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Abstract

In this thesis we study the time evolution of correlation functions in quan-
tum lattice models in the presence of long-range interactions or hopping de-
caying asymptotically as a power law. For a large class of initial conditions,
exact analytic results are obtained in arbitrary lattice dimension for the long-
range Ising model. In contrast to the nearest-neighbour case, we find that
correlations decay like stretched or compressed exponentials in time. Provided
the long-range character of the interactions is sufficiently strong, pronounced
prethermalization plateaus are observed and relaxation timescales are widely
separated. Starting from uncorrelated states that are easily prepared in exper-
iments, we show the dynamical emergence of correlations and entanglement
in these far-from-equilibrium interacting quantum systems. We characterize
these correlations by the entanglement entropy, concurrence, and squeezing,
which are inequivalent measures of entanglement corresponding to different

quantum resources.

For interaction exponents larger than the lattice dimensionality, a Lieb-
Robinson-type bound effectively restricts the spreading of correlations to the
interior of a causal region, but allows supersonic (faster than linear) propaga-
tion. Using tools of quantum metrology, for any exponents smaller than the
lattice dimension, we construct Hamiltonians giving rise to quantum channels
with capacities not restricted to any causal region. An analytic analysis of
long-range Ising models illustrates the disappearance of the causal region and
the creation of correlations becoming distance-independent. In all models we
analyzed the spreading of correlations follows a power law, and not the expo-
nential increase of the long-range Lieb-Robinson bound. Lieb-Robinson-type
bounds are extended to strongly long-range interactions where the interac-
tion exponent is smaller than the lattice dimension, and we report particu-
larly sharp bounds that are capable of reproducing regimes with soundcone
as well as supersonic dynamics. Our results provide guidance for optimizing
experimental efforts to harness long-range interactions in a variety of quantum

information and signaling tasks.
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Uittreksel

In hierdie tesis studeer ons die tydevolusie van korrelasiefunksies in kwan-
tumroostermodelle in die teenwoordigheid van lang-afstand interaksies of spronge
wat asimptoties in ‘n magswet verval. Vir ‘n groot versameling begintoestande
word presiese analitiese resultate vir die lang-afstand-Ising-model verkry. In
teenstelling met die naaste-naasliggende-interaskie-Ising-model find ons dat
korrelasies soos uitgerekte of saamgepersde eksponentiéle funksies in tyd ver-
val. Indien die lang-afstand gedrag van die interaksies lank genoeg is word
lanklewende kwasi-stationere toestande gevorm as gevolg van wyd verspreide
tydskale wat in die ontspanningsgedrag van die korrelasiefunksies voorkom.
Wanneer ongekorreleerde begintoestande, wat eenvoudig in die laboratorium
voorberei kan word, gebruik word kan die dinamiese opkoms van verskillende
maatstawe van verstrengeling analities bereken word. Gevolglik kan hierdie

verstrengelde toestande gebruik word om kwantumberekeninge mee uit te voer.

Vir interaksie-eksponente groter as die roosterdimensie bestaan daar soge-
naamde Lieb-Robinson-grense wat die verspreiding van korrelasies beperk tot
die binneruim van ‘n oorsaaklike-kegel, maar steeds supersoniese verspreiding
(vinniger as lineér) toelaat. Deur gebruik te maak van gereedskap uit kwan-
tummeetkunde kan ons, vir enige interaksie-eksponent kleiner as die rooster-
dimensie, Hamiltoniane konstrueer wat oorsaak gee aan kwantumkanale met
kapasiteite wat nie beperk word deur enige oorsaaklike-kegel nie. Die anali-
tiese resultate van die lang-afstand-Ising-model illustreer die verdwyning van
die oorsaaklike-kegel sowel as die vorming van afstand onafhanklike korrelasies.
In al die modelle waar ons die verspeiding van korrelasies bestudeer het, het
die speiding magswette gevolg, en nie die eksponentiéle toename wat deur die
lang-afstand Lieb-Robinson-grense voorspel word nie. Lieb-Robinson-grense
word uitgebrei na kwantumsisteme met sterk-lang-afstand interaksies waar
die interaksie-eksponent kleiner is as die roosterdimensie. Besonderse skerp
grense word voorgedra wat die oorgang van lineére na supersoniese versprei-
ding vasvang. Die resultate wat in hierdie tesis vasgevang is verskaf riglyne
vir die optimering van eksperimentele pogings on lang-afstnad interaksies in

te span in ‘n verskeidenheid kwantuminformasie en -seintake.
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Chapter 1

Introduction

1.1 Motivation: General background

This work investigates the non-equilibrium dynamics of long-range interacting
quantum spin systems. Of fundamental importance is the timescales on which
quantum systems relax toward equilibrium, and if the final equilibrium state
is given by a Gibbs ensemble or not. Intuition gained from Lieb-Robinson
bounds govern our current understanding of the spreading of correlations and
the rate at which quantum systems equilibrate. The following subsections delve
deeper into long-range interactions, equilibration and thermalization, and the
notion of Lieb-Robinson bounds. These are central concepts that will be used
throughout this thesis.

1.1.1 Long-range interactions

We define short-range interactions as any two-body interaction that asymp-

D in separation distance r, or has a finite range

totically decays faster than r~
outside of which the interaction is zero. Here D is the dimension of the under-
lying system. In this framework, long-range interactions are defined as those

interactions decaying slower than r~? asymptotically.

For nearly a century condensed matter physicists have been fascinated by
short-range or nearest neighbour interacting or hopping systems. The inter-
est in short-ranged systems can be traced back to the pioneers of statistical

physics, Boltzmann and Gibbs. They were interested in describing the different
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states of matter where the fundamental interactions are typically electromag-
netic. The presence of both positive and negative charges cause screening
effects which give rise to interactions that are effectively short-range or ex-
ponentially decaying. This explains the nearly exclusive interest in short- or
finite-range interactions in the community of condensed matter physics. From
a theoretical point of view short- or finite-range interactions are valuable since
they allow to partition a large volume into smaller sub-volumes while neglect-
ing the surface effects of the sub-volumes in the thermodynamic (large system)
limit. This mathematical trick has been used extensively to prove theorems in
statistical physics for short-range interacting systems. Specifically, this trick is
the corner stone of the existence of thermodynamic potentials and their convex-
ity properties in the thermodynamic limit as well as the celebrated equivalence

of statistical ensembles.

On the other side of the coin, astrophysicists have been aware of the strange
consequences of long-range interactions for decades. The attractive gravita-
tional potential decays like r~! in separation distance and can be considered
long-range in any spatial dimension. Moreover, the absence of negative masses
renders screening impossible which in turn preserves the long-range nature of
the interactions. The first peculiar result in statistical physics, due to the
presence of long-range interactions, was published in 1968 by Lynden-Bell and
Wood [77]. They showed that self-gravitating gas spheres have negative heat
capacities, i.e., adding heat to the system actually decreases the temperature.
This phenomenon was later explained by Thirring [112] who showed that the
specific heat is always positive when calculated withing the canonical ensemble.
This observation showed the nonequivalence of the microcanonical and canon-
ical ensembles in the presence of long-range interactions. These results came
as a great surprise since the equivalence of ensembles was assumed by many

physicists to be a general property irrespective of the range of interaction.

Physicists studying classical statistical mechanics have delved into long-
range interacting systems in a effort to extend traditional short-range statis-
tical physics, see [17] for a review. However, the quantum condensed matter
community has taken somewhat longer to become intrigued about the intrica-
cies of long-range interactions. However, owing to the groundbreaking progress

in the control of ultra-cold atoms and ions, as well as the creation of ultra-
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cold polar molecules, a number of proposals and experimental realizations of
quantum simulators for strongly correlated, and in particular spin, systems
have been reported [110, 52, 53, 120, 114, 13]. In several of the theoretical
proposals, the constituents interact via long-range forces. These include dipo-
lar interactions [21, 81, 71, 7, 39, 46, 88] or phonon mediated interactions in
ion crystals [92, 69]. These engineered quantum systems are different from
traditional condensed matter systems where the long-range character of the
underlying Coulombic interactions is suppressed by screening so that only on-
site or nearest neighbour interactions need to be taken into account. Due to
their relevance in the context of quantum simulation of many-body systems by
ultra-cold gases and trapped ions, long-range interactions have recently moved
into the focus of research [57, 58, 59, 60, 39, 78, 67, 91, 37, 55].

1.1.2 Equilibration and thermalization of isolated

quantum systems

Thinking classically, if we pierce an inflated balloon inside an empty vacuum
chamber, very soon the air molecules will become uniformly distributed within
the enclosure, with their velocities reaching the Maxwell distribution, whose
width only depends on the total energy and number of particles. The shape
of the balloon, where we place it inside the chamber, or where on the surface
of the balloon we decide to pierce it plays no role in the final spacial and ve-
locity distributions. This thermodynamic universality can be understood by
arguing that the particle trajectories very quickly begin to look alike, even if
they have different initial conditions. This is because nonlinear equations drive
them to uniformly cover their constant energy manifold with the microcanon-
ical measure. However, in the presence of conserved quantities functionally
independent of the Hamiltonian and each other, time evolution is confined to
a restricted hypersurface of the constant energy manifold. In this case, even
though the system equilibrates, the microcanonical predictions of the equilib-

rium behaviour fails and the system does not thermalize.

In the quantum world the situation is not so clear. For an isolated quan-
tum system time-evolution is linear, there is an absence of dynamical chaos
and the spectrum is discrete. Up until recently it was not clear under what

conditions conserved quantities provide constraints on relaxation dynamics in
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quantum systems. However, the groundbreaking work of [108, 100, 14, 18]
have shaped our current understanding of the influence of conserved quanti-
ties in the long-time behaviour of isolated quantum systems. In a nutshell,
non-integrable systems are believed to eventually reach a thermal stationary
state characterized by a Gibbs distribution with a single temperature. Inte-
grable systems, on the other hand, are not expected to thermalize, but their
asymptotic stationary state should nonetheless be described by a generalized

Gibbs ensemble with one effective temperature for each conserved quantity.

Equilibration and thermalization are two complementary, but unequal no-
tions of the long-time behaviour of isolated quantum systems. A system is said
to equilibrate if its density operator evolves toward some particular state and
remains in, or close to, that state for almost all times [75]. To quantify this in
mathematical terms suppose we have some system consisting of a subsystem
S and bath B. The state of the subsystem pg(t) is found by tracing the global
state p(t) over the bath, ps(t) = Trpp(t). Similarly, the state of the bath at
time ¢ is described by pp = Trgp(t). The time averaged state of the global
system w is given by

T

1
w=lim — [ p(t)dt. (1.1.1)

=00 T Jo

Similarly wg and wg are the time averaged states of the subsystem and bath
respectively. The central quantity in determining whether the subsystem equi-

librates to its time averaged state is the difference in operator norm,

lps(t) — wsl. (1.1.2)

However, the state of the subsystem pg(t) will fluctuate around its time average
wg. Correspondingly their separation, in operator norm, changes in time. To
take these fluctuations into account it is necessary to study the time averaged

separation,

1
lim ;/ los(t) — ws|ldt. (1.1.3)
0

T—00

This amounts to studying the probability in time that the time-evolved state
differs, in operator norm, from some equilibrium state by more than some
small € > 0. If this probability is less than some small 6(¢) > 0, the system is

considered as equilibrated. This probabilistic notion of equilibration is known
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as typicality [96, 97, 98, 75, 35, 106, 36, 54].

The equilibrium state does not have to be a Gibbs or any other special
state, and it may even depend on the initial state of the global system (unlike
our classical picture of the balloon inside the vacuum chamber). Thermaliza-
tion on the other hand is a much stronger notion and additionally requires
that the final equilibrium state be independent of the details of the initial
state (similar to the balloon inside the vacuum chamber). When a system
thermalizes the equilibrium state must at most depend on a few relevant pa-
rameters (like the total energy or bath temperature), and has to be a Gibbs

state (microcanonical, canonical or a generalization thereof).

In any quantum system on a finite-dimensional Hilbert space, time evolu-
tion is periodic or quasi-periodic. Consequently, large fluctuations that bring
the system arbitrarily close to its initial state will inevitably occur in the form
of recurrences. Another way, other than typicality, of dealing with the fluctu-
ations of pg(t) as well as the recurrences, consists of taking a suitable infinite
system limit. This advances the recurrence times to infinity and simultaneously
makes the amplitude of fluctuations around the equilibrium state vanishingly

small. We will follow the second approach in this thesis.

We consider in the following a closed (isolated) quantum spin system, in the
sense that no thermal bath or other reservoir is coupled to the system. How-
ever, for such a closed system, we do not study the relaxation to equilibrium in
the above described sense of density operators being close to the equilibrium
state. Instead, we restrict our attention to the long-time behaviour of two-
spin correlation functions between lattice sites ¢ and j. This can be viewed as
studying relaxation to equilibrium in a closed system, but only for a restricted
class of observables. Alternatively, since such correlation functions are fully
determined by the reduced density operator for sites ¢ and j, we can consider
these two sites as an open system, coupled to a bath consisting of all the spins

on the remaining lattice sites.

1.1.3 Lieb-Robinson bounds

In relativistic quantum theory, information propagation is limited by the speed

of light. This forms the familiar notion of a light-cone, outside of which, no
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signals can propagate. On the other hand, in non-relativistic quantum many-
body systems the speed of light plays no such role. Naively you might guess
that, in the absence of a finite maximum speed, a local change in some part of
a spatially extended system can take immediate effect in distant parts. How-
ever, at any given time t after the initial perturbation, this effect turns out to
be extremely small in the exterior of an effective sound cone, at least for lat-
tice systems with finite-range interactions and finite-dimensional constituents.
This effect goes under the name of quasi-locality and is the content of the
Lieb-Robinson theorem. In the Heisenberg picture the time evolution of an

operator Oy4, with support A C A, is given by (A has been set to 1)
Ou(t) = 'O e HHE, (1.1.4)

which is well-defined for finite lattices A. Originally Lieb-Robinson bounds
were used to prove that unitary time evolution remains well-defined (in the
rigorous context of C*-algebras) in the thermodynamic limit (|A| — oo) for
finite range interacting quantum spin systems (for details see [11]). Later on
the connection with the maximum group velocity in finite range interacting
quantum many-body systems took on a life of its own. The Lieb-Robinson
theorem states that observables, O, and Op, respectively supported on non-

overlapping subsets A and B of A, evolving in the Heisenberg picture satisfy
1104(6). 05(0)]] < C 0]l |05 min(|A], | Blje(t-4m)ie (1.15)

for spin systems on arbitrary lattices (regular graphs) interacting through
finite-range or exponentially decaying potentials [74, 85, 66], for C,v,& > 0.
Here, O4(0) and Op(0) are supported only on the subspaces of the Hilbert
space corresponding to A and B, respectively. dist(A, B) denotes the graph-
theoretic distance between A and B i.e. the number of edges along the short-
est path connecting the two non-overlapping regions. The physical relevance
of (1.1.5) lies in the fact that a number of physically interesting quantities
like the speed at which information, equal-time correlation functions, or en-
tanglement propagate can be related to the operator norm on the left-hand
side of (1.1.5), so that similar bounds also hold for these physical quantities
[12, 85, 24]. Moreover, all these physical quantities are negligibly small outside

the effective causal cone that is determined by those values of ¢ and dist(A, B)
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Figure 1.1: Schematic representation of short- and long-range Lieb-Robinson
bounds.

for which the exponential in (1.1.5) is larger than some € > 0, which happens

for
v|t] > dist(4, B) + £ Ine. (1.1.6)

This gives a causal region that grows linearly in the separation distance be-

tween regions A and B.

Long-range interactions have a drastic effect on the spreading of correla-

tions. Long-range interacting Hamiltonians take on the general form

Hy= )Y hy, (1.1.7)

XCA

where hx are local Hamiltonian terms of compact support X. Two restrictions

are placed on the form of the Hamiltonian. Firstly, a boundedness condition,

> x| < A (1.1.8)

el [1+ dist(z, y)]~

where o > 0 is the exponent bounding the decay of the interaction strength
at large distances and A is some finite positive constant. The boundedness
condition is a generalization of power-law type interactions, which are going
to play a dominant role throughout this thesis. The second condition is repro-
ducibility,

! p
% [+ dist(, B)) (L + dist (k)] — [+ dist (i, J)]° (1.1.9)
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which, in the large system limit, only holds for a« > D. For exponents «
larger than the graph theoretical dimension D of the lattice (coinciding with
the standard dimension in case of a cubic lattice), Lieb-Robinson-type bounds
have been proved [43, 85] to be of the form

min(|A[, | B])(e"" ~ 1)
dist(A, B) +1)*7"

I0A(1), O5(0)]]| < CllOAllOs]] (1.1.10)
Analogous to the short-range case, this expression limits the way information
can propagate in a quantum lattice system. We obtain an effective causal
region by determining those values of time ¢t and distance dist(A, B) for which
the fraction on the right-hand side of (1.1.10) is larger than e¢ > 0. This

condition gives rise to the inequality

(1 + dist(A, B))>P

U|t| > Inf1 + . )
min(|A[, |B])

(1.1.11)

resulting in an effective causal region that is growing logarithmically for large
distances. A striking consequence of this behaviour is that the maximum
group velocity, given by the slope of the light-cone, grows exponentially with
time. This suggests that processes such as equilibration, thermalization and
entanglement growth may in principle be sped up exponentially by the pres-
ence of long-range power-law interactions. In contrast to the short-range case,
spreading of correlations (or entanglement, or information) is not confined
to the interior of a linear sound cone, an effect we refer to as “supersonic”

propagation. The bound (1.1.10) is only valid for @ > D.

Recently there has been renewed interest in the study of Lieb-Robinson
bounds applied to long-range power-law interacting quantum spin systems.
The tightness of these long-range Lieb-Robinson bounds have come under the
crossfire with many physicists questioning the physicality of the exponential
speed-up of timescales for physical processes. Foss-Feig et al. [29] came up with
the ingenious insight to calculate the Lieb-Robinson bound in the interaction
picture of quantum mechanics. This insight enabled them to prove that the
shape of the causal front cannot be logarithmic in the separation distance
when a > 2D. They also show that the shape of the causal front becomes

increasingly linear as a grows larger. This agrees with the fact that when
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a — oo the underlying spin model has nearest neighbour interactions and a

linear causal region as given by (1.1.5).

For intermediate values of the interaction exponent, D < o < 4D, consen-
sus has not been reached on the exact shapes of the causal regions. Long-range
field theoretical models have shown causal regions that initially grow linearly
before undergoing a sharp transition to a power-law shaped causal front [95].
In Chapter 4 we introduce a Lieb-Robinson-type bound that captures this
transition for intermediate values of a. In Chapter 3 we find long-range inter-
acting spin models that show well-defined causal regions for strong long-range
interactions, where o < D. Inspired by these results we derive, in Chapter 4,
a Lieb-Robinson bound valid for any positive a. These results show a system
size dependence on the shape of the causal front but still manage to capture

the supersonic spreading of correlations.

It is important to understand that Lieb-Robinson bounds are upper bounds,
and generally (especially for long-range interacting systems) they are weak
upper bounds. Well chosen long-range interacting models prepared in special
initial states might show much slower spreading of correlations, such a model

is discussed in Chapter 4.

1.2 Motivation: Experimental realization

As theorists we tend to forget that real physics happens in the laboratory.
For this reason this section serves as an experimental motivation for studying
long-range interacting quantum spin systems. In the following we introduce
various physical systems in atomic and condensed matter physics that are

pooled together by their portrayal of the familiar X X Z model,

H = % Z [Jioi0; +2J5 (of oy +070))]. (1.2.1)

i Y g
(4,5)EAXA

Here the sum extends over all pairs of lattice sites 2 and j of an arbitrary lattice
A. By of with a € {x,y, 2} we denote the usual Pauli operators, and we define
J;.: =3 (o7 £ ia;’). We refer to the first term in (1.2.1) as the Ising term, and
the second as the exchange, flip-flop, or XX term. The XX terminology comes
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Polar molecules |Trapped ions Rydberg atoms o Superexchange Optical clocks Magnetic
<@ 4 atoms
29 || e /| NN
a8 ey

(a) Ji,Ju, g |J,J,0 or 0,0, Ji,Ji,J. or 0,0,J, Ji,Ju, J. Ji,Ju, J. Ji,J1, =2y

(b) | (1—3cos®0) /r® 1/r*; 0<a<3 [(1-3 cos®0)/r® or 1/7'G Nearest neighbor | Variable long-range | (1—3 cos? ) /r®

(¢) | 10° <7 <10° 102 < J <10t 10 < J < 10° 1<J <5107 1< 75107 10 < J < 10°
@| r>107%s 7210735 T2107%s T2>1s r>10"t s 72107 s
| N<10° N <102 N <108 N < 10° N <10t N <10°

Table 1.1: (Reproduced from [47]) Properties of six examples of physical sys-
tems that can be used to realize the quantum spin models and non-equilibrium
dynamics considered in this thesis. (a) Spin-coupling. Practicable spin couplings,
reported as Jg,Jy,J., are to be understood as coefficients of the Hamiltonian
H o= (1/2) Sy (TaSESE + JySYSY + L8287 ) with S¢ = La?. (b) Spatial struc-
ture. The distance and angular dependence of the interactions is presented. (c) Cou-
pling strengths. Typical coupling strengths are given in Hertz. Coupling strengths
are given as a range, which is intended to reflect reasonable coupling strengths real-
izable in current implementations of these systems. (d) Coherence times. Coherence
times given are rough lower bounds, but in some special cases (for example by using
field-insensitive clock transitions in ions) these times can greatly exceed the stated
values. (e) Number of spins. System sizes quoted reflect rough upper limits achieved
in current experiments. Rydberg atoms exist in a wide variety of regimes, and the
numbers given encompass many different experimental situations.

from rewriting the second term as

2 (a;rajf + 0;0;7) =0j0j + aiyaé’ (1.2.2)
and noting that there are two couplings with the same strength along the
x- and y-spin directions. We refer to the case where the XX term vanishes
(Jé = 0 for all 4 an j) as the Ising Hamiltonian and the case where the
Ising term vanishes (J7; = 0 for all 7 and j) as the XX Hamiltonian. In the
isotropic case where J; = JZ# := J;; for all ¢ and j, it is possible to rewrite the
Hamiltonian (1.2.1) as

H= %ZJijai .o, (1.2.3)

i

y

where o; = (07,07,07) is the vector or Pauli operators on lattice site i. We

refer to (1.2.3) as the Heisenberg Hamiltonian.

Specific realizations of the X X 7 Hamiltonian discussed in this thesis can be
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implemented in a variety of atomic, molecular, optical, and solid-state systems,

including but not limited to:

polar molecules [120, 45],

e trapped ions [64, 72, 13, 53, 99],

e Rydberg atom ensembles [117, 105, 76],

e neutral atoms in optical lattices [113, 40],

e alkaline-earth-atom optical lattice clocks [111, 79],
e tilted Bose-Hubbard models in optical lattices [107],

e magnetic defects in solids (e.g. nitrogen-vacancy centers in diamond)

93], and

e quantum magnetic materials in solid state physics [5, 103, 70, 102, 62].

Experiments in many of these systems have measured the same or closely
related non-equilibrium dynamics as those discussed in the body of this thesis.
The assortment of applications and scope of these experimental realizations are
enormous. Table 1.1 (reproduced from [47]) summarizes the relevant properties
(spin-coupling structure, energy scales, coherence times and number of spin
degrees of freedom) of several of the experimental systems capable of simulating
the X XZ Hamiltonian, and serves as a quick reference to the current state-

of-the-art in generating quantum spin models in the laboratory.

1.3 Challenges and outline of thesis

1.3.1 The death of a workhorse

A plethora of tools and techniques have been developed over the years to
handle nearest-neighbour interacting or hopping quantum models analytically.

The prototypical example is the nearest neighbour transverse field Ising model,

H=-J> (ofof, +hoy). (1.3.1)
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This Hamiltonian can be diagonalized by first performing a Jordan-Wigner

transformation

cle;=1—2n, (1.3.2)
of =—(of...07) <c,- + cj) (1.3.3)

which maps the Pauli operators to Fermionic creation (CT

1) and annihilation

(¢;) operators. The interaction terms in the Hamiltonian can be written as

ofol,, =(0f...07) <ci + cj) (0] ...07) (CH_l + Cjﬂ) (1.34)
= <Ci + CI) Uiz (Cz’+1 + CL—I) (1.3.5)

:<d—q>GHrH%J (1.3.6)

which enables us to rewrite the Hamiltonian in quadratic form

H = JZ (C,]L-LC,;_H + c,LTc,;H + c}cjﬂ + cip16i — 2hcjci + h) ) (1.3.7)

From here the Hamiltonian can be diagonalized by performing a Fourier trans-
formation followed by a Bogoliubov rotation. The transverse field Ising model,
together with these techniques, form the standard testing bed for theorists
wishing to verify/falsify the validity of some theory in the quantum regime.
Vast amounts of literature can be found on this model, however the self-
contained works of Calabrese, Essler and Fagotti [15, 16] have become the
standard references when dealing with quench or non-equilibrium dynamics

within the nearest neighbour transverse field Ising model.

