vector with at most 2xm elements. Using this fact and the second inequality in
equation (S32) we obtain

1€y < V2mv2me|| vee(EM) | oo
= 2m/E[|EM |[max (S54)

where we have used equation (S31) in the last equality. Finally, putting everything together and using that, by definition,
[D~2||o = 82,.., We arrive at the inequality (S48). O

max?

The third auxiliary Lemma shows that the estimate of the fidelity lower-bound for target states o, € Cg obtained with the
measurement scheme M in Box S1 is reliable. This Lemma is potentially interesting in its own right in scenarios other than
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certification.

Lemma S7 (Reliable estimation of the Gaussian fidelity bound). Let a € (0,1/2] and € > 0. Let F(O* be defined like F(*) in
equation (S6) but with ~ and rv replaced by v* and D" where ~* and T D" are obtained as described by Mg from

C =2mCi + 26mCy (S55)
copies of o, , with Cy and Cy integers such that

oF(2m + 1) m sy |I%][3

C, > 26 (S562)
e2ln <ﬁ)
and
2 2 4
Cy > 99 T2 R E D) Spa K. (S56b)
i (11;)
Then,
P [|F© — pO| < e} >1-a. (S57)

Proof. Our proof strategy is to show that, with probability at least 1 — «, the 2m elements of <y and the 2m« relevant elements
of T'™) are estimated within additive errors bounded as

13
D S S58a
12, <o/ (538
and
e O S (S58b)

w S e g
If the inequalities (S58) are fulfiled, then, due to Lemma S6, it holds that |F(0) — F(O)*| <e.

Since all 2m estimates {~; }; are sample averages over independent copies of g,,, the measurement outcomes to obtain the
{~/}: are all independent random variables, for each ! described by the same probability distribution. Furthermore, by assump-
tion, the variances of these variables are all upper-bounded by o;. Analogously, the measurement outcomes to obtain all 2mx

relevant estimates {rﬁ?*}l}l, are independent random variables with variances upper-bounded by o2 and described, for each [
and ', by the same probability distribution. Hence, according to Lemma S4, with the choice @ = /1 — «, taking

Cy > 2M (S59a)
€ e In (ﬁ)
and
, U%(gnm +1) ’ (S59b)
A (%)
is sufficient for both
PIVI: |9 =l < €hae) = VI—a (S60a)
and
PV T} relevant : [T}~ )| < eil)] > VI—a. (S60b)
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Since the {7;}; and the {Fl(llg* }1, are independent random variables, equations (S60) imply that

vi: "Yl* - ’Yl| < 6;knax >1—a (S61)
and v Fl(llz relevant : |F§1l2* - Fl(ll“ S '

Finally, inserting the definitions (S58) of € .. and efn(;))( into equations (S59), we see that equations (S56) are equivalent to

equations (S59). ]
Now, we prove the theorem on quantum certification of Gaussian states.

Proof of Theorem 2. That the total number of copies of g, (see equation (S55)) needed for the certification test is asymptotically
upper-bounded by equation (10) can be verified by straightforward calculation using equations (S56). It remains to show that (4)
if o, = o, then T accepts with probability at least 1 — a, i.e.,

P [F(O)* > Fp + 5} >1—a, (S62)
and (i3) if pp, is such that F' < Fp, then 7 rejects with probability at least 1 — o, i.e.,

PIFO" < Prte|21-a. (S63)

To show (i), we first recall that, if o, = o, F©) = 1. With this, equation (S57) in Lemma S7 implies that

P {F(O)* >1— 5} >1-a. (S64)

Since, by assumption of the theorem, the total estimation error is such that ¢ < 1’2F L it holds that 1 — e > Fp 4 €. Substituting
the latter inequality into equation (S64) yields equation (S62).
To show (i7), we first note that, since F (0 < F for all 0p, if F' < Fr, then

FO < Fr. (865)

On the other hand, equation (S57) implies also that
pFO < O 4 g} >1-a (S66)
Inserting equation (S65) into equation (S66) yields equation (S63). ]

S3.D Proof of Theorem 3

We proceed analogously to the last section and present three auxiliary lemmas specific to the fidelity bound F(™) for the
linear-optical case before proving Theorem 3.