If we extend the interaction of the transverse field Ising model beyond that

of nearest neighbour the interaction terms can be written as

ofols = (0f...07) (ci + cj) (07...075_1) (ci+5 + c;r+5> (1.3.8)
= (cz- + cj) (07...075.1) <Ci+5 + CZT-+5> (1.3.9)

i+6-1
= H (cjc;r. - c;cj)] <cj - cl-> (Ci_i_l + cZTH) , (1.3.10)

J=i+1

valid for 6 > 2. This implies that in the presence of interactions beyond nearest
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neighbour the Hamiltonian is no longer quadratic in Fermionic creation and
annihilation operators and is in general not analytically solvable any longer.
This signifies the death of the ever faithful work horse in the presence of long-

range interactions.

The biggest challenge of this thesis is the absence of the machinery that
has been built up to tackle nearest neighbour interacting quantum spin sys-
tems. Nevertheless, by carefully choosing initial states we have made signifi-
cant progress regarding analytic results in the presence of long-range interac-

tions. In the following we present an outline of this thesis.

1.3.2 Outline

In Chapter 2 we introduce the long-range interacting quantum Ising model
and define a class of initial states which enables exact calculation of any or-
der correlation function. We apply these exact results to lattices consisting
of hexagonal patches of triangular lattices, as can be found in recent ion trap
experimental setups [13]. Depending on the range of interaction two distinct
relaxation dynamics occur. For shorter-ranged interactions local correlation
functions decay on a single timescale, while sufficiently long-ranged interac-
tions introduce a second, much slower, timescale on which the final relaxation
takes place. The fast and slow timescales are separated by a long-lived quasi
stationary state or prethermalization plateau. Upper bounds on two-spin cor-
relation functions that capture the qualitative features of the actual relaxation
dynamics are derived. These upper bounds hint at the possibility of an addi-
tional relaxation timescale that emerges in between the long- and short-ranged
regimes for dimensions D > 3. We present the formation of different types of
entanglement when starting from carefully chosen product initial states. The

results of Chapter 2 were published in

e M. van den Worm, B. C. Sawyer, J. J. Bollinger, and M. Kastner, Re-
laxation timescales and decay of correlations in a long-range interacting
quantum simulator, New J. Phys. 15 (2013), 083007

e M. Kastner and M. van den Worm, Relaxation timescales and prether-

malization in d -dimensional long-range quantum spin models, Phys. Scr
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(2015), no. T165, 14039

e K. R. A. Hazzard, M. van den Worm, M. Foss-Feig, S. R. Manmana,
E. Dalla Torre, T. Pfau, M. Kastner, and A. M. Rey, Quantum correla-

tions and entanglement in far-from-equilibrium spin systems, Phys. Rev.
A 90 (2014), 063622.

Chapter 3 deals with the spreading of correlations in long-range quantum
spin models. The analytic results of Chapter 2 are used to determine exact ex-
pression for equal time connected correlations functions which show supersonic,
faster than linear, spreading of correlations for sufficiently long-range interac-
tions. To complement the intuition obtained from long-range Lieb-Robinson
bounds we determine lower bounds to the spreading of classical information
in the long-range Ising model. Depending on whether we choose a product or
entangled initial state qualitatively different behaviour can be seen. At the
end of Chapter 3 we compare our exact calculations to recent experimental

results. This chapter is mainly based on

e J. Eisert, M. van den Worm, S. R. Manmana, and M. Kastner, Breakdown
of quasi-locality in long-range quantum lattice models, Phys. Rev. Lett.
111 (2013), 260401.

but also contains results from

e D.M. Storch, M. van den Worm, and M. Kastner, Interplay of soundcone
and supersonic propagation in lattice models with power law interactions,
New J. Phys. 17 (2015), 063021.

In Chapter 4 we investigate the interplay of linear and supersonic propa-
gation of correlations in long-range interacting and hopping quantum lattice
models. We extend the validity of Lieb-Robinson bounds to ultra long-ranged
interacting systems, with interaction exponent less than the dimensionality,
and report particularly sharp bounds that are capable of reproducing regimes
with linear as well as supersonic spreading dynamics. We show, using the

long-range hopping fermionic model together with special initial states, that
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linear spreading of correlations may persist even in the presence of strongly
long-ranged hopping. Counter intuitively, this model shows an emergent lo-
calization for strongly long-ranged hopping. Using exact expressions for the
dispersion relation and density of states this emergent localization is explained.

This chapter is based on

e D.M. Storch, M. van den Worm, and M. Kastner, Interplay of soundcone
and supersonic propagation in lattice models with power law interactions,
New J. Phys. 17 (2015), 063021.

Lastly, in Chapter 5 we present possible future avenues along which ideas
and results presented in the previous chapters may be exploited. Of particular
interest is the study of the many-body localization-delocalization transition in
the presence of long-range hopping or interactions, and the use of the exact

results of Chapter 2 to study the fully many-body localized regime.
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Chapter 2

Long-Range Interacting
quantum Ising Model

In this chapter we study the time evolution of correlation functions in isolated
long-range interacting quantum Ising systems on arbitrary lattices. We show
exact analytic results that enhance our understanding of different relaxation
timescales and general non-equilibrium properties of long-range interacting
quantum systems. In particular we find that for sufficiently long-range inter-
actions, a second relaxation timescale emerges, that is substantially slower than
the timescale on which single-spin observables relax to equilibrium. As a conse-
quence, pronounced prethermalization plateaus (or long-lived quasi-stationary

states) are observed.

This chapter introduces the long-range interacting Ising model in a rigorous
fashion. In Section 2.1 we define the long-range Ising Hamiltonian and argue
that even though the model appears to be simple and classical it does contain
true quantum peculiarities that make it interesting from both a theoretical
and experimental point of view. Section 2.2 introduces the class of orthogonal
initial states that allows exact analytic calculation of any order correlation
function in the long-range interacting Ising model. This class of initial states
is very large and contains all product initial states constrained to the xy-plane
in the Bloch sphere representation. However, product initial states are special
in the sense that they are easily related to actual experimental setups. For
this reason Section 2.3 shows how the correlation functions can be expressed

when restricting to pure product initial states. In Section 2.4 we give analytic

16
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expressions and graphical representations of single- and two-spin correlation
functions with initial states taken from a subset of the class of orthogonal initial
states. This choice greatly simplifies the expressions for the single- and two-
spin correlation functions (2.2.11). Upper bounds of the two-spin correlation
functions on arbitrary regular lattice structures, valid in any spatial dimension
are derived in Section 2.5. The formation of the prethermalization plateaus
and the mechanism responsible for relaxation are discussed in Section 2.6. In
Section 2.7 we examine the application of these exact analytic results in the
benchmarking of recent trapped ion quantum simulators [13]. Exact results
for time evolved entanglement measures can be found in Section 2.8. Finally

Section 2.9 summarises the results of this chapter.

Note: This chapter is based on the results of [116], [61] and [}6].

2.1 The model

In this Section we introduce the long-range interacting Ising model in a general
form. Let A be a D-dimensional lattice. At each site ¢ of A associate a two
dimensional Hilbert space C?. The quantum dynamics takes place on the

tensor product Hilbert space

H=Q)C (2.1.1)

LIS

Define the long-range Ising Hamiltonian as

H= —% > Jioioi—h) o} (2.1.2)

(4,5)EAXA i€A

where o7 is the z-Pauli matrix defined at lattice site i. Define the coupling

matrix as
1

i —jl*

where | - | denotes the Euclidean distance between lattice sites ¢ and j with

(2.1.3)

Jij =

a > 0. For the above Hamiltonian to be self-adjoint (or Hermitian), we require
that the coupling terms J; ; be real. We define J; ; be a function only of the

Euclidean distance |i— j| between lattice sites ¢ and j. To avoid self interaction
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we require J;; = 0 and for stability we require that the total energy at any

site due to interaction with the entire lattice be finite,

> iy < oo (2.1.4)
ieA
When dealing with a finite lattice A the above inequality always holds, irrespec-
tive of the value of the interaction exponent oo. However in the thermodynamic
limit [A| — oo with @ < D the inequality does not hold. In this case, where

the sum over all the interactions diverge, we renormalize the interaction by
Ji,j — NaJi,j (215)

with .
N, = <Z Ji,j> : (2.1.6)
i€A
This normalization renders the energy per spin (H)/|A| finite in the thermo-

dynamic limit |A| — oo when o < D and makes the model well-defined.

Naively the long-range interacting Ising model (2.1.2) may seem to be clas-
sical since all the elements in the Hamiltonian commute amongst themselves.
This is however not the case. Formally, we may argue that since the observ-
ables of the model live on the space of bounded linear operators B (H) of the
tensor product Hilbert space H, which is a noncommutative C*-algebra, the
model has to be quantum in nature. As an example notice that any observable
in the long-range interacting Ising model can be written as a linear combina-
tion of products of Pauli operators {¢%} with a € {x,y,2}. In general these
do not commute amongst themselves which implies that the algebra of observ-
ables is noncommutative. On the other hand, the observables of the classical
Ising model form a maximal commutative C*-subalgebra of B(#), which can

be shown to consist of continuous functions that commute amongst themselves
[101].

Following a more intuitive or physical approach we can prepare initial states
for the long-range interacting Ising model that are not eigenstates of the Hamil-

tonian (2.1.2). This can, for example, be achieved using a quantum quench
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where we prepare the initial state to be the ground state of the Hamiltonian,

H= —% Z Jijoio; — hZaf + thUf (2.1.7)

(4,5)EAXA i€A i€A

with h, > h, J; ;. This polarizes all the spins along the z-axis. Then at time
t = 0 we set h, = 0 and study the ensuing unitary quantum dynamics of
some suitably chosen observable. In Section 2.8 we show that unitary time
evolution governed by the long-range interacting Ising Hamiltonian (2.1.2)
generates bipartite and even true multipartite entangled states. Clearly the

same cannot be done using the classical Ising model.

In equilibrium, the long-range interacting Ising model (2.1.2) is known
to undergo a transition from a ferromagnetic phase at low temperature to a
paramagnetic phase at high temperature. In spatial dimensions D > 2 such
a transition occurs for all non-negative values of the exponent «, whereas for

D =1 the transition is present only for a < 2 [22].

We are interested in studying the time evolution of expectation values of
observables — correlation functions — within the long-range interacting Ising
model. To pursue this endeavor we write time dependent observables in the

Heisenberg picture as

A(t) = et AemH! (2.1.8)

where we have chosen units of A = 1. Expectation values are found by evalu-
ating
(A(t)) = Tr[A(t)p(0)] (2.1.9)

where p(0) is some initial state. Depending on the structure of the chosen ob-
servable, the form of the initial state and the value of the interaction exponent
a we show new dynamical behaviour that occurs in this simple, yet quantum,
spin model. Remarkably and surprisingly, we will see that the long-time dy-
namics studied in this chapter turns out to be independent of whether the

corresponding energies are situated in the low- or high-energy regime.
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2.2 Orthogonal initial states

The aim of this Section is to define a general class of initial states that gives
rise to analytic expressions for the time dependent correlation functions of the
long-range interacting Ising model. This class of initial states is inspired by
Radin [94]. Define the triple

A= (Al,AQ,Ag) (221)

together with the operator

ot = (H af) (H Ué-’) <H J,j) (2.2.2)

where the A;’s are mutually disjoint finite subsets of the lattice A. Define the

following class of initial density matrices:

Definition 2.2.1. (Orthogonal Initial States)
We say that the initial density matrix p(0) is in the class of orthogonal initial
states if for any triple A = (A, As, A3) with Az # () we have

Tr [o%p(0)] = 0. (2.2.3)

Phrased differently, if the operator ¢4 contains at least one ¢ Pauli ma-

trix then its expectation value with respect to an initial state in the class of
orthogonal initial states will be zero. Examples of orthogonal initial states
include initial states prepared diagonal in the Pauli o* and ¢¥ tensor product
eigenbasis. The most general orthogonal initial state can be written as

p(O)zﬁ 1+ZU§ sy + Z 0;? s‘i’f—k Z oy, s?f,?—f— Z

z’%A jeAb\{i} keA\C{i,j} leA\g,j,k}
(2.2.4)
where 1 denotes the identity operator on the tensor product Hilbert space

H = ®;eACZ, and the sums run over a,b, ¢, d € {x,y}. From (2.2.4) it follows
that

s¢ = (o), s?;’ = (0%0?), s?flj = <Uf0§?0£>, (2.2.5)
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The set of all p(0) as defined in (2.2.4) is a very large class of initial states
parameterized by more than 2V real continuous parameters (2.2.5). This can
be compared with the size of the class of initial states of the much studied
quantum quenches, a rather restrictive class of initial states parameterized
by only two parameters, namely the quench parameter before and after the
quench. The idea of considering the class of orthogonal initial states was
used by Emch [26], Radin [94], and later by Kastner [59] for both the nearest
neighbour (o = o0) and long-range cases to calculate time dependent single
spin expectation values. The most efficient method to calculate (0%, (t)) and

(¥ (t)) involves determining the time evolution of

ok = %(aj; +ioY). (2.2.6)
From (2.2.6) it is clear that
(o%) =2Re ((0)), (o%) =F2Im ((o,)). (2.2.7)

Moreover, since o2, commutes with the Hamiltonian (2.1.2) it does not evolve
in time. For a system of arbitrary finite size the single spin expectation values

(calculated in Appendix A) are given by

(on, () =2Re [(o;(0)e™>™] ] cos(2Jmut)

keA\{m}
(o4,(t) =2Im [(o,5,(0)e>™] ] cos(2Jmut) (2.2.8)
keA\{m}
(o7(1)) =(07(0))
Using the identities
doio; =olot — ol tioto! Liolo?, (2.2.9)
doi 0T =0to? + olo! Fiofo! tiolo}
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we can write

T _xr __ + F + _+

aiaj—QRe[aiaj —i—O'Z-O'j],

Yy + + 4+

olo? = 2Re [0;°0] — o007, (2.2.10)
oro? = 72Im [0*0*—0#:0*} o
1Y i Yy i Y310

y o _ £ F .+ =+

Jiaj—:I:2Im[ai ol +o; O'j}.

In the end only expectation values of Ul?taj-t and Jgtaf are required to determine
the relevant two-spin correlation functions. In their most general form the two-

spin correlation functions within the class of orthogonal initial states are given
by

(o} (t)o} (1)) =2Im [(o (0)o7 (0))P;; — (o7 (0)o (0))e ™ Pf] .
(o (t)o (1)) =2Im [{0" (0)o; (0))P;; + {07 (0)o} (0)) ’41”1323}_,

(o7 (t)o3 (1)) =2Re | isin (Jigt) (o7 (0))e ™" [] cos(2/iit)| . (22.11)
KeA\Tig)

(o?(t)oi(t)) =2Im |isin (J;;t) (o} (0))e 2" H cos (2Jgt) | ,
keA\{i,j}

where we define

Ph= 1] cos(2t(Jix=E Jix)]. (2.2.12)

keA\{i,j}

Details of these calculations can be found in Appendix A. These expressions
are valid for arbitrary coupling constants J; ;, and therefore apply in arbitrary
spatial dimension and on arbitrary lattices. Moreover, these expressions can
easily be evaluated on a personal computer for millions of spins. The presence
of a longitudinal field h # 0 in (2.2.11) imposes a spin precession at an angular
frequency proportional to h. For the relaxation to equilibrium we are interested
in, such an oscillatory spin precession is irrelevant and merely amounts to a

Lamour precession. Further discussion will be restricted to the h = 0 case.

Using the class of orthogonal initial states any order correlation function of
the long-range interacting Ising model can be calculated. Since any operator on

C2" can be expanded in products of Pauli operators, such results for correlation
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functions of arbitrary order enable the computation of the time evolution of
expectation values of arbitrary operators. For details of the calculations see

appendix A.

Within the class of orthogonal initial states these results can be extended

to n-time correlation functions

with A; operators on the tensor product Hilbert space H, each evolving at a

HAi(ti)p(O)] (2.2.13)

different time ¢;. In particular, two-time correlation functions can be used to

calculate dynamical response functions involving arbitrary Pauli matrices [31].

2.3 Product initial states

Another useful class of initial states, which we will use in Section 2.8, are the
familiar product initial states. Pure product initial states can be parametrized
by angles, allowing the study of the angular dependence of time dependent
correlation functions. However, it is less general than the class of orthogonal

initial states in the sense that time evolution of entangled initial states cannot
be studied.

The most general product initial state takes the form
T(0)) = X) ( e/* cos @| 1), 4 e193/2 sm% 1), (2.3.1)
- 2 J 2 J

where 6; and ¢; are the polar and azimuthal angles in the Bloch sphere rep-
resentation. | 1); and | |); are eigenstates of 0% with eigenvalues +1 and —1
respectively. Since o7 commutes with the long-range interacting Ising Hamilto-

nian (2.1.2), its expectation value remains constant during the time evolution,

(07 (t)) =cos b, (2.3.2)
(0Z(t)oi(t)) =cos b, cos by. (2.3.3)

The following results are from [31, 30], where derivations can be found.
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2=10)
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Figure 2.1: Schematic showing the Bloch sphere representation.

The time dependent expectation value of ajj-E is

1.
(07 (1)) = 3¢ sind) I ¢ @) (2.3.4)
keA\{j}
where we define
0; . 0\ .
2 —ix ) i
g]( x) = cos (é)e + sin (é)e . (2.3.5)

The x and y spin components are given by

(07(t) = 2Re [o7 (B)] . (o¥(t)) = 2Im [0 (1)] . (2.3.6)

The remaining two-point correlation functions are given by

(o} (00i(0) =5 sin (0,) gy 2ut) [ o @), (237)
leA\(jik}
(of (o (1) Zie“d’ﬁ‘m sind;sinde [ gt 2(Ju+ ho)t],  (238)
leA\(jik}
I U
<O;—(t)0-k (t)> :Zel((ﬁ] o) Sln@j sin 0y, H g+ [2 (Jj,l - JkJ)t]. (2.3.9)
leA\{j,k}

For j # k it follows from the definitions that

£)*, (2.3.10)
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Figure 2.2: Left: a top-view resonance fluorescence image showing the center
region of an ion crystal captured in the ions’ rest frame taken from [13]. Fluorescence
is an indication of a valence electron being in the spin-up state. Here, all ions are
in the spin-up state. The lattice constant is approximately 20um. Center and right:
Triangular lattices on hexagonal patches of side lengths L = 4 and 8.

Using (2.2.10) the = and y components of the two-spin correlation functions

can be determined.

As in the case of the class of orthogonal initial states these results can
be extended to equal time correlation functions of any order. Similar calcula-
tions can also be used to determine n-time correlators. In Section 2.8 we study
the angular dependence of the formation of different measures of entanglement
starting from pure product initial states. These exact results are directly appli-
cable to current experimental configurations and confirm the “quantumness”

of the long-range interacting Ising model (2.1.2).

2.4 0" tensor product initial state

As mentioned in the introduction, we aim to study the relaxation to equilib-
rium of the long-range interacting Ising model (2.1.2). Specifically, we study
the time evolution of two-spin correlation functions (2.2.11). In order to sim-
plify the general form of the two-spin correlation functions (2.2.11) we restrict
ourselves to initial density operators p(0) that are diagonal in the o® tensor
product eigenbasis,

1 xr xT T T T TTrxT
P(O)M(1+Z% (Si+ Z o; (Sij+ Z o (siijr Z ))))
icA JEA\{i} kEA\{i,j} 1EA\{4,5,k}

(2.4.1)
This class of initial states falls within the class of orthogonal initial states (see

Definition 2.2.1) but simplifies the expressions of the correlation functions. For
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vanishing longitudinal magnetic field h = 0, the results are

(o7 (t)aj (1)) = (o7 ()05 (1)) = (o7 ()05 (1)) = O, (2.4.2)

J ? J

(0?(1)o3(1)) = (o (O)) sin 2Ji;0) [ cos (2t (2.4.3)
keA\{i.5}
(o7 (§03(1)) = 5T (O3 (0)) (P + FF). (2.4.4)
(o ()Y(0) = 5 (o7 (0)0F(0)) (P — ) (2.45)
with
Pt= 1] cosl2(Jeit Juj)t]. (2.4.6)
keA\{i,5}

7

Besides an overall factor of (o (0)) or (o7 (0)05(0)), Equations (2.4.2)-(2.4.5)
do not depend on the particular choice of initial state, but apply to all p(0) in

the o” tensor product eigenbasis.

As an example, we determine the time evolution (2.4.2)-(2.4.5) of two-
spin correlation functions as illustrated in Figure 2.3 for system parameters
similar to those of the ion trap experiment of Britton et al. [13]. We consider
hexagonal patches of triangular lattices (see Figure 2.2), and couplings J; ; =
J|i — j|~* proportional to the ath power of the inverse Euclidean distance
between lattice sites ¢ and j, and J € R being a coupling constant. Numerical
calculations for other two-dimensional lattice structures and geometries, show

similar qualitative and quantitative behaviour.

The plots in Figure 2.3 show the normalized expectation values

(02 ()02 () (02(0)0% (0)), (0¥ ()0 (1)) /(o (0) (0)), (02 (£)05 (1)) /(o (0)) and
(of(t))/(c¥(0)), as given by (2.4.2)-(2.4.5). The plotted curves suggest that
correlations decay to their microcanonical equilibrium values <O’;-1(7?>mc =0
where a,b € {x,y, z}, however this in only an apparent decay. Since the ex-
pression in (2.4.2)-(2.4.5) consist of products on N trigonometric functions,
the time evolution of two-spin correlation functions is quasi-periodic for any
finite number N of spins. This is exactly the situation described in the in-
troduction (see Section 1.1.2) for general finite quantum systems on a finite
dimensional Hilbert space. Accordingly, recurrences will occur that repeatedly

bring the system arbitrarily close to its initial state. These recurrences occur
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Figure 2.3: (Reproduced from [116]) The time evolution of the nor-
malized expectation values (of (t)o¥(t))/(oF(0)07(0)), (of(t)o?(t))/(cF(0)aF(0)),

% % J A % J

(a?(t)o%(t)) /(¥ (0)) and (c¥(t))/(c¥(0)), as given by (2.4.2)-(2.4.5). The lattice

% J A i
sites ¢ and j are chosen one lattice site to the right, respectively left, of the center of

the hexagonal patch as indicated by the blue dots in Figure 2.2 (center and right).
The various curves of the same color in each plot correspond to side lengths L = 4,
8, 16, 32 and 64 (from right to left) of the hexagonal patches. The left panel is for
power-law interactions with exponent o = 1/2, but results are qualitatively similar
for a between 0 and D/2. The right panel is for & = 3/2, with qualitatively similar
behaviour for all @ > D/2. The unit of time is 1/.J.

on a timescale that is exponentially large in N and, already for moderate sys-
tem sizes, they do not show up on the timescales plotted in Figure 2.3. In the

large N limit, this recurrence time is expected to be pushed to infinity.

2.5 Upper bound on correlations in the

thermodynamic limit

Note: Originally, we published upper bounds on the correlation functions for
the specific case of a two-dimensional triangular lattice in [116]. Subsequently
these ideas have been generalized to arbitrary reqular lattice structures in any
spatial dimension [61]. This Section is based on the latter and shows an addi-

tional relazation regime that emerges in dimensions D > 3.

Since the expressions (2.4.2)-(2.4.5) are quasi-periodic in ¢ it is clear that
(of0})(t) does not converge in the long-time limit for any finite lattice. Only
in the thermodynamic limit of an infinite number of lattice sites do we have a
chance of observing convergence towards an equilibrium value. To derive such
a result, we consider regular D-dimensional lattices. Without loss of generality

we consider the lattice constants normalised such that there is on average one
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Figure 2.4: Plots of the bound Pi; + 77+ on the normalised correlator
(ofaf)(t)/(ofc7)(0) as a function of tlme The examples are for lattice dimen-
sion D = 3, and the a-values are chosen such that they furnish examples for the

three different regimes of relaxation behaviour, as discussed in the text.

lattice site per unit (hyper)volume in the limit of large lattice size. All these

bounds are of the form

(oF ()i (1)), (ol (t)al(t)) < = (P + Piy) (2.5.1)

[\DI»—t

where we define

™

.\ 2
exp _C;D <4a|z—]|t> N12(a+1)/D:| for 0 < a < D/2 —1,

} J| — - i .o\ D/(a+1)
exp |—=Cy p <4°‘|;_]|t) } fora > D/2 -1,
\ (.
(2.5.2)
. ]
exp [=Cy p (%)2]\71_20‘/17] for 0 < a < D/2,
} J| = = - DJa (2.5.3)
exp [-Ci (&) ] for « > D/2,
\ L 7

with positive constants C} ;, and C, |, as defined in (B.1.20) and (B.1.21). The
proof of the inequalities (2.5.2) and (2.5.3) can be found in appendix B.1.

Depending on the value of «, the bounds (2.5.2) and (2.5.3) decay like
stretched or compressed exponentials. By numerically evaluating the exact
expressions (2.4.2)-(2.4.5), we find that the functional form of the bound agrees
well, although the numerical constants in the bound overestimate, as expected,
the exact values. From (2.5.2) and (2.5.3) one can read off that there are
three different regimes of a-values, each with a different relaxation or scaling

behaviour:

0<a<D/2-1: ‘ ]‘ and ’ ‘ both decay like a Gaussian in time,
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Figure 2.5: Left: For fixed instances of time, the bound P+ P;r] is shown as a
function of the exponent «. The different shaded regions correspond to the three
ranges of a-values discussed in the text. Right: Contour plot of the bound Pi; +PL
as a function of ¢ and . The dashed orange lines separate the three regions of a-
values discussed in the text. In both figures we chose dimension D = 3 and a lattice
of N =10 x 10 x 10 sites.

and both do so on timescales that are N-dependent. The two timescales of
relaxation are widely separated, with |Pl_j| decaying much slower than ‘PZJ; .
The form of the resulting upper bound on (ofo7}) is shown in Figure 2.4(a).
This regime occurs for positive a only in lattice dimensions D > 3.

D/2 —1 < a < D/2: Again, relaxation takes place in a two-step process
with widely separated timescales. The fast process described by ’PZJ;‘ still
decays like a Gaussian in time, on a timescale that is N-dependent. The
slow timescale corresponding to |Pl_j| is independent of the system size, with
a decay in the form of a compressed exponential. The form of the resulting

upper bound on (o c¥) is shown in Figure 2.4(b).

a > D/2: Both terms |PZ_]’ and ‘PZJ;} decay to zero like stretched or
compressed exponentials. Relaxation takes place in a single step, as both
relevant timescales are very similar and independent of N. The form of the

resulting upper bound on (070f) is shown in Figure 2.4(c).

Figures 2.5 (left and right) show further graphical representations of the
bound, highlighting in particular the qualitative changes that occur upon vari-

ation of the exponent «.

The stretched or compressed exponential relaxation of the long-range in-



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. LONG-RANGE INTERACTING QUANTUM ISING MODEL 30

teracting Ising model (2.1.2) discussed above is different from the exponential
decay of correlations known to occur in the nearest neighbour Ising model [14].
In the limit @ — oo of the power-law interactions, one would usually expect to
approach the nearest neighbour interacting model and recover exponentially
decaying correlations, however this does not seem to be the case. This puzzle
is resolved by observing that, in the limit @ — oo, the argument of the expo-
nential in (2.5.2) diverges, implying that the bound is not meaningful in this

limit.

2.6 Prethermalization

Apart from the overall relaxation times, there are other striking a-dependent
aspects of the relaxation dynamics. The plot in the right panel of Figure 2.3,
representative for exponents o > D/2, shows a simple relaxation to equilib-
rium with a single relevant timescale. The plot in the left panel of Figure 2.3,
representative for 0 < o < D/2, differs considerably. In a first step, the corre-
lation functions (of0¥) and (0]07) display a Gaussian decay on a fast timescale
71 to one half of the (¢f0f) initial value, before finally relaxing to their vanish-
ing equilibrium value on a much longer timescale 7. The fast timescale 17 is
roughly the same as the timescale on which single-spin observables (green lines
in Figure 2.3) relax, while correlations are not yet equilibrated. The system
then remains prethermalized [82] for a relatively long period of time (notice
the logarithmic scale of the time axes), a behaviour observed in the left panel

of Figure 2.3 as a noticeable plateau (long-lived quasi-stationary state).

Different from previous observations of prethermalization in quantum dy-
namics, the ratio 7,/m goes to zero in the large |A| = N limit. This im-
plies that the separation of timescales becomes more pronounced (i.e. a longer
plateau) with increasing system size. Such a behaviour of N-dependent relax-
ation timescales have previously been observed in classical long-range interact-
ing systems, either for mean-field-type spin models [119], or for self-gravitating
systems in the astrophysical context [33]. Besides the large N limit, also the
a — 0 limit leads to a more pronounced separation of timescales in the long-
range interacting Ising model. In the o — 0 limit the slow relaxation timescale

7o diverges, whereas the fast timescale 71 remains finite for finite N. This fact
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Figure 2.6: Curves of the same colour correspond to side lengths L =4, 8, 16, 32,
64 (from right to left) of the hexagonal patches of triangular lattices. Left: Time
evolution of the single- and two-spin purities v; and +;; as defined in (2.6.1). Each
relaxation step in the two-spin correlation functions in Figure 2.3 corresponds to
a drop in purity. Right: Time evolution of the modulus of the matrix elements
of the two-spin reduced density matrix (2.6.4). The black dashed line shows the
diagonal elements (2.6.7), blue shows (2.6.8), purple represents (2.6.9) and yellow
shows (2.6.11).

can be explained by the presence of N(N — 1) additional symmetries in the
a = 0 case, where all operators o707 + of0? commute with the Hamiltonian
(2.1.2). Although these symmetries are absent for a > 0, the slow timescale
To can be seen as a remnant of the weakly destroyed o = 0 symmetry. While
two-spin correlations exhibit relaxation in a two-step process for o < D/2, no
third timescale emerges for three-spin correlators. In general only even-spin
correlations show a two-step relaxation process, while odd-spin correlations

relax in a single timescale.

Multiple timescales of relaxation may emerge for various reasons. One pos-
sible scenario that has been observed previously, both in theory and experiment
[41], is that dephasing is responsible for prethermalization, while a collisional
mechanism causes relaxation on a slower timescale through the redistribution
of occupation numbers. In order to test which of these mechanisms is at work
in the long-range interacting Ising model we compute the time evolution of the
n-spin purity

Vit oin (1) = TE [Pizn (t)] (2.6.1)

where

Pit,ciin = LTA\{i1,..in} P (2.6.2)

is the n-spin reduced density operator, as obtained by tracing the density



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 2. LONG-RANGE INTERACTING QUANTUM ISING MODEL 32

operator p over all sites of the lattice A except i1, ...,7,. The purity can take
any value from 1/D and 1 which repsectively indicate maximally entangled
and pure product states. Knowledge of the single-spin expectation values
a

st = (of

o) with a € {z,y, 2z} allows for the reconstruction of the single spin

reduced density matrix,

1 1457  s*+14sY
;= — ? ¢ v . 2.6.3
Pi= 3 ( st —is!  1—sf ) ( )

Additional knowledge of the two-spin correlation functions 3;’3- with a,b €
{z,y, 2} facilitates the reconstruction of the two-spin reduced density matrix,

z z 2z T s oY zZT FoPY T r oY Tz o~ TT vy ) ;
1—|—8i —i—sj —&—sij 8j —18; +Sij — 1855 sy —1s; —l—sij — 1855 Sii T Sy TS 1Sy

1 V487 —s?—sif TP sl disi) —isly st —is] — sTF A is]]
Pij = —
4 — 7 —d T ggY — g¥T 4 g%y
1 —s7 485 —si; 8§ —isj — s 18
z z zz
h.c. 1—s7—sj+si
(2.6.4)

Inserting the exact results for the time dependent spin-spin correlation func-
tion of the long-range interacting Ising model [see (2.4.2)-(2.4.5)] into (2.6.3)
and (2.6.4), we readily obtain the time evolved single- and two-spin reduced
density operators, these in turn can then be used to determine the time depen-
dent purity. As can be seen in Figure 2.6 (left), both relaxation steps of the
two-spin correlations that we observe in Figure 2.3, turn out to be associated
with a drop in purity ~;;. This indicates that both relaxation steps are caused

by dephasing.

In order to demonstrate dephasing more clearly, we study the modulus of
the off-diagonal terms of the two-spin reduced density matrix (2.6.4) in the o*
tensor product eigenbasis. In the case of vanishing magnetic field h = 0 and
the o tensor product initial state (2.4.1), we have

Yy _ .z Yy T2 o Yr _ zx 2z

for all times ¢. With this simplification and the additional symmetries

¢ =54, sp =gl (2.6.6)
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only four of the original 16 matrix elements of p; ; have defined moduli,

[(pij)ux| =1/4  Vk € {1,2,3,4}, (
|(pii)al =l(pij)a| = |sif — si/1/4 = P /2, (2.6.8
|(pij)2s| =[(pij)a2l = |si} + si}|/4 = P /2, (
|(pij)12l =|(pijhsl = [(pij)ar] = [(pig)aal = |(pij)a1| = [(pij)aal — (2.6.10
=[(pi)2al = [(pij)as| = |7 + s} ]/4. (2.6.11

)

The moduli of these matrix elements have been plotted in Figure 2.6 (right)
for several sizes of hexagonal patches with internal triangular lattices. All
non-diagonal matrix elements decay to zero, but they do so on two different
timescales. The matrix elements (p;;)23 and (p;;)s2 are given by P /2 and
therefore decay on the longer of the two timescales we had previously ob-
served. All other non-diagonal matrix elements decay on faster, N-dependent
timescales. This demonstrates that both steps of the two-step relaxation pro-
cess we observe for two-spin correlation functions in Figure 2.3 are caused
by dephasing. Since all the diagonal terms (p; ;)i involve expectation values
of o7 or the identity, they remain constant throughout the time evolution.
This implies that no redistribution of occupation numbers takes place. Such
a redistribution would signal collisional relaxation due to inelastic scattering
processes between these modes. However, since the long-range interacting
Ising Hamiltonian (2.1.2) has only commuting terms, no inelastic collisional

mechanism is available.

2.7 Application to trapped ion quantum

simulators

Long-range Ising interactions between effective two-level or spin systems can
be implemented in crystalline arrays of trapped ions [13]. Spin dependent
optical potentials are used to modify the Coulomb interaction energy of the
trapped ions and generate an effective Ising interaction. With small numbers
of ions in linear radio-frequency traps, long-range Ising interactions such as
those in (2.1.2) are the basis of quantum gates, and have been implemented

with high fidelity (>98%). These techniques have recently been extended to
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Figure 2.7: (Taken from [13]) Theoretical predictions of interaction strength .J; ;
plotted as a function of the separation distance between ions at lattice sites ¢ and j
for a hexagonal lattice consisting of 217 sites. Straight lines show power-law fits to
the data.

single-plane triangular lattices of several hundred ions stored in a Penning
trap. To date, the Ising interactions implemented in the Penning ion trap
simulator have been benchmarked for short timescales through comparison
with mean-field theory [13], a classical limit of the long-range interacting Ising
Hamiltonian (2.1.2) where quantum fluctuations and correlations are ignored.
The exact results on correlation functions, (2.4.5)-(2.4.5), will enable a much
higher level of benchmarking, and a determination of the timescales over which

the expected emulation of quantum effects of an Ising model is indeed realized.

Application of the results shown in the previous sections for the ion trap
simulators required initial states that are diagonal in the o” tensor product
eigenbasis, and assurance that the trapped ion simulator is an isolated quantum
system for the quantum many-body equilibration timescales associated with
the upper bounds on two-spin correlation functions Pzij discussed in Section
2.5. Preparation of the diagonal states in the ¢* tensor product eigenbasis is
straightforward in ion traps. Specifically, optical pumping and coherent control
techniques can initialize each spin to point along the z-axis with high fidelity.
In the Penning ion trap simulator this initialization can be done with a fidelity
greater than 99% [10]. Equilibration timescales P;; [see equations (2.5.2) and
(2.5.3)] that are short compared with other relaxation timescales have been
demonstrated with 10-20 ions in linear radio-frequency traps [63, 32, 52, 72].
In the current Penning ion trap simulator [13], spontaneous emission from the

off-resonant laser beams used to engineer the long-range Ising interaction sets
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an experimental relaxation timescale that is comparable to the quantum many-
body equilibration timescales. However, with straightforward improvement to
the setup described in [13], the quantum many-body relaxation timescales can
be short compared to the spontaneous emission timescale. Specifically, with
N = 217 ions and an optical dipole force generated from two 10 mW beams
crossing with an angular separation of 35° (see Figure 1 in [13]) and frequency
difference tuned to generate o = 1/2 power-law interactions, we calculate the
two relaxation timescales Plij to be ~ 30 us and ~ 430 pus. Here ¢ and j are
chosen to be one site to the left and right of the center site as shown in Figure
2.2 (center and right). The spontaneous emission time for this configuration
is (1/T") ~ 4 ms. All of these timescales are short compared to the 75 2 50 ms

coherence time of Bet valence electron spin qubits.

To compare with exact results reported here requires an experimental mea-
surement of two-spin correlation functions after the Ising interaction has been
applied for a variable period. This is readily accomplished with trapped ions
by using spin-dependent resonance fluorescence. Britton et al. [13] use spin-
dependent resonance fluorescence to measure spin orientation in the o* basis.
With resolved imaging of the array of ions [see Figure 2.2 (left)], the spin ori-
entation of each ion can be detected and arbitrary pair correlation functions
calculated. However, more simply, the global fluorescence detected from all
the ions in the array can be used to measure the global spin state of the sys-
tem (the total number of spins in the | 1) state and the total number of ions
in the | |) state). Shot-to-shot fluctuations in these measurements are sen-
sitive to the second-order moment (S?) of the total z-component of the spin
S, = Y ;ea 0. Of particular interest are measurements of the second-order

moments in directions perpendicular to the mean composite spin vector,

(@)= ({o7). {o?). (o7)) - (2.7.1)

€A

For example, with all spins initially pointing along the x-axis, fluctuations of
measurements of .J, after rotation about the z-axis by an angle 6 are sensitive

to

(S%)y = Z [sin® 0(olc?) —sinfcosO(olo; + oio¥) + cosb(oio})] . (2.7.2)
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These so-called spin squeezing measurements [115] are sensitive to pairwise
correlations summed over all the spins in the ensemble. In the following section
we study spin squeezing and other measures of entanglement that emerge in
the long-range interacting Ising model which confirm, without an inkling of

doubt, the quantum nature of the model.

2.8 Entanglement in far-from-equilibrium

quantum magnetism

In this section we calculate several time dependent entanglement measures
within the long-range interacting Ising model. This allows us to compare the
dynamics of several different types of entanglement, each of which can evolve
qualitatively differently. Although each entanglement measure quantifies some
kind of quantum correlations, there are many types of inequivalent entangle-
ment [49]. Each type can be harnessed for capabilities beyond those provided
by classical states, but different types of entanglement require different pro-
tocols to harness. In addition to their ability to quantify quantum resources,
these entanglement measures generate great interest in their connection to
many-body physics, where they help to classify and understand the structure
of many-body phases of matter and dynamics [19].

The long-range interacting Ising model furnishes concrete examples of dif-
ferent types of entanglement possessing qualitatively different dynamics. To

illustrate this, it suffices to consider the all-to-all coupling limit,
o = 0, Ji,j =J (281)

for all 7+ and j, also known as the one-axis twisting Hamiltonian. In this
model for initial states fully aligned along the z-axis, spin squeezing (a mea-
sure of multipartite entanglement) emerges at short times, while Greenberger-
Horne-Zeilinger (GHZ) entanglement occurs at later times (more discussion
and definitions are given below). Spin squeezed states may be used to per-
form quantum-enhanced metrology of spin energy splittings using Ramsey
spectroscopy, while utilizing GHZ-entangled states requires a Ramsey pulse

sequence with a final readout using another observable, for example the spin
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Figure 2.8: Schematic showing the tipping angle ¢ restricted to the xz-plane
together with a surface perpendicular to the spin direction. Spin squeezing can be
thought of as the minimum uncertainty perpendicular to the mean spin direction.

parity. With the analytic results of the previous sections we are able to quantify
these and other types of entanglements’ time evolution, and their dependence
on other experimental parameters. This allows us to determine which factors
are favorable or detrimental for creating different types of entanglement, and

hence for application to different quantum-enhanced applications.

We study the dependence of different entanglement measures on the ini-
tial state |¥(0)) and range of interaction «. For simplicity we consider one-
dimensional lattices (i.e., chains), but our qualitative conclusions do not de-
pend on the latter assumption and should hold for any dimension. Homoge-

neous product initial states (see Section 2.3) are chosen, given by

w0y = @ (7 eos Lty + e am B 1),) s

jEA

with ¢; = 0 and 6; = ¢ for all j. In this way we restrict the initial state to
consist of products of states on the zz-plane of the Bloch sphere (see Figure
2.8). We study the formation of entanglement as a function of two parameters,

the global tipping angle ¢ and the interaction exponent a.

Note: This Section is based on the author’s contribution to [46].
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2.8.1 Spin squeezing

Spin squeezing was introduced by Kitagawa and Ueda [65] to quantify the
usefulness of a quantum state for quantum metrology using a Ramsey protocol.
A squeezed state is necessarily entangled, and in addition to its use as an
entanglement witness [68] and for quantifying quantum metrological resources,
it is appealing for its clear physical meaning and relatively straightforward
potential to measure. It also is simple in the sense that, in order to calculate
it, only the single- and two-spin correlation functions are required, which allows
us to use the results of Sections 2.2 and 2.3. We define the squeezing in decibels

as
dB squeezing = —101log;, £ (2.8.3)

with

i YTV (0 — (o -

oy (o)l ’

(2.8.4)

where o = Y, (07,07, 07) the vector of Pauli operators. The minimization
is over unit vectors 7, perpendicular to the mean spin direction. For details of
the calculation see appendix D. The dB squeezing is an entanglement witness:

when dB squeezing is positive, the state is squeezed and entangled.

In [65] Kitagawa and Ueda discussed spin squeezing for the one-axis twist-
ing (OAT) Hamiltonian Hoar = %J(az)z, corresponding to the a = 0 case
of the long-range interacting Ising model (2.1.2). The OAT Hamiltonian gen-
erates spin squeezed states at short times, a fact that has been confirmed in
a number of experiments [42, 27]. Theoretically, entangled GHZ-states have

been shown to occur at longer times [84].

Figure 2.9 (left) shows a contour plot of dB squeezing in the («,t)-plane,
starting from a fully z-polarized, ¢ = 7/2 initial state. Increasing the inter-
action exponent « leads to a slower and weaker creation of entanglement, but
also to a longer lifetime of the squeezed state. While this o dependence is

substantial for o < D it becomes weaker for o« > D.

Figure 2.9 (right) shows dB spin squeezing in the (¢, t)-plane for a = 3/4.
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Figure 2.9: Contour plots of decibel spin squeezing in a long-range Ising chains
with L=41 lattice sites. Left: dB spin squeezing as a function of the interaction
exponent « with initial tipping angle ¢ = /2. Right: dB spin squeezing as a
function of tipping angle ¢ for a = 3/4.

Maximal spin squeezing occurs for a tipping angle ¢ = 7/2. This implies that
a fully z-polarized initial state (or any fully polarized state in the z-y plane)
is the ideal choice for creating squeezed states under time evolution. As the
tipping angle is decreased to around ¢ = 7/4, spin squeezing emerges, but
grows to a smaller maximum than at ¢ = 7/2 and then disappears rather
quickly. This can be understood by noting that correlations (ofc%) containing
a z-component build up quickly which in turn reduce spin squeezing, as illus-
trated in Figure 2.10 and Equation (D.1.11) of appendix D. Finally, further

decreasing ¢, the squeezing decreases, approaching zero when the mean spin

- <0_iX0_jX>

-t ‘ ‘ -t
10 001 01 1 10 = ()

Figure 2.10: Time evolution of the normalized two-spin correlation functions
(of0F), <O‘§-JO';J>, <0fo’§-’>, (0f0%) and (0f0%) for a long-range interacting Ising chain
consisting of 41 lattice sites. The interaction exponent is o = 1/4, with initial

tipping angles ¢ = 7/4 (left) and ¢ = 7/2 (right). Lattice sites ¢ and j are chosen
one lattice spacing to either side of the center of the chain.
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direction points along the z-axis (¢ — 0). Furthermore, the time at which
the small amount of squeezing is created for small ¢ increases as ¢ decreases,

giving the appearance of “horns” in the contour plot in Figure 2.9 (right).

2.8.2 Entanglement entropy

We define the entanglement entropy between a subregion R and the rest of

the system by

Sr = —Tr (prlog, pr), (2.8.5)

where pr is the reduced density matrix of the subregion R, obtained by trac-
ing out all those parts of the Hilbert space not associated with R. The log,
convention is convenient since it quantifies the amount of entanglement in bits.
With this convention, the maximum bipartite entanglement between the sys-
tem and subsystem is equal to the number of spins in the subsystem. The
entanglement entropy is a measure of the total entanglement of bipartite pure
states (although even un-entangled mixed states have finite entanglement en-
tropy) and is widely used in quantum information theory. Its physical meaning

has been nicely summarized by Latorre and Riera [73], stating that

“The entanglement entropy quantifies the amount of surprise
that a sub-part of a system finds when discovering that it is corre-
lated with the rest of the system”.

We will consider subregions R;; = {i, j}, consisting of pairs of (not necessarily

neighboring) spins ¢ and j. The reduced density matrix is given by

1
PRij = Z Z <o‘?o‘?>o‘?g§7 (286)

a7be{07x7y7z}

with the convention that ¢! is the 2 x 2 identity matrix at lattice site 4. From
this expression it becomes obvious that the exact results for the single- and
two-spin correlation functions [see equations (2.4.2)-(2.4.5)] allow us to also

obtain exact results for the entanglement entropy of subregions R;;.
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Figure 2.11: Contour plots of entanglement entropy for a long-range Ising chain
with L=41 lattice sites. Left: entanglement entropy as a function of the interaction
exponent « with initial tipping angle ¢ = 7m/2. Right: entanglement entropy as a
function of tipping angle ¢ for a = 3/4.

Heuristically, if we increase the tipping angle ¢ away from the fully a-
polarized state, we increase the z-component of the mean spin direction. Since
components pointing along the z-axis are conserved under the Ising time evo-
lution, they will not contribute to the formation of entanglement. Hence, as
we move the tipping angle away from the fully z-polarized state at ¢ = 7/2,
we expect the entanglement entropy to saturate at a lower level. This intuition
is confirmed by Figure 2.11 (right), where we have chosen R;; as consisting of
the sites adjacent (one to the left and one to the right) of the center spin of a

chain with 41 sites.

Figure 2.11 (left) shows a contour plot of the entanglement entropy in
the (o, t)-plane. The entanglement entropy evolution is qualitatively differ-
ent depending on whether « is less or greater than D/2. For a < D/2 two
widely separated timescales are observed. On a short timescale a long lived
quasi-stationary state (or “prethermalization plateau”) [116] of intermediate
entanglement strength is formed, while larger entanglement is built up only on
a much longer timescale. This effect is enhanced when increasing the number
of lattice sites, or when further reducing «. For o > D/2 no such separation
of timescales is visible. When a > D the single- and two-spin correlation
functions begin to show oscillatory behaviour. These oscillations become more

pronounced for greater values of o and can also be observed in the («, t)-plane
for a 2> 1.5.
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Figure 2.12: Contour plots of concurrence for a long-range Ising chain with L=41
lattice sites. Left: concurrence as a function of the interaction exponent o with
initial tipping angle ¢ = 7/2. Right: concurrence as a function of tipping angle ¢
for a = 3/4.

2.8.3 Concurrence

Concurrence was introduced in [118] as an entanglement measure for two-qubit

systems. It is defined as
C(p) = Imax {O, )\1 — )\2 — )\3 — )\4} (287)

where Aj,..., Ay are the square roots of eigenvalues (in decreasing order) of

the non-Hermitian matrix pr,.cfc¥pk olc?. Generalizations beyond the two-
ot ] Rzg )

qubit case have been reported in [48].

Figure 2.12 (left) shows a contour plot of the concurrence in the (a, t)-plane
for a fully x-polarized, ¢ = 7/2 initial state. At « = D/2 the concurrence
reaches its maximum value and also persists for the longest time. Figure 2.12
(right) shows the concurrence in the (¢, t)-plane for a = 3/4. As for other
entanglement measures, the maximum value is achieved at ¢ = 7/2. Away
from this value, growth of concurrence is weaker and slower, leading to “horns”

which are more pronounced but similar to those for squeezing [see Figure 2.9
(right)].
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2.9 Summary and conclusions

Under convenient restrictions to the initial conditions, we have obtained exact
analytic results for any order correlation function of the long-range interact-
ing Ising model in arbitrary spacial dimension and for any lattice structure.
This simple, yet quantum, model shows prethermalization, widely separated
timescales, and formation of different types of entanglement that further our

understanding of the timescales governing the relaxation to equilibrium.