To state the first lemma in a compact form we introduce the shorthand I' = (I‘(i))i:1 ! for the collection of all the

moment tensors T'(¥). Analogously, the collection of all the estimates T'D* of the moment tensors, defined in Box S2, is denoted
by T'™ == (F(Z)*>¢:1,..,,n+1'

Lemma S8 (Sparsity of the linear-optical fidelity bound). The fidelity bound F\"™) defined in equation (S15) can be written as

) =1 _ Z(_l/g)n*jfj (I‘(j), r(j+1)) , (S67)
Jj=0
where, for each j € {0,...,n}, f; is a linear functional given by

(7) 5
f; (I‘(j)7]_‘(j+1)) — Z{ Tr{(l(@ ® Pm)rwl)} 4 m;”n{( ® P(i))]_‘(j):| } (S68)

i€ i€
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For each j, the functional f; depends on at most (?) (2d)?7 elements of T'Y and on at most (?) 2m/(2d)?7 elements of ru+,
We call these the relevant elements for f;. Moreover, F’ (") depends on at most

Neapnsn) = (1+2m)(4d> + )" € O (m (442 + 1)”) (S69)

elements of I'. We call these the relevant elements of T'.

The subindex “< 2(n 4 1)” in N<y(,,+1) makes reference to the fact that 2j-th moments with j € [n 4 1] are taken into
account.

Proof. Equations (567) and (S68) can be checked by a straightforward calculation. We use again the sparsity of O, i.e., the

property that its columns 0(2=1) and 0(%) have at least 2(m — d) zero element in common. Hence, each of the symmetric

matrices P(), defined in equation (S9), has at most (2d)? non-zero elements. Consequently, the projectors X, ca® P® and
I

19®, o P in equation (S68) have at most (2d)* and 2m(2d)* non-zero elements. This implies that the first trace inside
123

the sum in equation (S68) depends on at most 2m(2d)?/ elements of T'U*+Y and the second trace inside the sum on at most
(2d)% elements of TV, Hence, each f; depends on at most ()(2d)* elements of ') and on at most (%)2m(2d)* elements

of UTY)  This proves the statements on the sparsity of the functionals f;. From this, it follows that F'("™) depends on at most

i (CL) (2d)* + (?) 2m(2d)27‘> = (1+2m)(4d* +1)" (S70)

elements of I in total, where in the last step we have used the binomial theorem. O

It is important to mention that, as in Lemma S5 for the Gaussian case, the symmetry (S14) of each ') was not taken into
account. Thus, even though the lemma gives the maximal total number of relevant elements that contribute to F'(™), many of
them are not independent and must therefore not be measured.

The second auxiliary lemma upper-bounds the deviation of F(")* from F (™) in terms of the errors made in the estimation of
the expectation values entering F ().

Lemma S9 (Stability of the linear-optical fidelity bound). Let F(")* be defined like F"™) in equation (S15) but with T' replaced
by T and let enay = ||T — T ||max - Then

|F() _ F0*| < e (0 + 5m/2) (1/2 n 2d\/2nm) . (S71)
Proof. For convenience, we define, for each j € [n], the error tensor
g0 — 1@ _1u)* ¢ (R2mx2m)®j' (S72)
Using equation (S67) and the fact that f; is linear, we write the fidelity estimation error as
) _ pl)x Z(_l/g)n*jfj (g(j)7g(j+1)) , (S73)

§=0
Applying Holder’s inequality and using that the Schatten co-norm of a tensor product of projectors is bounded by 1 yields
. i1 n 50541 m—+2n 5.
iz (5(1)75(3 )) | < (J) (Hg(] )H1 + TH‘S(])HJv
where the matrix £(7) is defined element-wise by 51((](3) o = E,Ez?ll _____ ;1> Where k) = (ky,...,k;) and 19) = (I,...,1;).
Thanks to the first bound in equation (S32) and equation (S30), we arrive at

155 (€9, €070 | < <?>(2m)j/2 (Vam][vec(ETD)|, + m+22”||vec(£<j>)||2). (S74)

According to Lemma S8, f; depends on at most (?) 2m(2d)% elements of £ +1) and on at most (?) (2d)% of £U), Without loss

of generality we can hence omit, in equation (S74), all other elements in £() and £+ and thus take vec(£()) and vec(EU+1))
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as vectors with at most (/) (2d)* and (7})2m/(2d)* elements, respectively. Then the second bound in equation (S32) yields

3/2

. . . . . 2 s
1y (29,869 | < <”> (my2(2dy [am[|£6V)| P2 gy T, (575)
_7 max max
Next, from equation (S73), it follows that
n n 3/2 ) j
|[F) — ) < 5max|: ( > (172" (\/ 2m2d) x (bm/2 + n)} . (S76)
; J
5=0
Finally, using (?) /2 < /2 and the binomial formula, we obtain the inequality (S71). O

The third auxiliary Lemma shows that the estimate of the fidelity lower-bound for target states gy € Cro obtained with the
measurement scheme My, in Box S2 is reliable. This Lemma is potentially interesting in its own right in scenarios other than
certification.

Lemma S10 (Reliable estimation of the linear-optical fidelity bound). Ler o € (0,1/2] and € > 0. Let F (")* be defined like
F") in equation (S15) but with T replaced by T'*, where T'* is obtained as described by Mzy,o from

C = Nea(nt+1)C<a(nt1) (S77)

copies of 0p, With N<g(,, 41 an integer given by equation (S69) and C<y(n1) an integer given by

C > ?<atnyNVs2(oin) +1) (n + 5m/2)? <1/2 + 2d¢%> - (S78)
S = T2/ - ) :
Then,
P||F™ — pm*| < z—:} >1-a. (579)

Proof. Our proof strategy is similar to that of Lemma S7. That is, we show that, with probability at least 1 — a, the N<g(p41)
relevant elements of I are estimated within additive errors bounded as

e < €= < (S80)
TETIIET 45my2) (1/2 + 2dy/2nm) "
If this inequality is fulfiled, then, due to Lemma S9, it holds that |F(”) - F(”)*| <e.
According to Lemma S4, with the choice @ = 1 — «, taking
2
‘7<2(n+1)(NS2(n+l) +1)
Ccopnyry = — (S81)
S = e (11— a))
is sufficient to get

Py 1 .| N <er I>1- S82
Kby ek i 1€ evant : ‘ ki,l1,..kilG Kt yeonsksoli | = Emax | = @ ( )

Finally, inserting the definition (S80) of 7 .. into equation (S81), we see that equation (S79) is equivalent to equation (S81). [

max

Now, we prove the theorem on quantum certification of linear-optical network states.
Proof of Theorem 3. The proof is analogous to the proof of Theorem 2, but with equation (S77), equation (11), F) pln)«

Lemma S10, and equation (S79) playing respectively the roles of equation (S55), equation (10) , F(©), F(9* Lemma S7 and
equation (S57). O

S3.E Proof of Corollary S1

The proof relies on three auxiliary lemmas equivalent to Lemmas S5, S6, and S7.
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Lemma S11 (Sparsity of the locally post-selected Gaussian fidelity bound). Féo) depends on at most 2mk elements of Ffsl). We
call these the relevant elements of 1'“(31).

Proof. The proof of the lemma is analogous to that of Lemma S5. O
Lemma S12 (Stability of the locally post-selected Gaussian fidelity bound). Let F’ éo)* be defined by the same expression to F'(©)

in equation (S6) but divided by P(¢ 4|o1) and with 5 and T) replaced by s and TG)", and let exyas = |[¥s = V5 Imax and
O @ =
Emax = ”FS FS ||max~ Then

. 252,
FO = FO"| < gm0 i+ el |x]l2v/2m) (83)
P(d.4lor)
Proof. The proof of the lemma is similar to that of Lemma S6, with the differences already explained in Section S2.C. O

Lemma S13 (Reliable estimation of the locally post-selected Gaussian fidelity bound). Let o € (0,1/2] and € > 0. Let F, éo)*
be defined by the same expression to F éo) in equation (S6) but divided by P(¢ 4|oy) and with ~y and r® replaced by v and
I‘g)*, where v and Fg)* are obtained as described in Section S2.C from

C =2mCy + 2kmCy (S84)
copies of 0s,, , with Cy and C5 integers such that
2(9 1 4 2
Cl 2 26§1( m+ )Tzsl’nax ||X||2 (SSSa)
P(¢alo)e*n (1)
and
2 2 1 2 4
Oy > 2 2rm )2m Smax ¥ (S85b)
P(dalo)el n (2)
Then,
PIFY - F" <] 21-a. (S86)
Proof. The proof of the lemma is analogous to that of Lemma S7. O

Proof of Corollary S1. The proof is analogous to the proof of Theorem 2 but with Lemmas S11, S12, and S13 playing respec-
tively the roles of Lemmas S5, S6, and S7. O

S3.F Proof of Corollary S2

As in the previous subsection, the proof relies on three auxiliaryary lemmas equivalent to Lemmas S8, S9, and S10. The
proofs of the lemmas are analogous to, and follow immediately from, those of the latter.