For all of the entanglement measures studied, we find a pronounced change
of behavior upon variation of the exponent a. Depending on the chosen en-
tanglement measure this change may occur at « = D/2 as in the case of
concurrence, or at &« = D as for the decibel spin squeezing. Independent of
the measure of entanglement, a fully polarized initial state in the x-y plane
(p = m/2) is always optimal for the creation of maximum entanglement under

unitary time evolution governed by the long-range interacting Ising model.

The analytic results of this chapter can be directly compared to experimen-
tal measurements of two-spin correlation functions. This will enable a much
higher degree of benchmarking of trapped ion quantum simulators [13] in a
regime where quantum effects are paramount. Subsequently, once the trapped
ion quantum simulator is benchmarked, it may in turn be used for testing ap-
proximate calculations of the quantum dynamics of the long-range interacting
Ising model in the presence of transverse fields that result in non-commuting
terms in the Hamiltonian (2.1.2) [44]. Moreover, there are certain phenomena
which are believed to be peculiar to long-range interacting systems and which
might receive their first experimental verification in the ion trap setup. One
example is the threshold at « = D/2 below which a second timescale of relax-
ation emerges. There is evidence that not only the existence of this dynamical
long-range threshold, but also its numerical value D/2, is universal for classi-
cal as well as quantum mechanical long-range interacting systems [6]. Other
long-range peculiarities include non-equivalent equilibrium statistical ensem-
bles [58, 57], a phenomenon that has been known in the astrophysical context

for decades [112] but has not seen experimental verification.
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Chapter 3

Supersonic spreading of
correlations in long-range

quantum lattice models

In this chapter we study the non-equilibrium dynamics of two-spin correlations
in quantum lattice models in the presence of long-range interactions decaying
as a power law in separation distance |i — j|~®. For exponents « larger than
the lattice dimension D, a Lieb-Robinson bound [74, 43] effectively restricts
the spreading of correlations to the interior of a causal region (or sound cone),
but allows supersonic (faster than linear) propagation (see Section 1.1.3 for
details). In this chapter we show that this decay is not only sufficient but also

necessary.

In Section 3.1 we introduce a dictionary between non-equilibrium systems
and quantum channels. Borrowing methods from quantum metrology, for any
exponents « smaller than the lattice dimension, we construct in Section 3.2 a
toy Hamiltonian giving rise to quantum channels with capacities not restricted
to any causal region. The analytic results of the long-range interacting Ising
model (see Chapter 2) are used, in Section 3.3.1 to illustrate the breakdown
of the causal region, i.e. distance independent spreading of correlations and
information, for sufficiently small a. Section 3.3.2 shows numerical results
obtained using matrix product state methods for the X X 7 spin chain revealing

the presence of a sound cone for large exponents, and supersonic propagation

44
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for small ones. In all models we analyzed the fast spreading of correlations
follows a power law, and not the exponential increase of the long-range Lieb-
Robinson bound. Section 3.4 highlights comparisons with current experimental

results.

Note: This chapter is mostly based on [25] but contains elements of [109].

3.1 Non-equilibrium systems as quantum

channels

A natural way to capture information propagation is to use concepts from
channel capacities of quantum channels. A quantum channel is a communi-
cation channel capable of transmitting quantum (eg. the state of a qubit) as
well as classical information (eg. email sent over the internet). Formally, quan-
tum channels are completely positive trace-preserving maps between operator
spaces. In the following description we do not intend to give an all encom-
passing review of quantum channels, our aim is merely to give some intuition

regarding the concepts.

As an example, consider the mapping
¢ Ay e ettt (3.1.1)
reflecting time evolution. If we take a positive operator A = BB we can write
#(A) = ¢(B'B) = e M BT Belft — (Be)T (Bei?) (3.1.2)

which is once again a positive operator, and positivity is preserved. Using the

cyclic property of the trace,
Tr[p(A)] = Trle ' Ae'™!] = Tr(A) (3.1.3)

it is also clear that the trace is preserved under ¢. This confirms that unitary
evolution is indeed a quantum channel. Similarly any map A > UTAU with

U a unitary will also be a quantum channel.

Consider a system A = X UY whose state space is the tensor product
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Figure 3.1: Schematic representation of the coding.

Hx ®Hy of Hilbert spaces defined on X and Y respectively. The partial trace
between spaces of bounded linear operator B (Hx ® Hy) and B(Hx) is given
by

Using the same arguments as before you can show that the partial trace is a

completely positive trace preserving map.

It trivially follows that the composition of two completely positive trace
preserving maps is again a completely positive trace preserving map. This

implies that for any unitary U, the map
T (Hx ® Hy) = T (Hx) : A Try (UTAU) (3.1.5)

represents a quantum channel. Classical and quantum channel capacities quan-
tify the rate (bits per letter, or channel) at which respectively classical and
quantum information can be transmitted reliably through a channel. Quantum
capacities are usually less, and can never be greater, than the same channel’s

classical capacity [9].

For our purpose, a natural choice of capacity is the classical information
capacity of the quantum channel. At time ¢ = 0 we prepare the system in the
state p. To implement the quantum channel, we encode a signal on A C A,

and measure the effect of that encoding after a time ¢t at B C A. The coding
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amounts to either realizing a quantum channel
T, :pr— Trag (e_itHUApULeitH) (3.1.6)

for t > 0, where Uy, is a local unitary operator non-trivially supported on A
only, or
Ni:p— Trag (e_itheitH) (3.1.7)

reflecting time evolution. Trp\ p denotes the partial trace over the entire under-
lying space A except for a subset B. Afterwards one performs a measurement
associated with a positive-operator valued measure 7 supported on B only,
with 0 < 7 < 1. The classical information capacity C} can, in the setting con-
sidered here, be bounded from below by the probability of detecting a signal

at time ¢t > 0, so
Cy > py == |Tx[Ty(p)mp] — Te[Ni(p)ws]] - (3.1.8)

This channel capacity C; captures the rate (bits per letter, or channel) at which
classical bits of information can be reliably transmitted from A to B, by either
performing a local unitary U, at ¢ = 0 or not, and detecting the signal in B

at a later time.

3.2 Lower bounds on information
propagation

Let A be an arbitrary lattice of spatial dimension D with open boundary
conditions. In order to compare our results with previous literature on Lieb-
Robinson bounds of power-law interacting quantum spin systems, we are free
to consider any Hamiltonian H = )", hx, consisting of local Hamiltonian
terms hyx with compact support on X C A, that satisfies the boundedness

condition

> x| < A (3.2.1)

el (14 dist(x,y))

for some finite positive A.

In the following subsections we introduce a toy model resembling the long-



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 3. SUPERSONIC SPREADING OF CORRELATIONS 48

range interacting Ising model. Using this model together with product and
entangled initial states we determine different threshold values of a below
which the spreading of classical information becomes distance independent.
The same ideas are also be applied to the full long-range interacting Ising
model with single site measurements. These results reveal a threshold value
of a below which the spreading of classical information is always faster than

linear.

Note: Section 3.2.1 is based on a calculation performed by Jens Fisert in
[25]. The details of these calculations were not published but can be found in
Appendices C.1 and C.2. Section 3.2.2 extends the ideas of Eisert to the full

long-range Ising model.

3.2.1 Supersonic propagation in an Ising-like toy

model
For ease of calculation we choose the toy Hamiltonian

1

(1 + dist(o, 7)) (1-03), (3.2.2)

Hy = %(1—‘75)2

jeB

resembling the long-range interacting Ising model (2.1.2), where 0 € A. As
before, o7 denotes the z component of the Pauli spin operator supported on

lattice site 7. We assume the set A C A consists of the single lattice site o € A,
A = {o}, so that |A| =1 and take

B :={j € A :dist(o,7) > 6} (3.2.3)

Figure 3.2: Graphical representation of lattice contraint in (3.2.3).
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for some 0 € N, to be the set of all lattice sites in A separated from o by a
graph distance greater or equal to some positive 6. What makes calculations
easier in this toy model is the fact that interactions are limited to spins on A
and B only. There is no self-interaction of spins on A, B or the remainder of
the lattice sites in A\(A U B). Depending on whether we choose a product or
entangled initial state we find different threshold valus of a below which the

spreading of information becomes distance independent.

3.2.1.1 Product initial state

We choose a product initial state
p=10)(0"M1B & |4) (|7 (3.2.4)

with [+) = (|0) +|1))/v/2. The first tensor factor corresponds to the comple-
ment A\B of B on the lattice. We choose positive operator valued measure
7 = |+)(+|®B and local unitary Ua = |1)(0] + [0)(1], i.e. the spin flip opera-
tor. In these terms, we can write the probability of detecting a signal in B at
some time t > 0 given the unitary perturbation U, as (see Appendix C.1 for
details)

pr=1- 2%, 1T [1 + cos ((1 - dijtt(o’j))aﬂ. (3.2.5)

j€B
For short times ¢ such that 2¢ < (1+6§)®, we obtain (for details, see Appendix
C.1)
> 1 4 S+ disto, 7)) (3.2.6)
—exp|—— ist(o : 2.
bt = p 5 )]

jeB

For a < D/2 and for the product initial states considered the sum that
appears in the argument of the exponential in (3.2.6) diverges in the limit
of large |B|. This implies that for any constant ¢ € [0, 1] and any sufficiently
small time ¢ > 0, for a sufficiently large | B| (and lattice), one can always detect
a signal C; > c. Signal propagation is therefore not restricted to any causal
region, as reliable information can be transmitted arbitrarily fast, beyond any
finite speed of information propagation. Even though this seems to contradict
the laws of general relativity, in the end information itself cannot propagate

faster than the speed of light. Moreover, (3.2.6) implies that starting from a
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product initial state of the form (3.2.4) a well defined causal region can be
identified for values of a down to D/2, i.e. less than the dimension of the
underlying system. Examples where propagation is faster than linear are also
known for lattice systems with nearest-neighbour interactions and infinite-

dimensional constituents [23].

3.2.1.2 Entangled initial state

The bound of a < D/2 for the breakdown of causality, when starting from
product initial states, can be beaten by resorting to ideas of metrology and
methods of multi-particle entanglement. Here we show that, precisely for
a < D, the causal region disappears for an entangled initial state. This specific
example shows that, in general, the causal region disappears for o < D. The
steps used here are borrowed from quantum phase estimation. We choose an

initial state of the form
p = [0) (0[Nl @ [} ()], (3.2.7)

with

1) = (10,...,0) +]1,...,1))/V2. (3.2.8)

That is, the subset B C A of the lattice is prepared in a multi-partite entangled
Greenberger-Horne-Zeilinger (GHZ) state, the kind as it is used in error-free
phase estimation and metrology [50]. When the system is prepared in this
initial state with positive operator measure g = |¢)(¢|, but otherwise in the
same situation as considered before, one finds that the probability of detecting
a signal p; in B at some time ¢t > 0 given the unitary perturbation at A is

given by (see Appendix C.2 for details)
1 . N\ —a
pr=1-— B {1 + cos (t;(l + dist(o, j)) )] : (3.2.9)
J

Exploiting the asymptotic behavior of the Hurwitz zeta function [89, see Sec-
tion 25.11] the asymptotic shape of the causal region for this model is found
to be of the form

pr o 2520, (3.2.10)
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Hence, for any € > 0 we have

Ve o toP (3.2.11)
which implies

§ oc tH/(@=D), (3.2.12)

When using a GHZ entangled initial state two distinct a-regimes emerge:

1. When a < D the leading order in the Taylor expansion of p; diverges

and the causal region breaks down, and

2. for D < oo < D+1, equation (3.2.12) gives rise to a bent causal region and
allows for faster than linear propagation of information, but slower than

in principle permitted by the power-law Lieb-Robinson bound (1.1.11).

Remarkably, the use of entangled initial states alters the threshold of the ex-
ponent «, where causality breaks down, from D/2 to the optimal value of D.
On arbitrary lattices, and precisely for a > D, the Lieb-Robinson bound of
Hastings and Koma (1.1.10) sets in and defines a causal region. For oo < D,
in contrast, models can be identified that exhibit no causal region at all. This
observation does not mean that the Hamiltonian is unphysical, it only implies
that, for algebraically decaying interactions, the familiar picture of the exis-
tence of causal regions can be drastically altered. These results also generalize
and complete the findings of [44] (where, for D =1 and « < 1, also instances
of instantaneous transmission of information have been observed) and comple-
ment recent insights into the growth of the mutual information and bi-partite
entanglement following quenches [104]. In Chapter 4 we extend Lieb-Robinson

bounds to the o < D case.

3.2.2 Supersonic propagation in the full long-range

Ising model

In the previous section it was proved that information can be transferred su-

personically through a quantum channel for any o < D + 1, while no such
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proof exists for a > D + 1. However, this result required the measurement of
observables supported on semi-infinite sub-lattices, which is not a very phys-
ical scenario. In this section we show that supersonic transmission through
a quantum channel can occur in any dimension for @ < 2 for measurements
performed on single lattice sites. What is more, we extend the time evolu-
tion with respect to the full long-range interacting Ising model, not just the

simplified toy model of the previous section.

Let A = {1,...,N} be a finite, one dimensional lattice consisting of N

sites. On this lattice define an Ising Hamiltonian with arbitrary couplings

1 z __Z
H= > Jijoio; (3.2.13)
i<j
with o7 the z Pauli matrix on lattice site j. Define the sub-lattices A = {1},
B = {N} and S = A\(A U B). Using this notation the Hamiltonian (3.2.13)

can be rewritten as
H=Hjss+ Hagp+ Hgsp + Hgg (3214)

with

Hyy = % SN Jyoio; (3.2.15)

i€X jey

where X|Y € {A,B,S}. As in the previous section we prepare a product

initial state of the form
p = [0)(O|M1Bl @ |+) (+] (3.2.16)

with all the spins prepared in the |0) state except those in B. Similar to the
previous section we implement the same binary quantum channel by start-
ing the time evolution either with p, which transmits a “0”, or starting with
UI‘pU 4, sending a “1”, where U, is a unitary supported on A only. The clas-
sical information capacity C; is again bound from below by the probability
of detecting a signal p;, by measuring according to a positive operator valued
measure mp, a signal in B at some time ¢ > 0 given the unitary perturbation

at A [see (3.1.8)]. Our aim is to study this lower bound p; as a function of the
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channel length, i.e. the distance between A and B.

Just like the previous section we choose Uy = [1)(0| and 7 = |+)(+].

These choices lead us to the exact expression (see Appendix C.3 for details),

sin <2t2 JTN> sin (2tJ1n)

D= : (3.2.17)

res

for the detection probability. To derive a nonzero lower bound on p;, we focus
our attention on the short time regime, before oscillatory behaviour sets in.
In the large system limit, assuming power-law interactions J;; = |i — j|~¢, the

bound takes the form (see appendix C.3 for details)

16t2 1 1
m(a—1) (N —=1) [1 N (N — 1)a—1} =D

Pt > (3.2.18)
For a@ > 1 the second term in the square bracket is much smaller than 1, and
we find

16¢> 1

D™ e T (N 1)e (3.2.19)

for the large N asymptotic behaviour of the bound p,. In this context 0=N-1
is the distance between regions A and B. To determine the shape of the contour
line at which p, is equal to some constant €, we set

t2
€=p, X 5 (3.2.20)

From the above we can then read off that
§ o tQ/Oé (3.2.21)

along any of the chosen contour lines. Equation (3.2.21) describes supersonic
signal propagation for all & < 2, irrespective of the dimension of the underlying
lattice. These results can easily be extended to more general initial conditions

and to lattices with arbitrary dimension.
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3.3 Propagation of correlators

In the following subsections we investigate the spatio-temporal spreading of
correlations under the influence of unitary dynamics, starting from a product
initial state. The spreading of correlations is most naturally captured using

the time dependent connected correlation function,

(050715). (8) = (o7 (D)7,5(1)) = (o5 (1)) (o715(t)) (3.3.1)

with of the a € {r,y,2} Pauli matrix at lattice site j. The norm of these
time dependent connected correlation functions can be bounded from above
using the now familiar Lieb-Robinson bounds introduced in Section 1.1.3. In
the following we compare the shapes of the causal fronts that arise using the
time dependent connected correlation functions to the results of the previous
sections, as well as to our current understanding of the causal fronts using
established Lieb-Robinson bounds.

3.3.1 Exact results for the long-range interacting Ising

model

In the previous sections we have established that suitably constructed Hamil-
tonians can indeed give rise to supersonic propagation and a power law-shaped
causal region. In the following we show that such behavior manifests in the
long-range interacting Ising and X XZ models. Moreover, we investigate in
this context how correlations spread for exponents v < D where the Lieb-
Robinson bound (1.1.10) of Hastings and Koma [43] is not valid.

Firstly we consider the long-range interacting Ising model (see Chapter 2)

defined on a D dimensional lattice A,

1
HA = —§ZJZ'J0'1-ZO';, (332)
i#]
where, as before, J; ; € R denotes the coupling strength in terms of the distance
between the lattice sites ¢ and j. Starting from a fully z-polarized initial state

with all spins initially pointing along the ¢” direction and using the exact
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Figure 3.3: Density contour plots of the connected correlator (¢505)_ in the (d,1)-
plane for long-range Ising chains with |A| = 1001 sites and three different values of
a. Dark colors indicate small values, and initial correlations at ¢ = 0 are vanishing.

results from Chapter 2 for the two-spin correlation functions, we can write

1
(oto7) () = 5 (ot 7)(0) [T cos @2 (i = Ty t) + [ ] cos (2 (Jui + Juj) t) ]
k#i.5 k#i,j
(3.3.3)

Similar expressions hold for other spin components [see Equations (2.4.2)-
(2.4.5)]. We evaluated these expressions for a linear chain of spins (D = 1) with
interactions J; ; = Jdist(i, 7). The spreading of correlations is investigated

by plotting, in Figure 3.3, the density contours of the connected correlator

(0505)c (1) = (o5 (t)a5 () — (a5 (1)) {05 (1)) (3.3.4)
in the (9, t)-plane, with o € A denoting the centre lattice site.

For av = 3/2 (right panel of Figure 3.3) correlations initially seem to spread
linearly, but not further than a few tens of lattice sites; plots for other a > D
are similar. The breakdown of the initial linear spread in Figure 3.3 (right) is
presumably a peculiarity of the long-range Ising model and may be explained
by the fact that quasi-particles in a spin-wave approximation are dispersionless
for the Hamiltonian (3.3.2) [44].

For v = 3/4 (central panel of Figure 3.3) the spreading of correlations
shows a distance-dependence that is consistent with a power law-shaped causal
region; plots for other D/2 < av < D are similar. These findings nicely match

our results on the channel capacity of (3.2.2), namely that, for product initial
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Figure 3.4: Time dependent connected correlation functions (o707). of the long-
range Ising model with o = 1/4 for lattice sites ¢ and j chosen one site to the left
and right of the center of a one dimensional chain consisting of N = 10? (blue), N3
(purple) and N* (yellow). Left: As a function of time ¢, the timescale on which
correlations build up is strongly N-dependent and even vanished with increasing
N. The decay of correlations takes place on a timescale that is independent of V.
Right: When plotted as a function of rescaled time 7 = tN'/2-% the timescale on
which correlations build up becomes independent of the system size.

states, an effective causal region is present already for a > D/2, and not only

for « > D as in the more general case of entangled initial states.

For a = 1/4 (left panel of Figure 3.3) correlations spread in a broad, more
or less distance independent front, and qualitatively similar results are found
for all 0 < o < D/2. Closer inspection reveals a tiny decrease of correlations
with increasing distance 6. In the following we show that this J-dependence is

a finite size effect that disappears in the large system limit.

3.3.1.1 Finite size scaling

Figure 3.4 (left) shows the connected correlation function (of07}). as a function
of time, we observe that, for exponents 0 < o < D/2, the timescale on which
correlations build up is strongly system size N := |A| dependent and vanishes
for increasing N. On the other hand the timescale on which correlations decay
is independent of the system size. From the upper bound of the two-spin
correlation functions [see Equations (2.5.2) and (2.5.3)], the timescale for the
build up of correlations scales like N®/P~1/2 asymptotically for large N. Hence,

plotting (o70f). as a function of rescaled time

T = tN/?7e/D (3.3.5)
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Figure 3.5: Connected correlation functions of the long-range Ising model for fixed
values of the rescaled time 7 = 0.1 (left panels) and 7 = 1 (right panels). In each
plot (o§o§). is shows for 6 = 20, 40, 60, 80, 100, and 120 (from top to bottom line
in graphs) and plotted versus the inverse system size 1/N. Top panels: For a = 1/4
and in the limit 1/N — 0 the connected correlation functions become distance
independent implying a flat propagation front. Bottom panels: For a = 3/4, the
distance depedence does not vanish in the large-system limit.

absorbs the N-dependence of the timescale, where now the timescale on which

correlations build up is independent of the system size [see Figure 3.4 (right)].

Only in the rescaled time 7 does it make sense to study the large system
asymptotic behaviour of the shape of the propagation front. In Figure 3.5
we plot for some fixed instances of 7 and various values of §, the connected
correlation function (ofo§). as a function of the inverse system size 1/N. In
the limit 1/N — 0, to connected correlation function converges to a value
that is independent of the distance 9, implying a flat, distance independent,
propagation front. In Chapter 4 we use a similar rescaling of time to derive a

Lieb-Robinson type bound which is valid for any o > 0.

This flat propagation front in Figure 3.3 (left) is consistent with the fact
that, for small values of o, the Hamiltonian (3.3.2) does not meet the conditions

required for the the long-range Lieb-Robinson bound (1.1.10) to apply.
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3.3.2 Numerical results on the long-range X X7 spin

chain

To investigate how the observations of the preceding sections are affected by the
presence of dispersion (spin flips), we augment the Ising Hamiltonian (3.3.2)
with a non-commuting term. We do this by adding interactions in the trans-

verse direction, leading to the long-range X X Z chain

H**% = ; ﬁ [2JL (0)to; +0;,0)) + J.ofo}]. (3.3.6)
For short-ranged interactions, this is a standard model used to investigate
quantum magnetism. With nearest-neighbour interactions the X X Z-model
is, by virtue of the Jordan-Wigner transform (see Section 1.3.1), equivalent to
a spinless fermionic model in one dimension. Here, we choose J;, = 1/2 and
J, =1, so that we are dealing with strong quantum fluctuations. In Figure 3.6
we show numerical results for the time evolution under the X X Z Hamiltonian
(3.3.6) with a = 3/4, 3/2, and 3, starting from the staggered initial state
|to) = 1,0,1,0,...,1,0) (reminding of the situation of [114]). The plots show

results for the equal-time connected correlation functions

(0505). = (0505) = {05){05). (3.3.7)

For a = 3/4 and 3/2 (left and middle column in Figure 3.6) we observe a
coexistence of supersonic and sound-cone-like propagation. For o = 3 (right
column in Figure 3.6) the spreading of correlations is predominantly linear in
the (d,t)-plane. Figure 3.6 (bottom) recasts the connected correlation func-
tions on a log-log scale, here the linear trends confirm that the causal regions

have power-law shapes.

3.4 Comparison with experimental results

The recent theoretical progress made with regard to the spreading of correla-
tions, entanglement and information in long-range interacting quantum lattice
models have stimulated efforts by experimentalists to test the exact analytic

as well as numeric predictions made in the previous sections and [25, 44].
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Figure 3.6: (Reproduced from [25]) Top row: Density plots of the connected
correlator (0j0f). in the (0,%)-plane. The results are for long-range X XZ chains
with |A| = 40 sites and exponents « = 3/4, 3/2, and 3 (from left to right). The
left and center plots reveal supersonic spreading of correlations, not bounded by any
linear cone, whereas such a cone appears in the right plot for a = 3. Bottom row:
As above, but showing contour plots of In (¢7c§)_ in the (Ind,Int)-plane. All plots
in the bottom row are consistent with a power law-shaped causal region for larger
distances 4.

Of direct relation to the results of this chapter is an experiment performed
in the group of Chris Monroe [99]. In [99] the authors report on an experiment
that directly measures the shape of the causal region as well as the speed at
which correlations propagate within the one-dimensional Ising and X X spin
chains. A linear spin-1/2 system, consisting of eleven ions, is encoded into the
hyperfine “clock” states of 1"'Yb™ confined in a Paul trap. The spread of corre-
lations is induced by performing a global quench by initially aligning all eleven
spins in the same direction, then suddenly switching the spin-spin couplings
on across the entire chain which allows the system to coherently evolve under
the Ising or X X-Hamiltonian. The spin-spin interaction matrix they are able
to make contains tunable, long-range couplings that fall off as a power-law
Jij o< |i —j|7* with ¢ and j lattice sites and | - | the Euclidean distance. After
quenching to the long-range Ising or X X-model with a specific «, they evolve

the system coherently for different lengths of time before resolving the spin
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Figure 3.7: Experimental results from Richerme et al. [99] showing the connected
correlation function (0§07, ,)c(t) after a global quench of a linear chain consisting of
11 ions for three different values of o as indicated. The top panel shows the results
for a long-range power-law interacting Ising model. The bottom panel shows the
same results for the long-range interacting X X-model. Throughout the solid white
curves represent the power-law shaped causal fronts as found in the experiments.

state of each ion using a CCD camera. To see the buildup of correlations they
measure single- and two-spin correlation functions to construct the connected
correlation function (ofo¥).(t) between any pair of ions at any time ¢. This
is exactly the situation described in Section 3.3, and gives us the unique op-
portunity to directly compare the forms of the theoretical causal fronts of the

long-range Ising model with those of experiments.