Lemma S14 (Sparsity of the locally post-selected linear-optical fidelity bound). The fidelity bound F ("), defined by the same

expression as F") in equation (S15) but divided by P(¢ 4| 0;) and with T replaced by T's, can be written as

(n) 1 = n—j ) (3+1)
F— 2 1S (—1/2 sz(r T ) , (S87)
S P(¢A|Qt) ]go( / ) J S S
where, for each j € {0,...,n}, f; is the same linear functional as in Lemma S8, defined by equation (S68). Moreover, Fé")

depends on at most N<y(n11) elements of T's, with N<g (1) the same as in Lemma S8 and given by equation (S69).

Proof. The proof of the lemma is analogous to that of Lemma S8. O
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Lemma S15 (Stability of the locally post-selected linear-optical fidelity bound). Let Fé")* be defined by the same expression as

F() in equation (S15) but divided by P(¢ 4lot) and with T replaced by T's, and let €pax = ||T's — T's|lmax. Then

|F — B < (n + 5m/2) (1 /2 + 2d\/2nm ) (S88)
F’(d)AI t)
Proof. The proof of the lemma is similar to that of Lemma S9, with the differences already explained in Section S2.C. O

Lemma S16 (Reliable estimation of the locally post-selected linear-optical fidelity bound). Let o € (0,1/2] and € > 0. Let
F én)* be defined like F™) in equation (S15) but with T replaced by I's, where T's is obtained as described in Section S2.C from

C = N1 C<a(nr) (589)

copies of 0s,, with N<a (1 1) an integer given by equation (S69) and C<y(n, 11y an integer given by

§22(n+1)(N<2(n+1) + 1) 2 2n
Ceopnin) = — = (n + 5m/2) (1 /2 + 2d\/2nm) : (S90)
[P(¢alor)e]” In(1/(1 - a))
Then,
PR — Fi*| < s} >1-a. (S91)
Proof. The proof of the lemma is analogous to that of Lemma S10. U

Proof of Corollary S2. The proof is analogous to the proof of Theorem 3 but with Lemmas S14, S15, and S16 playing respec-
tively the roles of Lemmas S8, S9, and S10. ]

S3.G Proof of Theorem 5

Crucial for the proof of this theorem is the expansion (12) of g, in terms of g; and oi, which leads to the definition (13) of
the photon mismatch fL. Also, before the proof, we note that the fidelity gap cannot be smaller than A > 2¢: The condition for
acceptance of the test is F)+ > Fr 4+ A — ¢, whereas that for rejection is F* < Fr + €. So, the threshold of acceptance,
F = Fr 4+ A — ¢, is not smaller than that of rejection, F' = Fr + ¢, iff A > 2¢.

Proof of Theorem 5. Theorems 2 and 3 imply that g, is rejected with probability at least 1 — o whenever F' < Fr. Thus, it
remains to show that if o, is such that F* > Fr + A, with A given by equation (14), then g, is accepted with probability at least
1 — o, i.e., that

plF™* > 4 g} >1—a. (S92)

So, let F > Fr + A, with A given by (14). Using equations (8), (12), and (13), we write F™) ag

FO =1 (1-F)at >1- (1 - (Fr+A)at (S93)
Using that
2 1-F -1
As 2 f)( ) (S94)
n
and inserting it into the inequality (S93), we obtain
F™ > Py 4 2. (S95)
Finally, using equations (S95) and (S79), we obtain equation (S92). ]
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S4 Number of measurement settings

In this section, we upper-bound the number of local measurement settings required for the estimation of our fidelity lower
bounds. We do this explicitly only for the Gaussian and linear-optical network target states, the cases of the post-selected target
states following immediately from them.

S4.A Gaussian case

Here, we show that the 2md single-quadrature and the mx two-quadrature observables listed in Box S1, required for the
measurement scheme M, can all be measured using m + 3 different experimental arrangements. We do this by explicitly
describing a measurement strategy that features such a scaling.

The two-body observables §;qx, ¢; Pk, and p;py, for j # k, can be measured by simultaneously homodyning modes j and k.
For all possible pairs of modes, this consumes m + 2 different homodyne settings: A single setting (1, Gz, - - - , Gm) for all the
second moments of the form (g;x),,; another single setting (p1, P2, . . . , P ) for those of the form (p;px),, ; and the m settings
(P1,42y -+ +Gm), (41,D2,G35 -« - s4m)s - - - and (G1,- - ., Gm—1,Pm) for those of the form <cjjf)k)gp and (ﬁjcjk>gp with j # k. In
addition, all the single-body observables §;, p;, qAJQ-, and ﬁ?, are measured also with these same settings. With this, we have

accounted, so far, for all the first moments +; and all the second moments rl“l? with (1,1") # (2§ — 1,2j) for all j € [m)].