The top panel of Figure 3.7 shows the experimental results of the connected
correlation function of the long-range interacting Ising model for o = 0.63
(left), 0.83 (centre) and 1.00 (right). For all three values of « they presented
we see a power-law causal front as indicated by the white curves superimposed
onto the images. Some argue that claiming the form of the causal front is a
power-law is premature since the existence of a power-law cannot be claimed
for a system consisting of only eleven ions. Nonetheless, these curves agree
well with Figure 3.3 (centre) showing the connected correlation function for

a = 3/4, but qualitatively similar behaviour is expected for all 1/2 < o < 1.
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Figure 3.8: Experimental results of [99] showing supersonic spreading of correla-
tions for « = 1.19 > 1 as captured by the connected correlation function (o507, ,)c(t)
after a global quench in the long-range Ising model on a one dimensional chain con-
sisting of 11 ions.

The bottom panel of Figure 3.7 shows the experimental connected correla-
tions function of the long-range X X-model for the same three a-values. For all
values of o shown the propagation front has a power-law form. Time depen-
dent density matrix renormalization results for the spreading of correlations,
in the more general X XZ model, can be seen in Figure 3.6 (top). This, more
general case also shows a power-law shaped causal front that can be read off

from the log-log plot in Figure 3.6 (bottom left).

Figure 3.8 shows the first experimental results showing supersonic, faster
than linear, spreading of correlations as captured by the connected correlation
function for « greater than the dimension of the underlying lattice. This agrees
well with the results of Sections 3.2.1 and 3.2.2, where we expect to see faster

than linear spreading of correlations for all a < 2.

Another experiment, closely related to the theoretical predictions made in
this thesis, was performed in the group of Christiaan Roos [56]. In [56] the
authors investigate the spreading of correlations in the long-range transverse

field Ising model

1 xr T z N - | —Q
H:§ Z Jijaz-aj—kBZai, Jij o< i — j| (3.4.1)

(4,5)€EAXA €A

emanating from local quenches. These quences are performed by flipping one

or more spins which polulate a range of quasiparticle modes. Each of these
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Figure 3.9: (Reproduced form [56]) Measured magnetization following a local
quench. From left to right the interaction ranges are o &= 1.41, 1.07, 0.75. In the left
image an effective light cone is evident and the dynamics are approximately described
by nearest neighbour interactions only. Red lines are fits to the measured magnon
arrival times, white lines represent the average nearest neighbour interactions and
the orange dotted line shows the light cone after renormalization by the algebraic
tail. As the interaction range increases the light-cone disappears and the nearest
neighbour model fails to predict the dynamics.

modes can be seen as en equal superposition of spin waves (magnons) with
positive and negative momentum. Figure 3.9 shows the magnetization (0%)
following a local quench at the central spin for o = 1.41 (left), 1.07 (centre)
and 0.75 (right). As « decreases, i.e. the range of interaction becomes longer,
(left to right in Figure 3.9) the magnon arrival times become shorter. For
a = 1.41 [Figure 3.9 (left)] the magnon arrival times are closely related to
the nearest neighbour (o = oo) light-cone, but as expected, still propagate
faster than it. This discrepancy between the nearest neighbour light-cone and
the measured magnon arrival times become more pronounced for decreasing
a. Unfortunately the authors have not made any estimates about the form of
the observed causal fronts. However, given that they consider a local quench
in a one-dimensional lattice, we expect from Section 3.2.2 that the spreading

of information should be faster than linear for all a < 2.
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3.5 Summary and conclusions

In this chapter we have studied the spreading of correlations, information and
entanglement in quantum lattice systems with long-range interactions decaying
as a power-law in separation distance J; ; o< |i — j|~*. When « is greater than
the dimension D of the underlying lattice A a causal region can be identified.
This causal region is not necessarily cone-shaped and can be supersonic, faster
than linear. Specifically, the long-range interacting toy model (3.2.2) showed
faster than linear spreading of information for all D < a« < D+1. On the other
hand, the long-range interacting Ising model with a measurement on a finite
subset of the lattice, showed supersonic spreading for @ < 2 in any dimension.
All the models we considered showed a power-law shaped causal region. This

means that effects exceed some € > 0 for v|t| > €d? with ¢, q > 0.

We constructed models, together with entangled initial states, such that
the spreading of information is not restricted to any causal region, giving rise to
a breakdown of causality. Studying the same models, but with product initial
states, we find a well-defined causal region for all @ > D/2. These results are
validated by comparing with analytical results for the long-range Ising model
as well as numerical results for the long-range X X Z-model. Based on the
evidence of this chapter we conjecture that a causal region already exists for

product initial states with a > D/2.

Lastly we compared the exact and numerical results of this chapter with
current ion trap experiments. At the moment experimentalists are only able to
study the spatio-temporal spreading of correlations, unitarily evolving under
the long-range Ising and X X-Hamiltonians, for relatively small system sizes
consisting of a couple of tens of ions. Improvements in the number of ions
that can be trapped and manipulated will greatly improve our current un-
derstanding of the many body dynamics of quantum systems with long-range
interactions. In order to believe the results of these large quantum simulators
we have to benchmark these experimental results with exact analytics or nu-
merics. For this reason the results of this chapter are extremely significant for
future developments of quantum simulators and eventually full-blown quantum

computers.
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Chapter 4

Interplay of soundcone and

supersonic dynamics

In this chapter we study the spatio-temporal propagation of various physical
quantities. As noted in Chapter 3, this is a topic where long-range interac-
tions lead to peculiar behavior. A number of papers devoted to this topic
have appeared in the past two years, reporting results on the spreading of
correlations, information, or entanglement in long-range interacting quantum

systems [25, 44, 46, 104, 47, 34, 95].

The majority of our understanding of the spreading of correlations in long-
range systems comes from analytical or numerical studies of model systems,
where for example correlations or entanglement between lattice sites ¢ and j
are calculated as functions of time ¢ and spatial separation dist(i, j). Typical
examples of such results, similar to some of those in [25, 44, 46, 104, 47, 34, 95],
are shown in Figure 4.1 for a number of different models, physical quantities,
and exponents «. For larger a (Figure 4.1 right), the behavior is similar to
the short-range case, with only small effects outside a cone-shaped region. For
small « (Figure 4.1 left), correlations propagate supersonically, i.e. faster than
any finite group velocity would permit, and are mostly confined to a region
with power law-shaped boundaries. For intermediate a (Figure 4.1 center), a
crossover from cone-like to faster-than-cone behavior is observed. While these
three regimes seem to be typical and occur in many of the models studied,
notable exceptions (some of which will be discussed further below) do occur

and lead to a more complicated overall picture.

64



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4. INTERPLAY OF SOUNDCONE AND SUPERSONIC

DYNAMICS 65

0.10 10
0.08 1.9x107* 2 8 Y 24x107?
0.06 14x107* 15 6 1.8x 1072
0.04 9.3%10°° 1 4n0w 12x1072
0.02 46x107° 05 2 6.1x1073

0 0

100 200 300 400 0 20 40 60 80 100 0 10 20 30 40 50
0 ) 0

Figure 4.1: Propagation patterns as a function of distance 6 = dist(i, j) and time
t for different long-range exponents «. To highlight the generality of the phenom-
ena we discuss in this chapter, we use different models and physical quantities as
examples. In all plots, lighter colors represent larger values (the absolute scale is
not relevant here). Left: For a long-range Ising chain with o = 1.2, we show the
probability to detect a signal sent through a quantum channel from site 0 to § [25].
The green line is a guide to the eye and shows a power law § o< t1'7. This same power
law is found in Figure 3.8. Center: Connected equal-time correlations between lat-
tice sites 0 and J in a long-range field theory in one spatial dimension with o = 4
[95]. After an initial cone-like spreading, a cross-over to power law-shaped contours
is observed. The green dashed curve is a guide to the eye. Right: The spreading of
entanglement as captured by the mutual information between two lattice sites sep-
arated by a distance ¢ in the long-range hopping model (4.3.1) with o = 8, starting
from a staggered initial state. Entanglement is sharply confined to the interior of a
cone.

In this chapter we prove general bounds, supplemented with model calcu-
lations, that help to establish a comprehensive and consistent picture of the
various kinds of propagation behavior that occur in long-range interacting lat-
tice models. In Section 4.1 Lieb-Robinson-type bounds are extended to strong
long-range interactions where o < D. For intermediate exponents «, we ad-
vocate, in Section 4.2, the use of a Lieb-Robinson-type bound in the form of
a matrix exponential, which is tight enough to capture the transition from a
cone-like to a faster-than-cone propagation as in Figure 4.1 (center), and is
also computationally efficient. In Section 4.3 these results are complemented
by model calculations showing that, even in the regime o < D of strong long-

range interactions, cone-like propagation may be a dominant feature.

Note: Sections 4.1 and 4.2 formed part of a project done by David Storch
under the supervision of Michael Kastner. These works together with the re-
maining sections were published in [109]. Section 4.3 reflects the author’s main

contribution to this publication.
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4.1 Lieb-Robinson bounds for o < D

An understanding of the timescales of the dynamics turns out to be crucial in
deriving analytical results in the e < D regime. The presence of strong long-
range interactions is known in many cases to cause a scaling of the relevant
timescales with system size [3, 59, 60, 6, 116, 37]. For long-range quantum
lattice models the fastest timescale 77 o< N™? [see Sections 2.6 and 3.3.1.1]
was found to shrink like a power law with increasing system size N, where ¢
is a positive exponent [6, 116]. As an example, the system size scaling of the
timescale on which correlations build up in the long-range interacting Ising
model can be seen in Figure 3.4. The specific form of the power-law scaling
can be read off from Equations (2.5.2)-(2.5.3) for the long-range interacting
Ising model. This speed-up of the relevant timescales makes clear why previous
attempts to derive a Lieb-Robinson-type bound for a@ < D failed: in the large-
N limit the dynamics becomes increasingly faster, and hence propagation is
not bounded by any finite quantity. Considering evolution in rescaled time
7 = tN? can resolve this problem and allows us to obtain a finite bound in the

thermodynamic limit.

Suppose we have an arbitrary D-dimensional lattice A with N sites. The

full dynamics takes place on the tensor product Hilbert space

H=Q)H (4.1.1)
with finite-dimensional local Hilbert spaces H;. On H a generic Hamiltonian

H=> hx (4.1.2)

with n-body interactions is defined, with local Hamiltonian terms hx com-
pactly supported on the finite subsets X C A. The Hamiltonian is required to

satisfy the following two conditions:

1. Boundedness,

>kl < [1+d1:t(i,j)]o< (4.1.3)

X3i,j
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with a finite constant A > 0. This condition, also used in [43], is a
generalization of the definition of power law-decaying interactions, and
reduces to the usual definition in the case of pair interactions, i.e., when

X consists only of the two elements ¢ and j.
2. Reproducibility,

1 P

< 414
Na kEZA [1 + dist(4, k)]o[1 + dist(k, 5)]* — [1 + dist(4, j)]® ( )
for finite p > 0, with
Na=1/sup > L (4.1.5)
i€A [1 —+ dlSt(@7])]a

jem\{i

The lattice-dependent factor N} is the same that is frequently used to make
a long-range Hamiltonian extensive [17, 59] [see also Equation (2.1.6)], but we
use it here for a different purpose. Asymptotically for large regular lattices,
one finds [59]
e NP1 for 0 < ae < D,
Na~<c/InN  for a =D, (4.1.6)

C3 for aa > D,

with a-dependent positive constants c;, ¢o, and c3. Equation (4.1.4) is a mod-
ified version of one of the requirements for the proof in [43], but due to the
modification by the factor N, the condition is satisfied for a larger class of
models, including regular D-dimensional lattice with power law-decaying in-
teractions with arbitrary positive exponents « [80]. In the above described

setting the Lieb-Robinson-type bound takes the form

|Al| B (e — 1)

104N, O5(0)]1| < CIOANOsI 1 By 7

(4.1.7)

in rescaled time

T:t/NA. (4.1.8)

For details see the appendices in [109]. This bound has exactly the same form
as the original bound of Hastings and Koma [43], except that time ¢ has been

replaced by rescaled time 7 on the right hand side of Equation (4.1.7). The
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Figure 4.2: Bound (4.1.7) in physical (not rescaled) time ¢ for o = 1/2 and lattice
sizes N = 10', 102, and 10® (from left to right), illustrating the speed-up of the
propagation with increasing lattice size.

rescaled time bound reproduces qualitative features of supersonic propagation
[see Figure 4.1 (left)]. As before, the shape of the causal region can be deter-
mined by finding those values of 7 and dist(A, B) such that the fraction on
the right hand side of Equation (4.1.7) is greater than some positive €. Recast

in terms of physical time ¢, the causal region is determined by
v|t] > Ny ln[e(dist(A, B) + 1) +1]. (4.1.9)

From (4.1.6) we notice that when oo < D the right hand side of (4.1.9) decreases
in the system size. This signals a speed-up in physical time ¢ for increasing

system size and is illustrated in Figure 4.2.

4.2 Matrix exponential bounds for

intermediate «

For long-range models with intermediate exponents, in the range 3 < o < 6
or even a bit larger, one observes a transition from cone-like and supersonic
propagation (see Figure 4.1 center). This is the most relevant regime for
experimental realizations of long-range interactions by means of cold atoms
or molecules, but a theoretical description of the shape of the propagation
front turns out to be challenging. In the following present a Lieb-Robinson-
type bound that manages to capture the features of the propagation front as
observed in long-range models with intermediate exponents, showing a clear

and sharp transition from cone-like to supersonic propagation.
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Figure 4.3: Spacetime plots of the matrix exponential bound (4.2.2) for several
values of o in a one dimensional system with L = 201 lattice sites and periodic
boundary conditions. Left: For a = 1.2 the bound shows a propagation front with
a shape similar to the one of the Ising model in Figure 4.1 (left). Center: For
intermediate o = 4 a transition from soundcone to supersonic dynamics is being
heralded. Right: The two regimes of soundcone-like and supersonic dynamics are
fully exposed for oo = 8.

As in Section 4.1, our setting is a D-dimensional lattice A consisting of N
sites together with a tensor product Hilbert space (4.1.1) composed of finite-
dimensional local Hilbert spaces. We consider a generic Hamiltonian with pair

interactions,
N
H=> hy, (4.2.1)

where the pair interactions hi; are bounded operators supported on lattice
sites k£ and [ only. For observables we consider bounded operators O4 and Op
that are supported on single sites A = {i} and B = {j}. In this setting, we

prove in [109] a bound in the form of an N x N matrix exponential,
104(2), 05001 < 210al 105 | (exp 2], — 6:5) . (422)
where J is the interaction matrix with elements
Tit = [l (4.2.3)

and K = Y, Jix. In one spatial dimension the interaction matrix J is of
Toeplitz type and thus (4.2.2) can be evaluated in O(N?) time using the Levin-
son algorithm [8]. For translationally invariant one-dimensional systems, J is
a circulant matrix, which permits an analytical solution of (4.2.2) by means

of Fourier transformation.
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The bound (4.2.2) is tighter than the bounds in [43, 85, 38], and the
crossover from cone-like to supersonic propagation is nicely captured (see Fig-
ure 4.3). Due to its form as a matrix exponential, the bound is less explicit
than others in the sense that asymptotic properties and functional forms of
causal fronts are not easily read off. But since the calculation of a matrix ex-
ponential scales polynomially in the matrix dimension N (like O(N?) or even
faster [83]) the bound can easily be evaluated for large lattices up to O(10%)
on a desktop computer. This is orders of magnitude larger than the sizes that
can be treated by exact diagonalization, and covers the system sizes that can
be reached for example with state-of-the-art ion trap based quantum simula-
tors of spin systems [13]. Different from other bounds of Lieb-Robinson-type,
the matrix exponential bound (4.2.2) can be computed for the exact type of
interaction matrix realized in a specific experimental setup. This improves
the sharpness of the bound, and can make it a useful tool for investigating all

kinds of propagation phenomena in lattice models of intermediate system size.

4.3 Long-range hopping for small o

The bounds discussed in Sections 4.1 and 4.2 are valid for arbitrary initial
states, and therefore it may well happen that propagation for a given model
and some, or even most, initial states is significantly slower than what the
bound suggests. Indeed, linear (cone-like) propagation was observed in model
calculations even for moderately large exponents like v = 3 [46, 44, 104, 25,
47]. But, as we show in the following, such cone-like propagation can, for
suitably chosen initial states, even persist into the strongly long-range regime
0 < a < D. In the following subsections we analyze free fermions on a one-
dimensional lattice with long-range hopping. This is arguably the simplest
model to illustrate cone-like propagation in long-range models. We explain
the observations on the basis of dispersion relations and density of states.
While strictly speaking such a long-range hopping model does not meet the
conditions under which Lieb-Robinson bounds have been proved, it proves
helpful for understanding the conditions under which cone-like propagation

may or may not be observed in other long-range interacting models.
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4.3.1 Long-range hopping model

Consider a free fermionic hopping model in one dimension with periodic bound-

ary conditions,
N N-1

1 —a
H=-3"3"4 (clesa+ ) (4.3.1)
j=1 1=1
where c}, c¢; are fermionic creation and annihilation operators at site j. We

choose long-range hopping rates proportional to d; “, where

l if 1 < N/2,
d = (4.3.2)
N—1 ifl>N/2,

is the shortest distance between two sites on a chain with periodic bound-
ary conditions. A Fourier transformation brings the Hamiltonian (4.3.1) into

diagonal form

H = Z e(k)al ay, (4.3.3)
k
with

1 e
Ci = —— eay,. 4.3.4

and dispersion relation
N-1

cos (kl)
(k) =—> ——, (4.3.5)
=1 di
where k = 2mm/N with m = 1,..., N. Notice that we use aL and ay, for mo-

mentum space creation and annihilation operators while c} and c; are reserved

for real space.

4.3.2 Propagation from staggered initial state

We choose a staggered initial state [1010...) in position space, i.e., initially
every odd site is occupied. For simplicity of notation we assume the number
N of lattice sites to be even. A straightforward calculation, similar to that in
28], yields

(n, (£)) = % - (;]{[)j S cos [tA(K)] (4.3.6)
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Figure 4.4: Left: Time dependence of the occupation number of site j for different
a, starting from a staggered initial state. Right: A as a function of k. The system
size is N = 200 in both plots.

for the time-dependence of the occupation number at lattice site j, where

A cos [k(21 — 1)]
A(k) =€k + ) — €( Z da (4.3.7)
— 21
and k = 2mm/N with m = 1,..., N. In Figure 4.4 (left) the time evolution
of the occupation number (n;(¢)) is plotted for different values of . We
observe that the time it takes to relax to the equilibrium value of 1/2 increases
dramatically for small o (note the logarithmic timescale). This may seem
counterintuitive, as a longer hopping range may naively be expected to lead to
faster propagation or equilibration. The effect can be understood from Figure
4.4 (right), showing the spectrum of the frequencies A in the cosine terms of
Equation (4.3.6). As « decreases, the majority of these frequencies lie within a

small window around zero, implying very slow dephasing of the cosine terms.

A more refined picture of the propagation behavior can be obtained by
studying the spreading of correlations. Starting again from a staggered initial
state, a straightforward calculation similar to that in [20, 28], and similar to
the one leading to (4.3.6), yields

t 1 (=1)7*° it[e (k) —e(k)] —iks
(ejra(t)es (1) = 5050 = 53— D e e . (4.3.8)
!

Figure 4.5 shows contour plots in the (0,¢)-plane of the absolute values of

the correlations (4.3.8) for different values of a. For all o shown, a cone-
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Figure 4.5: Contour plots in the (4, ¢)-plane, showing correlations (4.3.8) between
sites 0 and ¢ in the fermionic long-range hopping model for N = 200 lattice sites
and various values of «, starting from a staggered initial state.

like propagation front is clearly visible, even in the case of @ = 3/4 < D.
Two properties of the cone can be observed to change upon variation of the

exponent «:

1. The boundary of the cone is rather sharp for larger a (like a = 3),
whereas correlations “leak” into the exterior of the cone for smaller «

(like @« = 3/2 and o = 3/4).

2. The velocity of propagation, corresponding to the inverse slope of the
cone, decreases with decreasing a [see Figure 4.7 (left)]. This confirms
the counterintuitive observations of Figure 4.4 (left) that correlations

seem to spread slower for small «.

We will argue in Section 4.3.4 that some of these features can be understood
on the basis of the dispersion relation (4.3.5) and the density of states of the
long-range hopping model.

4.3.3 Dispersion and group velocity

In the limit of large system size the dispersion relation takes the form
e(k) = — [Liq (€") + Liq (e7*)] (4.3.9)

where Li, is the polylogarithm [89]. This function is plotted in Figure 4.6

(left) for different values of a. For aw = 3 the dispersion € is a smooth function
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Figure 4.6: Dispersion relation (4.3.9) (left) and its derivative €' (k) (right) for the
long-range fermionic hopping model (4.3.1) with exponents o = 1, 2, and 3.

of k, while it shows a cusp at k£ = 0 for a = 2, and a divergence at k = 0 for
a = 1. Correspondingly, the derivative ¢ (k) as shown in Figure 4.6 (right)
is discontinuous at k = 0 for o = 2, and diverges at £ = 0 for a = 1. More
generally we can analyze €' in the vicinity of £ = 0 by considering the difference

quotient between the zeroth and the first mode,

e(21/N) — €(0)| N = |cos (27l/N) — 1]
27(1 = 0)/N ‘ o 2 d? (4.3.10)
N-1 N/2
>% > (M/N 212 o (4.3.11)

=1

In the large-N limit we approximate the sum by an integral,

dm [ g 2

v, NG _a) [(N/2)P~* — 1] ~ N7 (4.3.12)

This implies that, for a < 2, the derivative € diverges at k = 0 in the limit of
infinite system size. Interpreting €'(0) as a group velocity, we infer that we have
a finite group velocity only for o > 2, whereas the concept of a group velocity
breaks down for av < 2. The same conclusions about dispersion relations and
group velocities also hold for long-range interacting X X and X X Z spin models
when restricting the dynamics to the single magnon sector, as the dispersion
relations of these models are essentially identical to (4.3.5). The breakdown of
the concept of a maximum group velocity can help us to understand Figure 4.5.
For a > 2 a finite group velocity restricts the propagation to the interior of a

cone, which makes this cone appear rather sharp. For a < 2, although a cone
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is still visible, larger (and, in fact, arbitrarily large) propagation velocities may

occur and are responsible for the “leaking” of correlations outside the cone.

The threshold value o = 2 for supersonic propagation (i.e., propagation
not bounded by any finite group velocity) was also found in Section 3.2.2 by
using quantum channels together with single site resolved measurements. It
was proved in Section 3.2.1 (see also [25]) that information can be transferred
supersonically through a quantum channel with finite dimensional local Hilbert
space for any o < D + 1, while no such proof exists for « > D + 1. However,
this result requires the measuring of observables supported on semi-infinite
sub-lattices, which is not the most physical scenario. For models with infinite
dimensional local Hilbert spaces H;, supersonic propagation can occur also in
models with nearest-neighbor interactions, although this appears to happen

only under rather specific circumstances [23].

4.3.4 Density of states and typical propagation

velocities

From Figure 4.5 and the discussion in Section 4.3.3 we have seen that, while
supersonic propagation can occur for o < 2, cone-like propagation is observed
for these values of o at least for some initial states. In this section we will
argue that the qualitative features of the observed behavior can be understood

on the basis of the density of states

p(v) = % /0% 5 <v - %) dk (4.3.13)

in the large system limit. Equation (4.3.13) can be rewritten as
1 2 -1
= — ok —k
o) = 5,3 [ 90—k
0

(ko)| dk (4.3.14)

2
k2

where the sum is taken over all roots ky of the argument of the delta func-

tion. The polylogarithms that appear in the dispersion relation (4.3.9) can be
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Figure 4.7: Left: The blue curve shows the dominant velocity of propagation,
as read off from the inverse slope of the bright cones in Figure 4.5, plotted as a
function of the exponent «. The black dashed curve shows the preferred velocity
(largest probability) of a general state in the large system limit. As « decreases the
preferred velocity increases to v = 7 at a = 2. Below a = 2 the preferred velocity
decreases to zero. Right: Density of states (4.3.13) for « = 1, 2 and oc.

analytically evaluated for certain integer values of «, yielding

(1
1 1102 for a =1,
1
p(v) = = 56 (m—v)O(r+wv) fora=2, (4.3.15)
1
—— for « — o0,
(V4 — 2

where O is the Heaviside step function. For those three values of «, the density
of states is plotted in Figure 4.7 (right), but other cases can be evaluated
numerically (not shown in the figure). Again, as for the group velocity in
Figure (4.6) and the classical information capacity in Section 3.2.2, we find a

threshold value of o = 2, as explained in the following.