The remaining second moments, F%lm ; with j € [m], correspond to the single-mode observables (§;p; + p;q;)/2. To
measure these, Arthur can homodyne each mode j independently in the rotated quadrature (G; + p;)/ v/2. This requires a
single setting: [(G1 + p1)/V2, (G2 + P2)/V2, ..., (41 + P1)/V2]. In this setting, he can estimate all the moments of the form
((4j + P7)?/2) o, - The latter estimates, upon subtraction of (G7),, /2 and (p3),, /2, whose settings have already been accounted
for, finally make it possible to calculate an estimate of ((G;p; + p;d;)/2),,. using the equation

A ~ 2 A~ A~
dj + pj qJQ' p?
2 2

Lo
z(qj'pﬁqu]-)( 5a) T2 (S96)

The last setting, plus the m + 2 ones already accounted for in the previous paragraph, yields a total of m + 3 different homodyne
settings, as promised.

Finally, a comment on the error estimation is in order. In any measurement strategy where moments are estimated indirectly,
their errors must be obtained from those of the directly measured quantities via error propagation. For instance, in the strategy
just described, the error of each F%’)flﬂj needs to be calculated from those of ((§; + $;)%/2) g, (47) e, and (p3),, . This leads,
for each indirectly estimated moment, to an increase in the number of copies of g, required to attain a given error. Nevertheless,
this usually has no impact on the leading terms of the total resource scaling of the protocol. For example, in the described
strategy the global scaling given in equation (10) remains unaltered.

S4.B Linear-optical case

Here, we show that the N<o(,41) € O (m (4d2 + 1)”) observables listed in Box S2, required for the measurement scheme
M1,0, can all be measured using at most (:’Z) 27+1 different experimental arrangements. As in the previous section, we do this
by explicitly describing a measurement strategy that features the promised scaling.

The scheme My, requires the measurement of products of an even number between 2 and 2(n + 1) quadrature operators.
We describe the measurement strategy as follows. First, we upper-bound the number of homodyne settings required for the mea-
surement of all possible products of 2n quadrature operators, necessary for estimating all n-th moments '™ The measurement
of products of fewer quadrature operators can clearly be carried out with the same settings. Then, we show that the particular
products of 2(n + 1) quadrature operators that appear in My,o, corresponding to the relevant elements of ™+ do not require
extra settings either.

Consider all products of 2n quadrature operators. Among these, we focus first on those containing exclusively either §; or p;
(or powers thereof) for each j-th mode but exclude observables such as (§;p; +;4;)/2, which we address in the next paragraph.
Let us divide this family into two subfamilies: (7) those for which the number of operators §; is smaller or equal than that of
the operators p; and (i7) those for which the number of operators §; is greater than that of the operators p;. All correlators in
the subfamily (7) can be measured with homodyne settings where n modes are detected in the position quadrature ¢; and the
remaining m — n ones in the momentum quadrature p;. All those in the subfamily (¢4) can be measured with homodyne settings
where n modes are detected in momentum and the remaining m — n ones in position. Taking the two subfamilies into account,
there are at most 2("") different such settings.
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Let us now focus on the products of 2n quadrature operators that include different quadrature operators on a same mode, such
as (G;p; + P;d;)/2 (or powers thereof). At most, n factors as (§;p; + P;4G;)/2 can appear in each product of 2n quadrature
operators. From equation (S96), we know that by replacing in each of the settings for the subfamily (i) above a quadrature g;
with the rotated quadrature (¢; +p;)/ V/2, Arthur can indirectly estimate the expectation values of all the 2n-quadrature products
of the form:

1. .
5(%‘1?1 +D;d;)

X up ton — 1 position operators
X at least n momentum operators. (S97)

In turn, by replacing, in each of the resulting settings, a further quadrature §;» with (§;7 + p;)/ V2, he can measure all the
observables of the form

1, . o 1, . o

§(quj + Djd5) % g(q]"pj' + Dy qj)

X up ton — 2 position operators

X at least n momentum operators. (S98)

Concatenating this procedure, he can measure all the 2n-quadrature products where each mode contributes with either ¢;p; +
D;4;, 4;, or p;, and the number of operators ¢; is smaller or equal than that of the operators p;. Equivalently, by proceeding
analogously with the subfamily (44) and the quadratures p;, he can measure all 2n-quadrature products where each mode con-
tributes with either ¢;p; + p;4¢;, ¢;, or p;, and the number of operators ¢; is greater than that of the operators p;. This is enough
to indirectly estimate the expectation values of all 2n-quadrature products. For each setting of the two subfamilies, n modes can
be rotated, giving rise to 2" setting ramifications. Hence, taking into account all the settings of the two subfamilies and their
ramifications, we count a total of at most 2("")2™ = ("")2"+* different settings. This counting clearly over-counts the necessary

settings but is enough for our purposes.

Finally, we consider the products of 2(n+ 1) quadrature operators appearing in the relevant elements of T'"*Y)_ The (n+1)-th
moment tensor D" FY) is special in that, in contrast to the lower-moment tensors, it appears in just the first of the two traces in
equations (S15) and (S68). In particular, according to Box S2, F,(Jﬁll) P SR A

only if, k41 = 1. This implies that the observables containing the factor (§,+1Pn+1 + Pr+1dns1) do not contribute to the
(n+1)

is a relevant element of T("*1) if, and

relevant elements of T’ , only those containing either g2 or p2 ,, are relevant. Hence, the relevant 2(n + 1) quadrature

products are those composed of the 2n quadrature products relevant for '™ times either q2 L 0r P2 +1- Now, in each setting of

the two subfamilies of the previous paragraph, 2n modes are used to measure a 2n-quadrature observable relevant for '™ and
the other m —n modes, which are all set either to position or momentum, are ignored. Thus, each relevant element of Y can
be estimated by not ignoring one out of the latter m — n modes. That is, the settings to estimate the 2n-moments rm already
cover also the estimation of 2(n + 1)-moments "+ So, the total number of settings used throughout is at most (:’;) 2ntl,

As in the end of the previous section, we make a final remark on the error estimation. Also here, the errors of the indirectly
estimated moments must be obtained via error propagation, which leads again to an increase in the total number of copies of oy,.
Nevertheless, their global scaling with n remains of the same order as that given in equation (11) .

S5 Stability against systematic errors

Apart from statistical errors, Arthur’s measurement procedure could also have systematic errors. That is, if the characterisation
of his single-mode measurement channels is erroneous, he could actually be measuring different observables from the ones he
thinks he does. Theorems 2 and 3, as well as their Corollaries S1 and S2, consider only statistical errors, i.e., those that can
be decreased by increasing the number of measurement repetitions (and, hence, the number of copies of g,,). Since systematic
errors cannot be decreased by accumulating statistics, no certification method based exclusively on the measurement statistics
can rule them out. However, the stability analyses of Lemmas S6, S9, S12 and S15 hold regardless of the nature of errors. Thus,
the experimental estimates F'(0)*, F(m)*, Féo)*, and F‘é")* (and, therefore, also the certification tests) turn out to be robust also
against small systematic errors: The total fidelity deviations due to systematic errors scales linearly with the magnitude of the
largest systematic error and polynomially in all the other relevant parameters as given in equations (S48), (S71), (S83), and
(S88).

Still, it is illustrative to consider a physically relevant example. A typical systematic error is non-unit quantum efficiency of
the detectors used for homodyning. In that case, the probability density function P of measurement outcomes r of a quadrature
7 equals the ideal one P convolutioned with the normal distribution A/ of mean zero and squared variance (1 — ) /47, where 7
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is the quantum efficiency of the detectors’. That is, P(r) = (P *N)(r) :== [ dr'P(r')N (r —r'). Using that the first and second
non-central moments of N satisfy

(r)n = / drrN(r —7r') =1 (599a)
and
(r¥)y = / drr®N(r —r') =1 + 1;7”, (S99b)
respectively, one obtains that
(rp=(r)» (S100a)
and
) = %)+ 0 (51000)

That is, the expectation value of 7 is not affected by this type of systematic errors and that of #2 deviates from the ideal one by
(1 —n)/(4n). Furthermore, the expectation values of products of quadrature operators acting on different modes are also not
affected, as this type of systematic error acts independently on different modes.