For o < 2, the density of states p is nonzero for all v, implying that
propagation is not bounded by any finite maximum velocity. The maximum
of p, however, is at v = 0 for all @ < 2, and this gives an indication that
slow propagation with a small velocity is favored, although larger velocities do
occur [as in Figure 4.5 (left and center)]. The maximum at v = 0 becomes
more sharply peaked when a approached zero, explaining the vanishing of the

inverse slope of the cone in Figure 4.5 in that limit, as shown in Figure 4.7

(left).
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For @ > 2, the density of states p is nonzero only on a finite interval
[—Umax; FUmax|, where vy, depends on a. For o > 2 the density of states
diverges, and therefore takes on its maximum, at 4vy... This implies that
the maximum velocity is favored, although smaller velocities also occur [as
in Figure 4.5 (right)]. This serves as an additional explanation of the sharp

boundary in the spreading for large values of « (see Figure 4.5).

As o decreases from infinity (i.e. nearest neighbour hopping) the density of
states [see Figure 4.7 (right)] diverges at increasing maximum velocities vpax.
The increase in v, continues until & = 2 where it reaches a maximum of
7. Decreasing « beyond 2 causes the majority of excitations to prefer smaller
velocities peaked around v = 0. This behaviour is superimposed on Figure
4.7 (left) which shows the dominant velocity of propagation, as read off from
the inverse slope of the bright cones in Figure 4.5, plotted as a function of the
exponent . The discrepancies are probably due to the finite size effects and

the fact that the staggered initial state is not a very general state.

4.4 Summary and conclusions

In this chapter we have studied, from several different perspectives, the nonequi-
librium dynamics of lattice models with long-range interactions or hopping,
and in particular the spatio-temporal propagation of correlations and other
physical quantities. The focus of the chapter was on the competition between
linear, cone-like propagation and faster-than-linear, supersonic propagation.
We illustrate this competition in two regimes, both relevant for experimental

realizations of long-range many-body systems in cold atoms, ions, or molecules:

1. For small exponents a < 2 we prove that supersonic propagation can
occur. At the same time, in such systems cone-like spreading can be the
dominant form of propagation, with supersonic effects appearing only as

small corrections [as in Figure 4.5 (center)].

2. For intermediate exponents (roughly between 3 and 8), propagation is
observed to be linear initially, with supersonic effects setting in at larger

times and distances [as in Figures 4.1 (center) and 4.3 (right)].
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To explain these observations, we provide model calculations as well as
general bounds that provide a comprehensive and consistent picture of the
various shapes of propagation fronts that can occur. Two of the results are
Lieb-Robinson-type bounds, valid for large classes of models with long-range
interactions. The first is a bound for models with exponents « smaller than
the lattice dimension D, a regime for which previously no such bounds existed.
Key to deriving the bound is the insight that for a < D the propagation speed
in general scales asymptotically like a power law with the system size, and a
meaningful bound therefore has to be derived in rescaled time 7 as defined in
(4.1.8). In physical time ¢, the bound then describes the increase of the prop-
agation speed with increasing lattice size, as illustrated in Figure 4.2. The
second Lieb-Robinson-type bound we report is essentially a cheat, as we stop
half way through the derivation of a “conventional” Lieb-Robinson bound.
Specializing this result to single-site observables and Hamiltonians with pair
interactions only, we obtain an expression that can be evaluated numerically
in an efficient way, easily reaching system sizes of O(10*). This bound (4.2.2)
is sharp enough to capture cone-like as well as supersonic behavior. In experi-
mental studies of propagation in long-range interacting lattice models [99, 56],
the currently feasible lattice sizes are small and measured data can be com-
pared to results from exact diagonalization. However, experimental work on
systems of larger size is in progress, and exact diagonalization will not be
feasible in that case. We expect that the matrix exponential bound (4.2.2)
can provide guidance and sanity checks when analyzing the results of such

experiments.

In the second half of the chapter we complemented the bounds with re-
sults of one of the simplest long-range quantum models, namely a fermionic
long-range hopping model in one dimension. We observed that cone-like prop-
agation fronts can be a dominant feature also for small values of o, and we
explain the opening angle of such a cone, as well as the interplay of cone-like
and supersonic features, on the basis of the dispersion relation combined with
the density of states. These results indicate that it will depend crucially on
the k-modes occupied whether cone-like or supersonic propagation is domi-
nant. We expect that such an improved understanding can provide guidance

for optimizing experimental efforts to harness long-range interactions in a va-
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riety of quantum information and signaling tasks.
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Chapter 5

Outlook and prelimanary results

This thesis contains some of the first analytic results on nonequilibrium dy-
namics of long-range interacting quantum spin systems. In this chapter we
present two possible future avenues along which ideas and results presented in

the previous chapters may be exploited.

5.1 Spreading of correlations in initially

correlated states

To date Lieb-Robinson bounds have only been used to derive upper bounds
on the spreading of entanglement, information and correlations starting from
initially uncorrelated states. It would be interesting to see if these bounds
can be extended to initially entangled states. If so, how will the presence of

long-range interactions affect the shapes of the causal fronts?

The long-range interacting Ising model with initial states taken from the
class of orthogonal initial states would serve as an ideal testing bed for studying
the spread of correlations. For example, it is straightforward to construct a
GHZ multipartite entangled state that belongs to the class of orthogonal initial
states. The exact results of Chapter 2 can then be used to determine connected
correlation functions. Plotting the connected correlation functions in the (4, t)-
plane, similar to Chapter 3, we can study the shapes of the causal front and

compare to (possible) theoretical predictions.

80
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5.2 Many body localization

Another interesting avenue to explore, that has become exceedingly popular in
recent years, is the phenomenon of many body localization. For recent reviews
on the subject see [86, 1]. Section 5.2.1 shows an example of how level statistics
can be used to study a crossover that hints at the possibility of a many-body
localization-delocalization transition. The effect of long-ranged hopping and
interactions are introduced in Section 5.2.2. In Section 5.2.3 we comment on
the use of the exact analytic results of the long-range interacting Ising model

to explore the fully many-body localized regime.

5.2.1 Many body localization in finite-range systems

The many body localization-delocalization transition is often studied, in finite
ranged hopping and interacting systems, using exact diagonalization of specific
models. One such model, studied by Oganesyan and Huse [87], managed to
capture the characteristics of the transition using the level statistics of the
underlying Hamiltonian. In this section we summarize their work and give an

intuition about the many-body localization-delocalization transition.

Consider spinless fermions hopping and interacting on a one dimensional
lattice of length L with a random on-site potential and periodic boundary
conditions. This model only has two states, empty and occupied, and the

Hamiltonian is given by

1 1
+t <CICZ‘+1 + Cl'LJrlCi) +t <CZTC¢+2 + cchi)] . (5.2.1)

The nearest neighbour interaction is chosen to be V' = 2. The hopping matrix
elements, to both nearest and second nearest neighbour, are chosen to be
t = t' = 1. The second nearest neighbour hopping is included so that the
model remains nonintegrable, hence delocalized, at zero disorder. The authors
chose on-site potentials w; from a Gaussian distribution with mean zero and

variance W2. In this framework W is a measure of the disorder in the system.

The level statistics of the many-body Hamiltonian (5.2.1) serves as the
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testing bed for exploring the localization-delocalization transition. In the lo-
calized phase, in the large system limit, the eigenstates are localized in the
many-body Fock basis of localized single-particle orbitals. This implies that
states that are close in energy are far apart in this Fock space and do not
interact or show level repulsion. Hence, nearby energy levels are Poisson dis-
tributed. On the other hand, in the delocalized phase the level statistics of
a large sample are those of random matrix theory and follow the Gaussian
orthogonal ensemble. In the finite sized systems considered, the level statistics
cross over smoothly between these two limiting cases as the strength of the
random potential is varied. The crossover becomes sharper as the size of the
system L is increased and hints at the possibility of a phase transition at some
critical disorder strength W, in the large system limit. We can look for this

phase transition using finite-size scaling techniques.

To perform the finite-size scaling we require a dimensionless measure of the
spectral statistical properties. Specifically, we consider gaps between adjacent

energy levels
Oop =E,1—E, >0, (5.2.2)

where the eigenvalues {E,} are listed in increasing order. The dimensionless
quantity that captures the correlation between adjacent energy gaps is the
ratio of two consecutive gaps,
min [0, 0,
0<r,= min [0, On-1] <1. (5.2.3)
max [0, 0p_1]
For an uncorrelated spectrum the probability distribution of the r-ratio is

Poissonian,

2

Pp(r) = (1 —1—7’)2

(5.2.4)

with a mean of (r)p =2In2 — 1 ~ 0.39. When the spectrum is correlated the

r-ratio follows the Gaussian orthogonal ensemble with mean (r)gor =~ 0.53.

Figure 5.1 (right) shows (r) of the many-body Hamiltonian (5.2.1). For

strong disorder W > 8 larger samples show more Poisson-like statistics in an
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Figure 5.1: (Reproduced from [87]) Left panel: Disorder averaged probability
distribution P(r) for Poisson (solid black curve) and Gaussian orthogonal ensemble
distributed eigenvalues (dotted black curve). The green curve shows the distribution
for W = 3 in the delocalized regime. Pink data corresponds to the localized regime
with W = 11 while blue data shows an intermediate regime with W = 7. Right
panel: Size and disorder dependencies of the r-ratio. The curves correspond to
L = 8 (diamonds), 10 (stars), 12 (squares), 14 (triangles), 16 (unadorned) from top
to bottom for large W.

apparently localized regime. Weak disorder W < 4 show level statistics that
converge to the Gaussian orthogonal ensemble with increasing system size, this

corresponds to the delocalized phase.

In a related work [90] Pal and Huse study the many-body localization-
delocalization transition in the nearest neighbour Heisenberg model with on-

site disorder,
L
H= Z wio} + J (ofof, +olol, +0io7,)]. (5.2.5)
=1

In this work they perform a finite-size scaling analysis using the dynamic polar-
ization which is a measure of spin transport across a one-dimensional system
at infinite temperature. To be precise, we perturb the initial infinite tem-
perature density matrix with a small (long-wavelength) inhomogeneous spin

modulation of the form

F= Z oiermi/k (5.2.6)

and measure the relaxation of this inhomogeneous polarization at infinite time.

For each disorder realization n and eigenstate k, the contribution to the dy-
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Figure 5.2: (Reproduced form [90]) Finite-size scaling of the dynamic polarization

[ fo(én)] = D (see text) for the one-dimensional Heisenberg model with on-site disorder
of [90].

namic polarization is given by

(k|F"|k) (K| F|k)
Dy=1- FEER (5.2.7)

D is then defined as the infinite temperature disorder average of D,’; As
L — o0, in the delocalized phase, we expect that D — 1 since the initial
inhomogeneity relaxes away. On the other hand, in the many-body localized

phase we expect D — 0 since there is no transport.

Similar to (r) in Figure 5.1 the crossover from the delocalized to localized
phase, as depicted by the dynamic polarization in Figure 5.2, becomes sharper
for increasing system size. This hints at the possibility of a phase transition

at a critical disorder W, in the large system limit.

5.2.2 Many body localization in long-ranged systems

How does the range of interaction or hopping effect the many-body localization-

delocalization transition? Yao and coworkers [122] have addressed this ques-
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Figure 5.3: (Reproduced form [122]) Finite-size scaling of the dynamic polarization
D’g (see text) of the one-dimensional X X Z-model with on-site disorder (5.2.8) for
different flip-flop and interaction exponents. Throughout v corresponds to the filling
factor, i.e. the ratio of up to down spins.

tion for the X X Z model with random on-site potentials,

H = Zwiaf — Z tijj‘a (o70f +alo?) + Z Yy (5.2.8)
i i,j i

i - i =17

As in the work of Pal and Huse [90] they study the finite-size scaling of the
dynamic polarization and witness a sharper transition for increasing system
size (see Figure 5.3). An additional interesting observation of Yao and cowork-
ers is the a and [ dependencies of the localization-delocalization transition as
depicted in Figure 5.3. For a = = 2 Figure 5.3 (c) hints at a phase transition
at some critical disorder W, in the large system limit. When o = g = 3/2,
Figure 5.3 (b), it is not possible to make any conclusions about the presence of
a phase transition. Finally, in Figure 5.3 (a) showing @ = 8 = 1, the dynamic
polarizations do not cross for increasing system size and hints that the system

will not exhibit the many-body localization-delocalization transition.

Phil Anderson showed in his seminal paper [2] that long-ranged hopping

t o< 1/r* delocalizes any localized single particle state for o < D, where D is
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Figure 5.4: Left panel: Mean of r as a function of hopping exponent « for
disorder W =9 (strong disorder regime of [87]). The top and bottom dashed black
lines indicate the means corresponding to the Gaussian orthogonal and Poissonian
ensembles respectively.

the dimension of the underlying space. In [122] Yao and coworkers attempt
to generalize this Anderson’s criterion to long-range interacting and hopping
systems. Surprisingly their results show that the critical values of the hopping
and interacting exponents might be larger than the dimension of the underlying

system.

Inspired by the results of [122] we extend the results of Oganesyan and

Huse [87] to a one-dimensional long-range hopping model,

1 1 LB .
H = Z w;n; + V n; — 5 N1 — 5 + Z Z j_a (Cici-i-j + Cl-+jci>
j i=1 j=1

=1

(5.2.9)

with periodic boundary conditions and a power-law hopping coupling matrix.
We use exact diagonalization and the scheme outlined in Section 5.2.1 to de-
termine the level statistics of the Hamiltonian (5.2.9) with half-filling. Instead
of studying the finite size scaling of (r) as a function of disorder W we pick a
disorder and study the scaling as a function of «, see Figure 5.4. Similar to the
results of (87, 90, 122] the transition from the delocalized to localized phase be-
comes sharper as the system size increases. These results hint at the existence
of a critical a = a, below which the system, in the thermodynamic limit, is in

the many-body delocalized phase. Drawing some inspiration from the analytic



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 5. OUTLOOK AND PRELIMANARY RESULTS 87

results of the long-range hopping fermionic model (4.3.1) we conjecture that
the critical value will be o, = 2. Naturally the model (5.2.9) can be extended
to include both long-range hopping and interactions. These generalizations

give results similar to Figure 5.4.

The downside of these studies is that we are limited to small system sizes
because we have to make use of exact diagonalization in order to determine
the level statistics. Nonetheless, these numerical studies achieve the goal of
giving us some intuition regarding the many-body localization-delocalization

transition.

5.2.3 Fully many body localized systems

A quantum many body system is said to be fully many body localized when
the disorder is strong enough to suppress any diffusive behaviour. The phe-
nomenology of fully many body localized systems has been eloquently ex-
plained by Huse and coworkers [51]. There reasoning goes as follows: Suppose
we have a system of N local two-state degrees of freedom {o;}. We refer to
these as the physical bits. Let us further assume that the time evolution of the
physical bits is governed by a Hamiltonian with quenched disorder and strictly
short-range interactions. For sufficiently strong disorder such a Hamiltonian
can be in the fully many body localized regime, wherein all the many body
eigenstates of the Hamiltonian are localized. In this context we can define a
set of localized two-state degrees of freedom, with Pauli operators {7;}, called
localized bits. When the Hamiltonian is written in terms of these new localized
bits it takes the form

H=E;+ Z 17 + Z Jig T+ Z Ki(&)}ij Thy o T Ts (5.2.10)
@ J i, {k}

where the sums are restricted such that each term appears only once and FEj
is some constant energy. The typical magnitudes of the interactions J; ; and
K i(&?}j fall off exponentially with distance. Heuristically the above construction
makes sense since the fully many body localized state should have a set of
localized conserved charges which are constants of motion of the system. These

are then given by the 77 terms in the Hamiltonian (5.2.10).
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Studying the Hamiltonian (5.2.10) we cannot help but notice the similar-
ity with the long-range interacting Ising model. Indeed, similar methods used
to determine exact expressions for the two-spin correlation functions (see Ap-
pendix A) can be used to determine analytic expressions for time dependent
correlations functions governed by the fully many body localized Hamiltonian
(5.2.10). Previous results on many body localization relied on exact diago-
nalization of the Hamiltonian. With this method only small system sizes can
be considered. Using the tools developed in this thesis the fully many body
localized phase can easily be studied for large systems sizes, even on normal

desktop computers.

Another interesting question is whether the signatures of many body local-
ization persist when the system is coupled to a bath. These results can also
be studied analytically using the exact expressions for two-spin correlation

functions in the presence of a Markovian bath [31].



Stellenbosch University https://scholar.sun.ac.za

Appendices

89



Stellenbosch University https://scholar.sun.ac.za

Appendix A

Systematic Calculation of

Correlators

In this appendix we give a detailed description of the calculation of exact
expressions for the correlation functions of the long-range interacting Ising

model.

A.1 Expressing [],0; [[; 0] in the Heisenberg
Picture

The unitary group of *-automorphisms
o (0): O 'O ! (A.1.1)

is the most general way of expressing a time evolved operator in the Heisenberg
picture. Since the long-range interacting Ising Hamiltonian (2.1.2) commutes
with o7 for all j € A, the o7 Pauli operators are preserved under time evolution
governed by the Hamiltonian (2.1.2). Therefore we need only be concerned
with the z and y Pauli operators, of and 0}’. Calculating the time evolution
of

oF == (oF +io?) (A.1.2)

90
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enables us to study the time evolution of both the Pauli x and y operators at

the same time. The real and imaginary parts of o (cri:IE

) respectively corre-
spond to the time evolved Pauli  and y operators. Since the interaction and
magnetic terms of the Hamiltonian (2.1.2) commute among themselves we can
separate their effects and consider their respective contributions to the time

evolution separately.

Let us first calculate the time evolution of a single operator,

ap (o) (A.1.3)
=exp |i5 Jijoio; —hi Z o | o exp | i Z Jijoio; +hi Z o;

(1,5)EAXA i€A (4,5)EAXA €A

(A.1.4)

The contribution from the magnetic terms can be written as,

exp [—ihZa;] oF exp [ihZaz] (A.1.5)

jeA keA
= exp [—iho?] o exp [iho?]

= [cos (ht) — io7 sin (ht)] 0 [cos (ht) + io? sin (ht)]

1
=0 cos? (ht) + i§ [0, 07] sin (2ht) + o707 07 sin® (ht)
=07 cos (2ht) F io;" sin (2ht)

=0 exp [F2iht] . (A.1.6)

The first step follows from the fact that the majority of the terms pass through
aii because they have support on different lattice sites. Only the operators
on lattice site ¢ cannot be ignored. Notice that the contribution from the
magnetic terms (A.1.6) amounts to a rotation and plays a role similar to Lamor
precession. Since we are mainly interested in the equilibration behaviour of
long-range interacting spin systems we may ignore the magnetic contribution
by setting h = 0.

Next we calculate the contribution to the time evolution given by the in-
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teraction terms. For ease of calculation define

Pii= Y Jyiop (A.1.7)

Then similar to the previous calculation we find

t t
exp i§ Jioiop| o exp —15 Z Jim07 0r, (A.1.8)
(J,k)EAXA (Im)EAXA

=exp [it Pio?] of exp [~it P,o?]

= [cos (tPio?) + io7 sin (tP)] o5 [cos (tP;) — io7 sin (tP})]
1

=0 cos® (tP) + 15 [07,07"] sin (2tP;) + 070" 07 sin” (tF;)

=0 cos (2tP;) + 107 sin (2t ;)

=0 exp [£2itP] . (A.1.9)
Using (A.1.6) and (A.1.9) we can write the time evolved o as

ap (o) = o exp [£2it ;] exp [F2iht] . (A.1.10)

1

In the following we determine the time evolution governed by the interac-

tion terms on products of & operators. For products of aii and U;-F let

B = A{p(1),---,p(N)} (A.1.11)

and
Q= {q(1),-- ,a(N)} (A.112)

be two mutually disjoint sets of the lattice A containing lattice sites p(i) and

q(j) respectively . Let

={p(1),---,p(N),q(1),--- ,q(M)}
={r(1),--- ,r(N),r(N+1),---,q(N+ M)}. (A.1.14)
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For ease of calculation define

=Y Jrwaoi- (A.1.15)

lEA\R

As a first step the time evolution of the product can be written as

M
exp Z ija ot H T i) H m) €XD —i Z Jim0i oL,
n=1 m=

(] kE)eAxA (lm JEAXA
(A.1.16)
[ N+M N M+N N+M
=exp |it Z P(k)oy Haf(n) H 0 Jm) €XP [—115 Z T(l] :
L k=1 n=1 m=N+1
(A.1.17)

The factor 1 in stead of 1/2 in front of the sums is because we have combined
terms proportional to J,.); and Jy ). Next, we insert the identity between
the product terms and regroup, noticing that only terms with Or ) 0 the

exponential make a contribution to the time evolution of O’;t(k,),

N+M N N+M
exp [it Z P(/{:)af(k)] Haf(n) exp [—it Z P(k:)af(k)] (A.1.18)
k=1

k=1
N+M M N+M
X exp [it Z ] H m) €XP [—1t Z a0 (A.1.19)
=1 —N+
N
= H {exp [itP(n)aj(n)} Jf(n) exp [—itP(n)af(n)}} (A.1.20)
n=1
M
X H {exp [itP(m)af(m)] 0 fm) €XP [—itP(m)af(m)} } : (A.1.21)
m=N+1

Lastly, we make use of (A.1.9) for the time evolution of single aff(k) operators,

giving
HU exp [+2itP(n)] ] o, exp [F2itP(m)] (A.1.22)
m=N+1
=11 o7 11 o7 exp |21t (ZP() > P(m))]. (A.1.23)
PEP qeN s=N+1
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A similar calculation shows that

N N
exp Z ]ka lopt Ha;l(n) H oqi(m) exp —i Z J1m0j 0
n=1 m=1

(] k)EAXA (l m)EAXA
(A.1.24)
N+M
= H Ha exp |£2it (ZP Z P(m))] . (A.1.25)
pEP g€ s=N+1

Including the contribution form the magnetic terms we may write

N N
+ +
ay (H sl oq(m)> (A.1.26)

N N N N+M
= H J;t(n) H O';t(m) exp {:I:Qlt (Z P(r) + Z P(m)) —2(M + N)h }
n=1 m=1 r=1 s=N+1

(A.1.27)

and
a (H Ot H Uf(m) (A.1.28)
H T Ha exp{:i:Qit <ZP(T)— > p(m)> _Q(M_N)h”

r=1 s=N+1

(A.1.29)

A.2 Correlation Functions With Orthogonal
Initial States

In the section we show how to calculate arbitrary time dependent correlation
functions of the long-range Ising model given initial states withing the class of
orthogonal initial states [see Definition 2.2.1]. Taking the expectation value of

time dependent products of o* [see Equations (A.1.27) and (A.1.29)] operators
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we can write

<H oy 11 Uj(m)> (t) (A2.1)
—Ty

n=1 m=1

{ [ a;t(n) H ot ] } (A.2.2)
=Tr { (H J;E(n)> (H quF(m)) exp |=2it (Z P(k) — Z P(l)) p(O)}

: ) (A.2.3)

=Tr { (H a;[(n)> (H J;F(m)) ,0(0)} H cos [2t (Z Jrp(k) — Z Jrq() )]

n=1 m=1 re A\ Bun k=1
(A.2.4)
() ) o) 1 )]
n=1 m=1 reA\pun k=1 =
(A.2.5)

The third line follows from (A.1.23) and the final step follows from induction
in the number of lattice sites |A|. Suppose we have N + M + 1 lattice sites,
then each P(k) only has a single term. Expanding the exponential in a Taylor
series gives a cosine term, proportional to the identity matrix, and sine term,
coupled to % the z-Pauli matrix. After taking the trace only the cosine term
survives. Now assume that the final step holds for any lattice with N + M +n
lattice sites then it easily follows that it also holds for N + M + n + 1 lattice

sites. Hence the final step is true by mathematical induction.