In the absence of statistical errors, this leads to an error vector € = 0 and an error matrix £ that is diagonal and such that
1ED | max < (1 —1)/(4n), so that [[ED||; < m(1 —n)/(2n). Inserting this into equation (S52), we see for instance that, for
Gaussian targets, the contribution to the deviation of the fidelity estimate due to non-ideal detector efficiency in the homodyne

. 1— . . . . .
detectors is smaller than sfnamen". This, in turn, is smaller or equal than a desired constant maximal error ¢ if

2. m 2
> max ~1-—
"= 9%+ m 52 m’ (S101)

max max

where the approximation holds whenever s2 . m > 2¢. The scaling given by the bound (S101) is experimentally convenient in

that, in particular, it implies that the detector inefficiency 1 — 7 needs to decrease only inversely proportional with the number
of modes m.

Another typical systematic error is the limited power of the local oscillator field used for the homodyne detection: The homo-
dyne (photocurrent difference) statistics, i.e., the distribution of homodyne measurement outcomes, match exactly the statistics
of the corresponding quadrature only in the limit of an intense local-oscillator beam!?. The most obvious difference is that the
homodyne statistics is discrete whereas the quadrature statistics is continuous, with the former approximating the latter increas-
ingly better as the local-oscillator power increases. However, we emphasise that our method relies on the estimation of only the
expectation values of quadratures and not their full statistics. It can be seen that, provided that the local oscillator is in a coherent
state, the effect of limited power is just to increase the variance of the effective quadrature without changing its expectation value
with respect to the ideal case. Furthermore, in the multi-mode scenario, if the different modes are homodyned with independent
local oscillators, the latter is also true for products of quadratures, as the ones considered in this work. Therefore, the effect of
systematic errors due to limited homodyne local-oscillator power in our fidelity estimates is expected not to be critical either.

S6 Auxiliary mathematical relations

S6.A Derivation of the properties of the operator valued Pochhammer-Symbol
We begin with equation (21a). The general relationship
()" (az)" = pe(y), (S102)

166



20

for t € N, can be shown by induction starting from pg (ﬁj) = fi; and noting that, for all £ > —1,
alpi(i)a; = ali;(i; = 1)(R; = 2)--- (A; = t)a;
= aliv; (i — 1)(fy —2) - (A — (t = 1))a;(R; — (t+1))
= pe(ny) (7 — (t+1))
= pey1(ny), (5103)

as can be verified using the commutation relations between a; and a;. Setting ¢ = n; gives equation (21a) .
In turn, equation (21b) can be shown by noting that

(a)™ (a;)" = (ah)" = i (az)™ (S104)

and applying equation (S102), for ¢ = n; — 1, to the right-hand side of (S104).

S6.B Proof of the bound (S43)

Note that for z = 0 both sides of equation (S43) yield 1 and hence the bound holds in that case. We make the substitution
y = 1/x and show that the bound (S43) holds for all z > 0 by proving the following:

1 1 1 1
—_— < -+ ————— 4+~ Vy>0. S105
T_ov oy 201ijy 2 U7 (5105)
But this is equivalent to
20 +3y +2<e’(2+y). (S106)

A straight forward calculation shows that both sides and also the first derivatives of both sides coincide at y = 0, while the second
derivative of the right hand side is always larger than the second derivative of the left hand side. This proves equation (S105)
and hence finishes the proof of the bound (S43).
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C.2 Abstract

Simulations play a crucial role in the investigation of complex quantum systems. In this thesis,
locality structures of quantum systems are exploited to obtain complexity theoretic results with
various physical implications. More specifically, rigorous mathematical tools are used and de-
veloped further, to investigate open quantum systems and thermal states. Moreover, important
advances in photonic quantum simulations are discussed.

For open quantum spin lattice systems new simulation schemes are provided. It is shown
that Markovian dynamics can be simulated efficiently in the unitary circuit model, which can
be seen as a dissipative Church-Turing type theorem. Moreover, Markovian dynamics is quasi-
local and can locally be simulated on classical computers with a cost scaling polynomially in
the system size. These results generalize standard tools from the investigation of Hamilto-
nian systems to open quantum systems. In particular, they provide a rigorous basis for their
numerical simulation. However, also a major roadblock for making such simulations reliable
is identified: Testing positivity of certain common approximations to mixed quantum states,
called matrix product operators, is shown to be NP-hard in the system size and undecidable in
the thermodynamic limit. Also more state space structures, originating from the spatial locality
structure are discussed: Most states in state space cannot be generated efficiently with local
Liouvillian dynamics and pure states generated in real-space renormalization schemes turn out
to have local corrections in spatial dimensions larger than one.

For thermal states on spin and fermionic lattice systems, a perturbation formula is provided
and exponential clustering of correlations at high enough temperature is proven. This has vari-
ous consequences: It leads to the extension of the concept of intensive temperature to interact-
ing quantum systems, allows for efficient classical local simulations at high enough tempera-
ture, provides an upper bound on phase transition temperatures, and implies stability of thermal
states against Hamiltonian perturbations.

For photonic quantum simulations, sample complexity lower bounds for the verification of
Boson-Sampling simulations are explained, which are applicable to a restricted setting. These
bounds rely on a lower bound on the min-entropy of the output distribution of Boson-Sampling.
This indicates that Boson-Sampling cannot be verified efficiently classically. Complementary
to that, a reliable verification scheme for photonic state preparations is discussed, which uses
single mode measurements as a simple quantum resource. The verification scheme is effi-
cient for a large class of photonic simulations, including Boson-Sampling experiments with
constantly many photons and state preparations necessary for measurement based quantum
computing.
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C.3 Zusammenfassung

Simulationen spielen eine wichtige Rolle in der Untersuchung von komplexen Quantensyste-
men. In dieser Arbeit werden unter Ausnutzung von Lokalititsstrukturen koplexititstheoreti-
sche Ergebnisse erzielt, die vielseitige Implikationen haben. Aufbauend auf rigorosen mathe-
matischen Methoden und deren Weiterentwicklung werden offene Quantensysteme, thermische
Zustinde und photonische Quantensimulationen untersucht.

Es werden neue Simulationsmethoden fiir offene Spingittersysteme eingefiihrt. Fiir Mar-
kovsche Zeitentwicklung von Spingittersystemen wird gezeigt, dass sie effizient im unitiren
Quantengattermodell simuliert werden konnen, was als eine Church-Turing-Aussage inter-
pretiert werden kann. AuBerdem ist Markovsche Dynamik quasilokal und mit klassischen
Computern lokal simulierbar, wobei der Simulationsaufwand polynomiell in der Systemgrofe
beschrénkt ist. Diese Ergebnisse bilden eine rigorose Grundlage fiir die Simulation von offe-
nen Quantensystemen. Allerdings wird auch ein grofes Hindernis fiir die Verbesserung der
Zuverldssigkeit solcher Simulationen identifiziert: Das Testen von Positivitdt von bestimm-
ten iiblichen Approximationen an gemischte Quantenzustinde, die Matrixproduktoperatoren
genannt werden, ist NP-hart in der Systemgrofe und im thermodynamischen Limes unent-
scheidbar. Zusitzlich werden auch weitere Zustandsraumstrukturen, welche durch raumliche
Lokalitédt bedingt sind, diskutiert: Die allermeisten Quantenzustinde konnen nicht effizient
mittels lokaler Liouvillscher Dynamik generiert werden.

Fiir thermische Zustdnde auf Spin- und Fermionischen Gittersystemen wird eine Stérungs-
formel eingefiihrt und exponentielles Clustering von Korrelationen bei ausreichend hohen
Temperaturen bewiesen. Dies hat eine Reihe von Konsequenzen: Es fiihrt zu einer Erwei-
terung des Konzepts der Intensivitdt von Temperatur auf wechselwirkende Quantensysteme,
zu effizienteren klassischen Simulationen von Systemen bei ausreichend hoher Temperatur,
es bietet eine obere Schranke an Phaseniibergangstemperaturen und impliziert Stabilitdt von
thermischen Zustinden gegeniiber Storungen des Hamiltonoperators.

Fiir photonische Quantensimulationen werden untere Schranken an die Sample-Komplexitit
der Verifizierung von Boson-Sampling-Simulationen in einem eingeschrinkten Rahmen er-
klirt. Eine untere Schranke an die min-Entropie der Ausgabeverteilung von Boson-Sampling
stellt das technische Hauptresultat dieser Untersuchung dar. Diese deutet darauf hin, dass
Boson-Sampling klassisch nicht effizient verifiziert werden kann. Ergiinzend zu diesem Re-
sultat wird ein zuverlédssiges Verifizierungsschema fiir photonische Zustandspréiparationen
vorgestellt, in welchem Einzelmodenmessungen als Quantenressource verwendet werden. Die-
ses Verifizierungsschema ist fiir eine groffe Klasse von photonischen Simulationen effizient,
die Boson-Sampling-Simulationen mit konstanter Photonenzahl und bestimmten Zustandspri-
paration, die fiir messbasiertes Quantenrechnen notwendig sind, mit einschlief3t.
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