Two specific cases of interest are that of the single- and two-spin correlation

functions. In these cases, the above general formulas reduce to

(o) (t) = (ai)(0) T cos (2tJi.), (A.2.6)
keA\i

(ofo)(t) = (oo )(0) ] cos[2t (i + Juj)] (A.2.7)
reA\{i,j}
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and
(ofol)(t) = (oifaF)(0) [ cos[2t (i — Jny)]- (A.2.8)
reA\{i,j}

Now using the identities

+ +_ =z Yy - X Y C Y X
doj o5 =00} — oo tiojo] *io]o], (A.2.9)

+ _ T T - X . x
doiof =oio + olol Fiojo! Liolo], (A.2.10)

we find

ojoj = 2R [aiicrf + al?taﬂ ) (A.2.11)
olo? =2R [0 0] — o 0], (A.2.12)
ol = F2S [0 0] — o0} ], (A.2.13)
olo? =123 (o) 0] + 0707 ) (A.2.14)

Taking the real and imaginary parts of the correlation functions we can deter-

mine any of the two-spin correlations.

A.3 n-Time Correlators

The aim of this section is to give a systematic calculation of the n-time corre-

lators

<E% (7)) g% (aj(s))> (A.3.1)

where each operator oi

i

is time evolved for a different (possible the same)

time t;, after which expectation values are taken with respect to an orthogonal
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initial state p(0). As a first step let us only consider

ljj A, ( p(r)) Han ( 5)) (A.3.2)

M
exp :l:21t Py H U;F(S) exp [:FQiTqu(s)]

s=1

+
:Up(l) exp

N M
+21 (Z trJp(rp(1) — ZTqu<s>m<l>> 0;(1)]

r=2 s=1

+2i (Zt Ip(r)p(2 Z Tsd, p(2)> (2)]

r=3

exXp [:l:?itljp( 1),p(2 ) p(Q)} p(2 )exp

exp :i:QIZt T ] N XD :FQIZTs 90N T )]

exp iZiZter(r%q(l)aj(l)] O 1) €XP $ZiZTSJq(S),q(1)U§(1)]
s=2
M
F2AY 7 Jq<s>,q<2>‘7§<2>]

r=1
s=3

N
oxp | £2i (Z trTpr)a(2) — ﬁan),q(z)) 05@)] T42) OXP
L r=1

B N
exp |=+2i (Z brJp(r),q(M Z ToJg(s),a(0) > (M)] U;F(M)
L r=1

As seen from (A.1.9), time evolving aj-c yields and exponential term containing
the sum of z-Pauli matrices on all lattice sites except 7 € A. The third line
above then follows by rearranging the terms such that af is wedged between
exponential terms containing z-Pauli matrices defined on lattice site j. Two

distinct types of terms are present in the above expression,

+9i <Z tr () plom) Z TsJg(s).p(m) > Uﬁ(m)]

r#m

exp [£2i Y tst<m>,p(s)<’Z<m>] Tpion) X
s#m
(A.3.3)
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and

N
+9i <Z brdp(r),q(n) — ZTrJq(r),q(")> Ug(n)] U;F(”) eXP

exp F2i Z TSJq(qu(n) U;(n)
r=1 r#n s#n
(A.3.4)
Now notice that if A and B are two real numbers then we can write
exp (+iAc?) o* exp (£iBo*) = o= exp[i (A — B)] (A.3.5)
and
exp (£iAo®) 0T exp (FiBo*) = o exp[i (A + B)]. (A.3.6)

Using the above identities we can write the sum of all the exponential terms

as

=
=

-1 -1

M N N
ZZ s) T Z b = ) Jp(y pie) +

1 I=k+1

—:S(M, N) (A3.7)

M
Z T = Tk) Ja(1).q(k)
k+

1

ﬁ
Il
—
V)
Il
—
=~
I
i

11l=

The product of operators, time evolved for different times (A.3.2), can then

be written as
N M
H A, (U;E(?")> H Ar, <0'3F(s>>
= Han ( T i) > HaTS ( > exp [2itS(M, N)] exp

+2it (i tkP(k’) - ]\%/[ TlNP(Z)>

I=N+1

(A.3.8)

From the above expression the correlation function then trivially follows,

N M
<H ay, <O';|:(r)> HaTs (0;8)>> (A.3.9)
TZI N N M
=exp [2itS(M, N)] <Ha ) > H cos [ (Z trdpr) e — ZTTJq(s),k>] .
r=1 s=1

keA\R r=1
(A.3.10)
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A specific case of interest is the two-time correlation functions. In this case

the correlators can be written as

(o (o (1)) = (o7 )(0)e* s TT cos[2(tJin +7J54)]  (A3.11)

7 J )
keA\{i,j}

and

(0F (D)o F (1) = (oo T)(0)e™ D% T cos (2t — TJ4)]. (A3.12)
keA\{i,j}
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Appendix B

Lattice Independent Upper
Bound

The aim of this appendix is to sytematically derive the lattice independent
upper bounds of the two-spin correlations functions [see Equations (2.5.2) and

(2.5.3)] in the large system limit.

B.1 Proof of Equations (2.5.2) and (2.5.3)

The starting point for the derivation is the exact expression for the two-spin
correlation functions (2.4.2)-(2.4.5). Specifically, we focus on the (o707%) equal

time correlation function,
x x ]‘ x €T —
(o7 ()5 (1)) = 5(07(0)07(0) (P + Pif) (B.1.1)

where Pf; is given as a product (over all lattice sites) of cosine terms [see

equation (2.4.6)]. Since |cosz| < 1, we can upper bound the absolute value of

this quantity by a product over a subset of lattice sites,

PE < H cos [(Jx,i £ Jij) 1], (B.1.2)

) —
keA\gE, (1)

where we have defined

G5 (1) = {k € A (Ui i)t = T} (B.1.3)

100
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hi, \ai";

Figure B.1: Sketch of the regions g;t] (t) and h;; and of the chosen coordinate
system as used for the proof in Sec. B.1.

This subset is chosen such that, for all £ € A\ gf] (t), we can make use of the

inequality
|cos(mz)| < 1 —4a” < exp (—42?), (B.1.4)

valid for all |7mz| < 2, to write

2t\*
P <exp [_ (;) Z (T = Juj)? |- (B.1.5)

kEA\g:E; (1)

To simplify the calculation we restrict the k-summation even further by
excluding the hyperslab h;; sketched in Figure B.1. The occurrence of Eu-
clidean distances in the couplings J;, and J;; then suggests to parametrise

the lattice sites k € A by hyperspherical coordinates,

r COS ¢
7 8in ¢1 coS P9
k(rygn, ... ¢a-1) = : , (B.1.6)
rsin ¢y - - - sin ¢g_o COS Pg_1

7 Sin ¢y - - - sin ¢g_s Sin ¢g_1
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with the origin of the coordinate system placed at lattice site ¢ and the z-axis
chosen along the line connecting ¢ and 5. The couplings can then be written
as

Jig=1r"% Jip= (r2 + 2rd cos ¢y + 62)_a/2 , (B.1.7)

where § = |i — j| denotes the distance between sites i and j. Exploiting also

the reflection symmetry of the problem, we arrive at the bound

82
Pzi] < exp (_? Z (Jes £ Jk,j)2> (B.1.8)

kehi j\gi; (t)

with the k-summation restricted to the lattice sites in the half plane

hiy = {k(r,¢1,...,¢d_1) EA0< ¢ < g} (B.1.9)

For large lattices, we can bound the sum in (B.1.8) by an integral,

> (ki k)’

kehi j\g5 ()

> 27K (D) /

RE(t)

Nl/D

/2
dr Pt / d¢y cos ¢y sin? 2 ¢y (s + Ji;)” (B.1.10)
0

where the prefactor

(D) % for D = 2, ( )
K(D) = 1 B.1.11
D2 VAT (L(-m+D))
| (31—t D)) for D > 3,
originates from the integrations over ¢s, ..., ¢p_1.

The lower limit R* of the r-integration still needs to be determined such

that the region gfj is excluded. ILe., we need to determine R* such that
s
|t (J]m + Jk,j)| < 5 (B.l.l?)

for all » > R*(t). We are interested in the long-time asymptotic behaviour,

and in this limit large values of r are required to satisfy the above inequality.
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Hence we can assume that r is much larger than ¢ and expand

1 1
Jkﬂ‘iJk’j - _aj: a/2
r (02 4 21 cos ¢y + 12)
~ T (1 4 Q0cosdr ¢1> (B.1.13)
r
to leading order in the small parameter 6/r, yielding
J]m' + Jk,j ~ 2r %, (B.1.14a)
o
Ik — Jij ~ _%ﬁi% (B.1.14b)

Inserting these asymptotic expressions into (B.1.12), we obtain

R (t) ~ (§>1/a, R(t) ~ (40‘—&)1/(1+a), (B.1.15)

™ ™

valid for sufficiently large t.

For similar reasons we can insert the expansions (B.1.14a) and (B.1.14b)
into the integrand of (B.1.10). The integrations become elementary in this

case, yielding

) 87k (D) S 4 A
2. (o) = 5y a0 [N " (?) ] !

kehi \gi5 ()

(B.1.16)

D/(a+1)—-2
S i — i)’ = Ark(D)a”o” iy _ (4adt) 7T
ven e K 7= (D2 = 1)(D - 2a — 2) 7r ’
€hij\g; ;(t

(B.1.17)

in the limit of large NV and t. Interestingly, the bound in (B.1.16) is independent

of the distance § between the lattice sites.

Depending on the sign of the exponents 1 —2«a/D and 1—2(a+1)/D in the
N-terms, either the first or the second term in the square brackets of (B.1.16)
and (B.1.17) will give the dominant contribution in the limit of large system

size N. As a result, the asymptotic behaviour of the bounds is different for
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different ranges of «,

1-2a/D for 0 < a < D/2
TK(D N or 0 <« ,

E (Jik+ka)22 (D)
’ ’ (D —1)(D —2a)

kehi j\gi5 ()

— ()77 fora > D2,
(B.1.18)

47K (D)2 N1-2HetD)/D for 0 <a<D/2-1,

2. V=) 2 (55— 20 )

kehi j\gi; (1)

— (de)PAHDZ2 o 0> D2 — 1.
(B.1.19)

Inserting these expressions into the inequality (B.1.5) and defining the positive

constants

L 7K(D)
Cop= CENETE (B.1.20)
o 27KC(D)

D = (D2 _1)|D — 2a — 2|’

(B.1.21)

the main results (2.5.2) and (2.5.3) of section 2.5 follow.
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Appendix C

Lower Bounds on Information

Propagation

In this appendix we present detailed calculations of the lower bound on infor-

mation propagation of an Ising-type Hamiltonian of the form

1 z 1 z
Hzé(l—ao);m(l—aj) (C.0.1)

with product and more general mixed initial states.

C.1 Product Initial State

Choose an initial product state of the form
p=10)(0"MPT e |4) (+] =171, (C.1.1)

For the quantum channel representing free time evolution we have |0)q at site
0 € A. It then follows that

Trp [exp(—itH)pexp(itH)] = [+)(+[*I7. (C.1.2)
This then leads to

Tr [Trag [exp(—itH)pexp(itH)] |+)(+|®F] = 1. (C.1.3)

105
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For the quantum channel with the local spin flip we need to determine

Travs lexp(—itH) |10 (0]10)o(1| exp(itH) (©1.4)
:TTA\B [e—itH|1>0<1| ® |O><O|\A|—|B|—1 ® |_|_><+|®|B|eitH] (0.1.5)

Now, since we have |1)g at site 0 € A the argument of the exponential will not
be zero and we will find some time evolution in the sites 7 € B. Each of the

|+); terms then evolve as

exp {_t(lt—;)} ), (C.1.6)
S BV el B TR
—exp[ n(HdOJ)a}ﬁumﬁu)]) (C.1.7)

Hence, when taking the trace we have |B| terms of the form

z z

A+ exp [—it(l—%])] ), (+] exp {175(1—5:])} 4, (C.1)

=5 |1+es ()| (C.1.10)

It then follows that

Ty {TrA\B Jexp(—itH)[1)(0]pl0) (1] exp(tH)] [4) (+7}  (C.L.11)

|B| 11 [1 —|—Cos( 2:;0]) )1 (C.1.12)

JjEB

So, the probability of detecting a signal p; at time ¢ > 0 can be written as

pt—l—%ﬂ [1—1—(:08 ((1+2—§0J)°‘ﬂ (C.1.13)

jEB

For times such that
2t < (1 + (50,j)a, (C114)
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we can make use of the fact that

222

cos < 1—? (C.1.15)
for all x € [0,1] to get
o> 1 H{1 e } (C.1.16)
t = 1 — - : 1.
B 5[1 4 dg ;)@
Using that
In(l —z) < —x (C.1.17)
for all z > 0 we find
4t2 —2a
P>l —exp | —— j;(l +805) 72| (C.1.18)

For short times and in the large B, and hence system, limit the above equation
serves as a lower bound on the propagation of information when starting from
the product initial state (C.1.1).

C.2 Entangled Initial state

Choose an entangled initial state of the form
p=10)(0]""1P @ ) (3], (C.2.1)

with
1) = (|0,...,0) +]1,...,1))/V2. (C.2.2)

For the quantum channel representing free time evolution we have

Tr {Tra\g [exp(—it H) pexp(it H)] [) (4]} (C.2.3)

=T {|) (] - [v) ([} (C.2.4)
=1. (C.2.5)
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When performing a spin flip at site 0 € A we will have terms of the form

exp [—ltz +50] ] P) (C.2.6)

\}_<|O 0) 4+ exp 21752 1+50] ] ,...,1)). (C.2.7)

Taking the trace gives
(1| exp [—wz +503 ] ) (Y] exp lltz +503 ] )  (C.2.8)
1+ cos <2tz 5 )] . (C.2.9)

jeB

The probability of detecting a signal in B at time ¢ > 0 given a unitary

perturbation in A is then given by

1
1 -+ cos <2t Z m)
0,j

JjEB

(C.2.10)

1
pt—1_§

C.3 Supersonic propagation in the full
long-range Ising Model

In this appendix we prove that supersonic transmission trough a quantum
channel can occur for any o < 2, and measurements performed on single lattice
sites. The proof uses techniques of [25] which are also shown in Appendix C.1

and Chapter 3 but applies them to a slightly more involved model.

Choose a finite one-dimensional lattice A = {1,..., L} consisting of L sites.
As nonoverlapping regions of the lattice we choose the left- and rightmost single
sites A = {1} and B = {L}. Defining S = A\ (AU B), the Ising Hamiltonian

Z joio (C.3.1)

Z<]
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can be rewritten as
H = Hys+ Hap+ Hsp + Hgg (C.3.2)

where we define

1 z Z
HXY = §ZZJZ]O'Z O'j (033)
i€X jey
with X and Y taking the values {A, S, B} as indicated above. As an initial

state we choose

p(0) = [ (L [Vl | ® [+)2(+] (C.3.4)

seS

with o7 1); = | s, 0| 1) = —| 1), and

1
[+ = (| 1+ | ¢>j). (C.35)

Initially all the spins are pointing downward except those in B which are

pointing along o”.

Similar to before we implement a binary quantum channel evolving either
with p(0) (sending a “0”), or starting with Up(0)pU" (sending a “1”), where
U, is a unitary supported on A only. As in explained in Chapter 3, the
classical information capacity can be lower bound by the probability to detect,
by measuring according to a positive operator valued measure (POVM) 7, a

signal at B after a time t,

Cr 2> pe = |Te{N; [p(0)] wp} — Te{T; [p(0)] 75} (C.3.6)

with
Ny [p(0)] :=Tra\g [e7p(0)e ] (C.3.7)
T; [p(0)] :=Trp\ [e_thUAp(O)UI‘eth] . (C.3.8)

In the following we compute a lower bound on the right hand side of (C.3.6),

and study this bound as a function of channel length, the distance between A
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and B.

We choose mp = |+)(+| and Us = | 1)1({ |, where the latter is the spin
flip operator on the first site. For the time-evolved density operator in (C.3.7)
we find

e Hip(0)e ! (C.3.9)
L-1

:e_iHABte_iHASte_iHSSe_iHSB [®| \L>S<\L ‘ ® |+>L<+| eiHSBeiHSSeiHASteiHABt
s=1

(C.3.10)

L-1

L-1
:®| s ] {exp [itZJrLUi
s=1

r=1

[+)2{+|exp [—it 2 JrLai] } . (C3.11)

r=1

All the exponentials not supported on B add up to zero since the initial state
prepared on A\ B is an eigenstate of the Ising Hamiltonian. Taking the partial

trace over all but B we find

Trag {NVe [p(0)] 75} (C.3.12)
L-1 L—1
=Tra\p {exp [itz Joroi | |4 o{+|exp [—itz JrLoj 7'(‘3} (C.3.13)
r=1 r=1
L-1 L—-1
= (+]|exp iterL oi [|+) L o(+|exp [_itZJTLO-E |-++) L (C.3.14)
r=1 r=1
=A
1. - 1
=7 [eftA 4 o7 1A]? = 3 {1 + cos |2t (; Jrp + J1L>] } : (C.3.15)

A similar calculation shows that

2t (Z Jor, — J1L>] } . (C.3.16)
res

Te {T; [p(0)] 75} = % {1 + cos
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We can the write

Py = %cos [275 (Z Jror + JlL)] — %COS [2t (Z Jor — J1L>] ' (C.3.17)

res res

— |sin <2tZJrL> sin (2tJy)] .

(C.3.18)

resS

A plot of p, for various values of « is shown in Figure C.1.

Pt

1 Ivv T B @ £ 4 (AR AR

A WH o

— a=5/4

0.1+

0.0

|_\

0.001+

10-47

10°5 ‘ ‘ : t
0.01 1 100 104

Figure C.1: Transmission probability p; for chain length L = 100 and different
values of «a as indicated.

For intermediate times, the term sin (2¢J;7) with the smallest frequency
determines an upper bound on p;, before it saturates to 1. The bound follows
a power law t/(L — 1), as indicated in Figure C.1. The short-time behavior
of p; shows faster propagation, consistent with a power law proportional to
t?/(L —1)%; see Figure C.2. As in [25], only in this regime—before oscillatory

behavior sets in—it is possible to derive a lower bound on p;.

Using the inequality

2
sinz > < for 0 <2 <7/2, (C.3.19)
T
we obtain
4t 4t 4
> — C.3.20
pe> o 2 L (C.3.20)
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Pt

0.1r
— a=5/4

— t/(N-D*
— t2/(N-D"

0.01¢
0.001+

10—4 £

10-5 . . . 't
0.001 0.01 0.1 1 10

Figure C.2: Transmission probability p; for chain length L = 10 with @ = 5/4.
The straight lines indicate power law behavior o ¢2/(L — 1) for short times and
x t/(L —1)* for intermediate times (i.e., before saturation is reached).

Interpreting the sum as an upper Riemann sum, we have

~

-1

L-3 L—2
1 1 dr
— = E — > —_— C.3.21
(L—r) e /0 (r+1) ( )

Il
)

r

Then we can write the bound on p; as

16t 1 1
b= m2(a—1) (L — 1) [1 - ] =D, (C.3.22)

valid for times

r /3
<= S 3.
t_4/¥ra (C.3.23)

For @ > 1 and large L the second term in the square bracket in (C.3.22) is
much smaller than 1, and we obtain
16¢* 1

P~ e 1) (L 1) (C.3.24)

for the large-L asymptotic behavior of the bound p,- In our setting, 0=L—-1
is the distance between the regions A and B. To determine the shape of the
contour line at which p, is equal to some constant € > 0, we set

t2

€=p, o< o (C.3.25)
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From this we can read off that
§ o 2/ (C.3.26)

along any of those contour lines. Equation (C.3.26) describes faster than linear
spreading of classical information for any a < 2. It is straightforward to extend
the above calculation to more general initial conditions as well as to lattices

of arbitrary dimension.



Stellenbosch University https://scholar.sun.ac.za

Appendix D

Calculation of Entanglement

Measures

Von Neumann entanglement entropy and concurrence are two measures of bi-
partite entanglement. The first quantifies the amount of entanglement between
a chosen subsystem and the rest of the system while the second quantifies the
entanglement between two qubits. Both of these entanglement measures are
simple to calculate using the exact results of Chapter 2. Spin squeezing is a
measure of multipartite entanglement and is a little more tricky to calculate.
The aim of this appendix is to calculate the time dependent spin squeezing
starting from different initial states. Similar calculations to those performed

below can also be found in [4, 121].

D.1 Spin Squeezing

Spin squeezing can be thought of as the minimum amount of uncertainty per-
pendicular to the mean spin direction. Using the single spin expectation values,

the mean spin direction can be written as

(o) =D (o), (o7 (t)), (o7 (1))). (D.1.1)

114
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Writing the mean spin vector in spherical polar coordinates, the polar and

azimuthal angles # and ¢ are given by

0 = arccos <M> , ¢ = arctan (%) (D.1.2)

with mean spin length

R(t) = (Z(Of(t») +<Z<U§-’(t)>> +<Z<0’f(t)>> - (D.13)

€A €A (IS

Any vector directed to a point on the surface of a unit sphere can be written

as
u = (sin @ cos ¢, sin O sin ¢, cos d) . (D.1.4)

The vector
n = (—cos¢cost,—sin¢pcosb,sinb) (D.1.5)

is perpendicular to u. Taking the cross product of u and n we find another

vector w perpendicular to both u and n,
w = (—sin¢,cos ¢,0). (D.1.6)
Define the unit vector

— cos 1) cos ¢ cos ) — sin ¢ sin ¢
Ny 1=sinYw 4+ cosyn = | — cos 1) cos ¢ sin ¢ + sin 1) cos ¢ . (D.1.7)

cos 1 sin 6

Sweeping over 1 defines a plane perpendicular to the original vector u. Iden-

tifying u with the mean spin direction we need to minimizing the uncertainty

(o 7y)*) = (o - 7y)? (D.1.8)



Stellenbosch University https://scholar.sun.ac.za

APPENDIX D. CALCULATION OF ENTANGLEMENT MEASURES 116

over 1 to determine the spin squeezing. The dot product can be written as

oMy = Z [—o? (sint sin ¢ + cos 1 cos b cos @)

€A

+o? (sint cos ¢ — cosp cosOsin @) + of cossinb)] . (D.1.9)

Taking the expectation value of (D.1.9) we notice that only the single spin
expectation values are required to calculate it. The square of the dot product

is a little more involved, and can be written as

(o - 1y)? (D.1.10)
= Z Z [ o707} (siny sin ¢ + cos v cos f cos b)?

ieA jeA\{i}

+0}o} (siny cos ¢ — cos 9 cos O sin 0)? + 070} cos? 1 sin? 0

- (crfaé’ + afcr;”) (sin ) sin ¢ + cos ¥ cos 6 cos @)

X (sin 1) cos ¢ — cos 1 cos @ sin ¢)

— (Jfaj + Ufaf) (sin ¢ sin ¢ 4 cos 1) cos 6 cos ¢) cos® 1 sin® @

+ (0?0} + 070?) (siny cos ¢ — cos 1 cos 0 sin ¢) cos” ¢ sin” ]

+ Al (D.1.11)

The final term arises when i = j in the above sum. All the terms o%0? + obc?
with a # b equate to zero while the terms ol'c{ are equal to the identity
operator. The coefficient of the nonzero term simplifies to 1 using standard
trigonometric identities. Taking the sum implies that each lattice site will
contribute 1 to the sum. The time dependent expectation value of (D.1.11)
can then easily be calculated using the exact two-spin correlation functions of

the long-range interacting Ising model.



Stellenbosch University https://scholar.sun.ac.za

Bibliography

[10]

E. Altman and R. Vosk, Universal dynamics and remormalization in
many body localized systems, ArXiv:1408.2834, 2014.

P. W. Anderson, Absence of diffusion in certain random lattices, Phys.

Rev. 109 (1958), 1492.

M. Antoni and S. Ruffo, Clustering and relaxation in Hamiltonian long-
range dynamics, Phys. Rev. E 52 (1995), 2361-2374.

S. Ashourisheikhi, Spin squeezing of superposition of biazial state and

two qubit bell state, Int. J. Theor. Phys. 53 (2004), 1103-1108.

A. Auerbach, Interacting electrons and quantum magnetism, Springer-

Verlag, New York, 1994.

R. Bachelard and M. Kastner, Universal threshold for the dynamical
behavior of lattice systems with long-range interactions, Phys. Rev. Lett.
110 (2013), 170603.

M. A. Baranov, M. Dalmonte, G. Pupillo, and P. Zoller, Condensed Mat-
ter Theory of Dipolar Quantum Gases, Chem. Rev. 112 (2012), 5012
5061.

E. H. Bareiss, Numerical solution of linear equations with Toeplitz and
Vector Toeplitz matrices, Numerische Mathematik 13 (1969), 404-424.

C. Benett and D. DiVincenzo, Quantum information and computation,
Nature 404 (2000), 247-255.

M. J. Biercuk, H. Uys, A. P. VanDevender, N. Shiga, W. M. Itano,
and J. J. Bollinger, High-fidelity quantum control using ion crystals in a

penning trap, Quantum Inform. Comput. 9 (2009), 920-49.

117



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 118

[11]

[12]

[15]

[16]

[18]

[19]

[20]

[21]

[22]

O. Bratteli and D. W. Robinson, Operator algebras and quantum statis-
tical mechanics 2, 2nd ed., Springer, Berlin, 1997.

S. Bravyi, M. Hastings, and F. Verstraete, Lieb-Robinson Bounds and
the Generation of Correlations and Topological Quantum Order, Phys.
Rev. Lett. 97 (2006), 050401.

J. W. Britton, B. C. Sawyer, A. C. Keith, C.-C. J. Wang, J. K. Freericks,
H. Uys, M. J. Biercuk, and J. J. Bollinger, Engineered two-dimensional
Ising interactions in a trapped-ion quantum simulator with hundreds of
spins, Nature 484 (2012), 489-492.

P. Calabrese, F. H. L. Essler, and M. Fagotti, Quantum Quench in the
Transverse-Field Ising Chain, Phys. Rev. Lett. 106 (2011), 227203.

, Quantum quench in the transverse field ising chain I: Time
evolution of order parameter correlators, J. Stat. Mech. (2012), P07016.

, Quantum quenches in the transverse field ising chain II: Sta-
tionary state properties, J. Stat. Mech. (2012), P07022.

A. Campa, T. Dauxois, and S. Ruffo, Statistical mechanics and dynamics
of solvable models with long-range interactions, Phys. Rep. 480 (2009),
57-159.

M. A. Cagzalilla and M. Rigol, Focus on dynamics and thermalization in
isolated quantum many-body systems, New J. Phys. 12 (2010), 055006.

J. 1. Cirac, FEntanglement in many-body quantum systems, 2012,
arxiv:1205.3742, Chapter for the Proceedings of the les Houches school
on “many-Body Physics with ultracold atoms”, 2010.

M. Cramer, C. M. Dawson, J. Eisert, and T. J. Osborne, Exact relazation
in a class of nonequilibrium quantum lattice systems, Phys. Rev. Lett.
100 (2008), 030602.

D. DeMille, Quantum computation with trapped polar molecules, Phys.
Rev. Lett. 88 (2002), 067901.

F. J. Dyson, Existence of a phase-transition in a one-dimensional Ising
ferromagnet, Commun. Math. Phys. 12 (1969), 91-107.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 119

[23]

[24]

[25]

[28]

[29]

[30]

[31]

[32]

[33]

J. Eisert and D. Gross, Supersonic quantum communication, Phys. Rev.
Lett. 102 (2009), 240501.

J. Eisert and T. J. Osborne, General entanglement scaling laws from
time evolution, Phys. Rev. Lett. 97 (2006), 150404.

J. Eisert, M. van den Worm, S. R. Manmana, and M. Kastner, Break-
down of quasi-locality in long-range quantum lattice models, Phys. Rev.
Lett. 111 (2013), 260401.

G. G. Emch, Non-Markovian model for the approach to equilibrium, J.
Math. Phys. 7 (1966), 1198-1206.

J. Esteve, C. Gross, A. Weller, S. Giovanazzi, and M. K. Oberthaler,
Squeezing and entanglement in a Bose-Einstein condensate, Nature 455

(2008), 1216-1219.

A. Flesch, M. Cramer, I. P. McCulloch, U. Schollwéck, and J. Eisert,
Probing local relazation of cold atoms in optical superlattices, Phys. Rev.

A 78 (2008), 033608.

M. Foss-Feig, Z.-X. Gong, C. W. Clark, and A. V. Gorshkov, Nearly-

linear light cones in long-range interacting quantum systems.

M. Foss-Feig, K. R. A. Hazzard, J. J. Bollinger, and A. M. Rey, Nonequi-
librium dynamics of arbitrary-range Ising models with decoherence: An
exact analytic solution, Phys. Rev. A 87 (2013), 042101.

M. Foss-Feig, K. R. A. Hazzard, J. J. Bollinger, A. M. Rey, and C. W.
Clark, Dynamical quantum correlations of Ising models on an arbitrary
lattice and their resilience to decoherence, New J. Phys. 15 (2013),
113008.

A. Friedenauer, H. Schmitz, J. T. Glueckert, D. Porras, and T. Schaetz,
Simulating a quantum magnet with trapped ions, Nature Phys. 4 (2008),
757-T761.

A. Gabrielli, M. Joyce, and B. Marcos, Quasistationary States and the
Range of Pair Interactions, Phys. Rev. Lett. 105 (2010), 210602.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 120

[34]

[36]

[37]

[39]

[40]

[41]

[42]

M. Ghasemi Nezhadhaghighi and M. A. Rajabpour, Entanglement dy-
namics in short- and long-range harmonic oscillators, Phys. Rev. B 90
(2014), 205438.

S. Goldstein, J. L. Lebowitz, C. Mastrodonato, R. Tumulka, and
N. Zanghi, Approach to thermal equilibrium of macroscopic quantum sys-

tems, Phys. Rev. E 81 (2010), 011109.

S. Goldstein, J. L. Lebowitz, R. Tumulka, and N. Zanghi, Canonical
typicality, Phys. Rev. Lett. 96 (2006), 050403.

7.-X. Gong and L. M. Duan, Prethermalization and dynamic phase tran-
sition in an isolated trapped ion spin chain, New J. Phys. 15 (2013),
113051.

7.-X. Gong, M. Foss-Feig, S. Michalakis, and A. V. Gorshkov, Persis-
tence of locality in systems with power-law interactions, Phys. Rev. Lett.
113 (2014), 030602.

A. V. Gorshkov, S. R. Manmana, G. Chen, J. Ye, E. Demler, M. D.
Lukin, and A. M. Rey, Tunable Superfluidity and Quantum Magnetism
with Ultracold Polar Molecules, Phys. Rev. Lett. 107 (2011), 115301.

D. Greif, T. Uehlinger, G. Jotzu, L. Tarruell, and T. Esslinger, Short-
Range Quantum Magnetism of Ultracold Fermions in an Optical Lattice,
Science 340 (2013), 1307-1310.

M. Gring, M. Kuhnert, T. Langen, T. Kitagawa, B. Rauer, M. Schreitl,
I. Mazets, D. A. Smith, E. Demler, and J. Schmiedmayer, Relaxation and
Prethermalization in an Isolated Quantum System, Science 337 (2012),
1318-1322.

C. Gross, T. Zibold, E. Nicklas, J. Esteve, and M. K. Oberthaler, Nonlin-
ear atom interferometer surpasses classical precision limit., Nature 464
(2010), 1165-9.

M. B. Hastings and T. Koma, Spectral gap and exponential decay of
correlations, Commun. Math. Phys. 265 (2006), 781-804.

P. Hauke and L. Tagliacozzo, Spread of correlations in long-range inter-
acting systems, Phys. Rev. Lett. 111 (2013), 207202.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 121

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

K. R. A. Hazzard, B. Gadway, M. Foss-Feig, B. Yan, S. A. Moses, J. P.
Covey, N. Y. Yao, M. D. Lukin, J. Ye, D. S. Jin, and A. M. Rey, Many-
body dynamics of dipolar molecules in an optical lattice, Phys. Rev. Lett.
(2014), 195302.

K. R. A.. Hazzard, S. R. Manmana, M. Foss-Feig, and A. M. Rey,
Far-from-equilibrium quantum magnetism with ultracold polar molecules,

Phys. Rev. Lett. 110 (2013), 075301.

K. R. A. Hazzard, M. van den Worm, M. Foss-Feig, S. R. Manmana,
E. Dalla Torre, T. Pfau, M. Kastner, and A. M. Rey, Quantum correla-

tions and entanglement in far-from-equilibrium spin systems, Phys. Rev.

A 90 (2014), 063622.
R. Hildebrand, Concurrence revisited, J. Math. Phys. 48 (2007), 102108.

R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki, Quantum
entanglement, Rev. Mod. Phys. 81 (2009), 865-942.

S. F. Huelga, C. Macchiavello, T. Pellizzari, A. K. Ekert, M. B. Ple-
nio, and J. I. Cirac, Improvement of frequency standards with quantum
entanglement, Phys. Rev. Lett. 79 (1997), 3865-3868.

D. A. Huse, R. Nandkishore, and V. Oganesyan, Phenomenology of fully
many-body-localized systems, Phys. Rev. B 90 (2014), 174202.

R. Islam, E. E. Edwards, K. Kim, S. Korenblit, C. Noh, H. Carmichael,
G.-D. Lin, L.-M. Duan, C.-C. Joseph Wang, J.K. Freericks, and C. Mon-
roe, Onset of a quantum phase transition with a trapped ion quantum
simulator, Nat. Commun. 2 (2011), 377.

R. Islam, C. Senko, W. C. Campbell, S. Korenblit, J. Smith, A. Lee, E. E.
Edwards, C.-C. J. Wang, J. K. Freericks, and C. Monroe, EFmergence and
frustration of magnetism with variable-range interactions in a quantum
simulator, Science 340 (2013), 583-587.

N. T. Jacobson, L. C. Venuti, and P. Zanardi, Unitary equilibration after
a quantum quench of a thermal state, Phys. Rev. A 84 (2011), 022115.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 122

[55]

[58]

[59]

[60]

[61]

[64]

J. Jiinemann, A. Cadarso, D. Pérez-Garcia, A. Bermudez, and J. J.
Garcia-Ripoll, Lieb-Robinson Bounds for Spin-Boson Lattice Models and
Trapped Ions, Phys. Rev. Lett. 111 (2013), 230404.

P. Jurcevic, B. P. Lanyon, P. Hauke, C. Hempel, P. Zoller, R. Blatt, and
C. F. Roos, Quasiparticle engineering and entanglement propagation in
a quantum many-body system, Nature 511 (2014), 202a205.

M. Kastner, Nonequivalence of ensembles for long-range quantum spin
systems in optical lattices, Phys. Rev. Lett. 104 (2010), 240403.

, Nonequivalence of ensembles in the Curie-Weiss anisotropic
quantum Heisenberg model, J. Stat. Mech. 2010 (2010), P07006.

, Diverging Equilibration Times in Long-Range Quantum Spin
Models, Phys. Rev. Lett. 106 (2011), 130601.

, Long-time asymptotics of the long-range Emch-Radin model,
Cent. Eur. J. Phys. 10 (2012), 637-644.

M. Kastner and M. van den Worm, Relazation timescales and prether-
malization in d -dimensional long-range quantum spin models, Phys. Scr
(2015), no. T165, 14039.

G. Kaur, A. Ajoy, and P. Cappellaro, Decay of spin coherences in one-
dimensional spin systems, New J. Phys. 15, 093035.

K. Kim, M.-S. Chang, R. Islam, S. Korenblit, L.-M. Duan, and C. Mon-
roe, Entanglement and Tunable Spin-Spin Couplings between Trapped
Tons Using Multiple Transverse Modes, Phys. Rev. Lett. 103 (2009).

K. Kim, M.-S. Chang, S. Korenblit, R. Islam, E.E. Edwards, J.K. Fre-
ericks, G.-D. Lin, L.-M. Duan, and C. Monroe, Quantum simulation of
frustrated ising spins with trapped ions, Nature 465 (2010), 590-593.

M. Kitagawa and M. Ueda, Squeezed spin states, Phys. Rev. A 47 (1993),
5138-5143.

M. Kliesch, C. Gogolin, and J. Eisert, Lieb-Robinson bounds and the

simulation of time evolution of local observables in lattice systems, Many-



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 123

[75]

[76]

Electron Approaches in Physics, Chemistry and Mathematics (L. D. Site
and V. Bach, eds.), Springer, Berlin, 2014, pp. 301-318.

T. Koffel, M. Lewenstein, and L. Tagliacozzo, Entanglement Entropy for
the Long-Range Ising Chain in a Transverse Field, Phys. Rev. Lett. 109
(2012), 267203.

J. K. Korbicz, J. I. Cirac, and M. Lewenstein, Spin Squeezing Inequalities
and Entanglement of N Qubit States, Phys. Rev. Lett. 95 (2005), 120502.

S. Korenblit, D. Kafri, W. C. Campbell, R. Islam, E. E. Edwards, Z.-X.
Gong, G.-D. Lin, L.-M. Duan, J. Kim, K. Kim, and C. Monroe, Quantum
simulation of spin models on an arbitrary lattice with trapped ions, New

J. Phys. 14 (2012), 095024.

Claudine Lacroix, Philippe Mendels, and Frederic Mila (eds.), Introduc-
tion to frustrated magnetism, Springer, Heidelberg, 2011.

T. Lahaye, C. Menotti, L. Santos, M. Lewenstein, and T. Pfau, The
physics of dipolar bosonic quantum gases, Rep. Prog. Phys. 72 (2009),
126401.

B. P. Lanyon, C. Hempel, D. Nigg, M. Miiller, R. Gerritsma,
F. Zahringer, P. Schindler, J. T. Barreiro, M. Rambach, G. Kirchmair,
M. Hennrich, P. Zoller, R. Blatt, and C. F. Roos, Universal Digital
Quantum Simulation with Trapped lons, Science 334 (2011), 57-61.

J. I. Latorre and A. Riera, A short review on entanglement in quantum
spin systems, J. Phys. A 42 (2009), 504002.

E. H. Lieb and D. W. Robinson, The finite group velocity of quantum
spin systems, Commun. Math. Phys. 28 (1972), 251-257.

N. Linden, S. Popescu, A. J. Short, and A. Winter, Quantum mechanical
evolution towards thermal equilibrium, Phys. Rev. E 79 (2009), 061103.

R. Low, H. Weimer, J. Nipper, J.B. Balewski, Bjorn Butscher, H.P.
Biichler, and T. Pfau, An experimental and theoretical guide to strongly
interacting rydberg gases, J. Phys. B: At. Mol. Opt. Phys. 45 (2012),
113001.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 124

[77]

[79]

[81]

[32]

D. Lynden-Bell and R. Wood, The gravo-thermal catastrophe in isother-
mal spheres and the onset of red-giant structure for stellar systems, Mon.
Not. R. Astron. Soc. 138 (1968), 495-525.

M. Maik, P. Hauke, O. Dutta, J. Zakrzewski, and M. Lewenstein, Quan-
tum spin models with long-range interactions and tunnelings: a quantum
Monte Carlo study, New J. Phys. 14 (2012), 113006.

M. J. Martin, M. Bishof, M. D. Swallows, X. Zhang, C. Benko, J. von
Stecher, A. V. Gorshkov, A. M. Rey, and Jun Ye, A Quantum Many-Body
Spin System in an Optical Lattice Clock, Science 341 (2013), 632—-636.

D. Métivier, R. Bachelard, and M. Kastner, Spreading of Perturbations
in Long-Range Interacting Classical Lattice Models, Phys. Rev. Lett. 112
(2014), 210601.

A. Micheli, G. K. Brennen, and P. Zoller, A toolbox for lattice-spin models
with polar molecules, Nature Phys. 2 (2006), 341-347.

M. Moeckel and S. Kehrein, Interaction quench in the Hubbard model,
Phys. Rev. Lett. 100 (2008), 175702.

C. Moler and C. Van Loan, Nineteen dubious ways to compute the expo-
nential of a matriz, twenty-five years later, STAM Rev. 45 (2003), 3-49.

K. Mglmer and A. Sgrensen, Multiparticle Entanglement of Hot Trapped
Ions, Phys. Rev. Lett. 82 (1999), 1835-1838.

B. Nachtergaele, Y. Ogata, and R. Sims, Propagation of Correlations in
Quantum Lattice Systems, J. Stat. Phys. 124 (2006), 1-13.

R. Nandkishore and D. A. Huse, Many-body localization and thermal-
ization in quantum statistical mechanics, Annu. Rev. Condens. Matter
Phys. (2015).

V. Oganesyan and D. A. Huse, Localization of interacting fermions at
high temperature vadim, Phys. Rev. B 75 (2007), 155111.

B. Olmos, D. Yu, Y. Singh, F. Schreck, K. Bongs, and I. Lesanovsky,
Long-Range Interacting Many-Body Systems with Alkaline-FEarth-Metal
Atoms, Phys. Rev. Lett. 110 (2013), 143602.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 125

[89]

[92]

[93]

[94]

[95]

[100]

101]

F. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark (eds.),
NIST Handbook of Mathematical Functions, Cambridge University Press,
Cambridge, 2010.

A. Pal and D. A. Huse, Many-body localization phase transition arijeet,
Phys. Rev. B 82 (2010), 174411.

D. Peter, S. Miiller, S. Wessel, and H. P. Biichler, Anomalous behaviour
of spin systems with dipolar interactions, Phys. Rev. Lett. 109 (2012),
025303.

D. Porras and J. I. Cirac, Effective Quantum Spin Systems with Trapped
Ions, Phys. Rev. Lett. 92 (2004), 207901.

S. Prawer and A. D. Greentree, Diamond for Quantum Computing, Sci-
ence 320 (2008), 1601-1602.

C. Radin, Approach to Equilibrium in a Simple Model, J. Math. Phys.
11 (1970), 2945-2955.

M. A. Rajabpour and S. Sotiriadis, Quantum quench in long-range field
theories, Phys. Rev. B 91 (2015), 045131.

P. Reimann, Foundation of statistical mechanics under experimentally
realistic conditions, Phys. Rev. Lett. 101 (2008), 190403.

, Canonical thermalization, New J. Phys. 12 (2010), 055027.

P. Reimann and M. Kastner, Fquilibration of isolated macroscopic quan-
tum systems, New J. Phys. 14 (2012), 043020.

P. Richerme, Z.-X. Gong, A. Lee, C. Senko, J. Smith, M. Foss-Feig,
S. Michalakis, A. V. Gorshkov, and C. Monroe, Non-local propagation
of correlations in quantum systems with long-range interactions, Nature
511 (2014), 198-201.

M. Rigol, V. Dunjko, and M. Olshanii, Thermalization and its mecha-
nism for generic isolated quantum systems, Nature 452 (2008), 854-858.

O. Bratteli D. R. Robinson, Operator algebras and quantum statistical

mechanics, Springer, 2002.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 126

[102]

103]

[104]

105

[106]

107]

[108]

109

[110]

[111]

S. Sachdev, Quantum magnetism and criticality, Nature Physics 4
(2008), 173.

, Quantum Phase Transitions, second ed., Cambridge University
Press, Cambridge, 2011.

J. Schachenmayer, B. P. Lanyon, C. F. Roos, and A. J. Daley, Entangle-
ment growth in quench dynamics with variable range interactions, Phys.
Rev. X 3 (2013), 031015.

P. Schaub, M. Cheneau, M. Endres, T. Fukuhara, S. Hild, Ahmed Om-
ran, T. Pohl, C. Gross, S. Kuhr, and 1. Bloch, Observation of spatially

ordered structures in a two-dimensional rydberg gas, Nature 87 (2012),

491.

A. J. Short and T. C. Farrelly, Quantum equilibration in finite time, New
J. Phys. 14 (2012), 013063.

J. Simon, W. S. Bakr, M. Ruichao, M. E. Tai, P. M. Preiss, and
M. Greiner, Quantum simulation of antiferromagnetic spin chains in
an optical lattice, Nature 472 (2011), 307.

M. Srednicki, Chaos and quantum thermalization, Phys. Rev. E 50
(1994), 888-901.

D.M. Storch, M. van den Worm, and M. Kastner, Interplay of soundcone
and supersonic propagation in lattice models with power law interactions,
New J. Phys. 17 (2015), 063021.

J. Struck, C. Olschléiger, R. Le Targat, P. Soltan-Panahi, A. Eckardt,
M. Lewenstein, P. Windpassinger, and K. Sengstock, Quantum Simu-

lation of Frustrated Classical Magnetism in Triangular Optical Lattices,
Science 333 (2011), 996-999.

M. D. Swallows, M. Bishof, Y. Lin, S. Blatt, M. J. Martin, A. M. Rey,
and J. Ye, Suppression of Collisional Shifts in a Strongly Interacting
Lattice Clock, Science 331 (2011), 1043-1046.

[112] W. Thirring, Systems with negative specific heat, Z. Phys. 235 (1970),

339-352.



Stellenbosch University https://scholar.sun.ac.za

BIBLIOGRAPHY 127

[113]

[114]

[115]

[116]

[117)

[118]

[119]

[120]

121]

[122]

S. Trotzky, P. Cheinet, S. Folling, M. Feld, U. Schnorrberger, A. M.
Rey, A. Polkovnikov, E. A. Demler, M. D. Lukin, and I. Bloch, Time-
Resolved Observation and Control of Superexchange Interactions with
Ultracold Atoms in Optical Lattices, Science 319 (2008), 295-299.

S. Trotzky, Y.-A. Chen, A. Flesch, I. P. McCulloch, U. Schollwock,
J. Eisert, and 1. Bloch, Probing the relazation towards equilibrium in

an 1solated strongly correlated one-dimensional Bose gas, Nature Phys.
8 (2012), 325-330.

H. Uys, M. J. Biercuk, J. Britton, and J. J. Bollinger, Towards spin
squeezing with trapped ions, Quantum Africa 2010: Theoretical and Ex-

perimental Foundations of Recent Quantum Technology, vol. 1469, (New
York: AIP), 2012.

M. van den Worm, B. C. Sawyer, J. J. Bollinger, and M. Kastner, Re-
laxation timescales and decay of correlations in a long-range interacting
quantum simulator, New J. Phys. 15 (2013), 083007.

H. Weimer, M. Miiller, I. Lesanovsky, P. Zoller, and H.P. Biichler, A
rydberg quantum simulator, Nature Physics 6 (2010), 382.

W. K. Wootters, Entanglement of Formation of an Arbitrary State of
Two Qubits, Phys. Rev. Lett. 80 (1998), 2245-2248.

Y.Y. Yamaguchi, J. Barré, F. Bouchet, T. Dauxois, and S. Ruffo, Sta-
bility criteria of the Viasov equation and quasi-stationary states of the

HMF model, Physica A 337 (2004), 36-66.

B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. A. Hazzard, A. M.
Rey, D. S. Jin, and J. Ye, Observation of dipolar spin-exchange interac-
tions with lattice-confined polar molecules, Nature 501 (2013), 521-525.

D. Yan, X. Wang, L. Song, and Z. Zong, Mean spin direction and spin
squeezing in superpositions of spin coherent states, CEJP 5 (2007), 367—
376.

N. Y. Yao, C. R. Laumann, S. Gopalakrishnan, M. Knap, M. Miiller,
E. A. Demler, and M. D. Lukin, Many-body localization in dipolar sys-
tems, Phys. Rev. Lett. 113 (2014), 243002.



	Declaration
	Abstract
	Uittreksel
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Introduction
	Motivation: General background
	Long-range interactions
	Equilibration and thermalization of isolated quantum systems
	Lieb-Robinson bounds

	Motivation: Experimental realization
	Challenges and outline of thesis
	The death of a workhorse
	Outline


	Long-range interacting quantum Ising Model
	The model
	Orthogonal initial states
	Product initial states
	x tensor product initial state
	Upper bound on correlations in the thermodynamic limit
	Prethermalization
	Application to trapped ion quantum simulators
	Entanglement in far-from-equilibrium quantum magnetism
	Spin squeezing
	Entanglement entropy
	Concurrence

	Summary and conclusions

	Supersonic spreading of correlations
	Non-equilibrium systems as quantum channels
	Lower bounds on information propagation
	Supersonic propagation in an Ising-like toy model
	Product initial state
	Entangled initial state

	Supersonic propagation in the full long-range Ising model

	Propagation of correlators
	Exact results for the long-range interacting Ising model
	Finite size scaling

	Numerical results on the long-range XXZ spin chain

	Comparison with experimental results
	Summary and conclusions

	Interplay of soundcone and supersonic dynamics
	Lieb-Robinson bounds for alpha<D
	Matrix exponential bounds for intermediate alpha
	Long-range hopping for small alpha
	Long-range hopping model
	Propagation from staggered initial state
	Dispersion and group velocity
	Density of states and typical propagation velocities

	Summary and conclusions

	Outlook and prelimanary results
	Spreading of correlations in initially correlated states
	Many body localization
	Many body localization in finite-range systems
	Many body localization in long-ranged systems
	Fully many body localized systems


	Appendices
	Systematic Calculation of Correlators
	Expressing iijj in the Heisenberg Picture
	Correlation Functions With Orthogonal Initial States
	n-Time Correlators

	Lattice Independent Upper Bound
	Proof of Equations (2.5.2) and (2.5.3) 

	Lower Bounds on Information Propagation
	Product Initial State
	Entangled Initial state
	Supersonic propagation in the full long-range Ising Model

	Calculation of Entanglement Measures
	Spin Squeezing

	Bibliography



