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Resumen

Los sistemas cuanticos de muchos cuerpos ofrecen numerosos retos para diversos
campos de la fisica y las matematicas, como la materia condensada, la teoria de la
informacion cudntica, la teoria de operadores o el andlisis numérico. Algunos de
estos problemas surgen de la gran complejidad de estos sistemas, que dificulta su
estudio mediante métodos clasicos, asi como del interés de la comunidad cientifica
por comprender sus propiedades fisicas, tales como la dindmica, estructura de
correlaciones o comportamiento tanto dentro como fuera del equilibrio. Entre las
propiedades mas interesantes de estos sistemas se encuentra el entrelazamiento,
un cierto tipo de correlacion cuantica que carece de analogo en sistemas cldsicos
y que se ha establecido como un recurso imprescindible en los campos de la
informacion y computacién cuantica.

La presente tesis doctoral profundiza en el estudio de correlaciones, localidad
y entrelazamiento en sistemas cudnticos. En particular, se enfoca en herramien-
tas matemdticas como redes de tensores, cotas de Lieb-Robinson y algoritmos
cuanticos, para obtener resultados originales, tanto analiticos como numéricos,
de aplicacién directa en teoria de la informacién cudntica, materia condensada y
metrologia cuantica.

Los sistemas cuanticos que estudiamos consisten en conjuntos de particulas
que interaccionan localmente unas con otras. La localidad de estos sistemas per-
mite establecer una cota superior finita a la velocidad de propagacion de las
excitaciones, también conocida como cota de Lieb-Robinson. En esta tesis, de-
mostramos que existen cotas de Lieb-Robinson para modelos de espines que in-
teraccionan en una red mediante un campo bosénico que también verifica una
cota de Lieb-Robinson en ausencia de acoplamiento espin-bosén. Aplicando estas
cotas a sistemas de iones atrapados, observamos que la propagacion de las corre-
laciones de espin mediante los fonones de un cristal iénico puede ser mas rapida
que el régimen explorado actualmente en los experimentos. Por este motivo, pro-
ponemos un esquema experimental para probar las cotas que consiste en medir
las funciones de correlacion retardadas a través de la fluorescencia del cristal.

La localidad de las interacciones también impone restricciones sobre la es-
tructura del entrelazamiento de los sistemas cuanticos y permite encontrar re-
presentaciones matematicas eficientes denominadas redes de tensores. Las redes
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de tensores son conjuntos de tensores interconectados que reflejan la estructura
de entrelazamiento del sistema, reducen la complejidad de su representaciéon y
capturan las propiedades fisicas mas relevantes de los estados cuanticos en los
que estamos interesados. En esta tesis, utilizamos el caso unidimensional de las
redes de tensores, también conocido como estados producto de matriz (MPS),
para probar resultados analiticos y realizar simulaciones numéricas. Mas especifi-
camente, demostramos que una gran fraccionalizacién en la magnetizacién de una
cadena de espines o la existencia de interacciones de largo alcance implican una
gran cantidad de entrelazamiento en el estado de la cadena.

Las correlaciones y el entrelazamiento se han revelado como recursos de gran
utilidad en metrologia cuantica, estableciendo nuevas técnicas de medida que me-
joran la precision respecto a los métodos exclusivamente clasicos. En esta tesis,
establecemos algoritmos cuanticos para medir las correlaciones temporales que se
acumulan en un sistema cudntico tras su interaccion con pulsos de luz laser. A
partir de esta nocién, introducimos el concepto de interferometria cuantica mul-
tipulso en el que un atomo o conjunto de atomos pueden actuar como un detector
que mide de forma precisa diferencias entre pulsos de luz laser o propiedades de
los pulsos. Por tltimo, aplicamos este concepto para caracterizar y estabilizar
un peine de frecuencias con una mejora polinomial en la sensibilidad respecto a
protocolos clasicos.



Abstract

The study of quantum many-body systems poses a wide range of complex prob-
lems in different areas of physics and mathematics, such as condensed matter,
quantum information theory, operator theory or numerical analysis. Some of
these problems arise due to the high complexity of these systems, which makes
their study unfeasible using classical approaches, as well as from the ever-growing
interest in understanding their dynamics, physical properties and behaviour both
in and out of equilibrium. Among the most interesting properties of these systems
lies entanglement, a certain type of quantum correlation which is not present in
classical systems and which has proven to be essential for quantum computation
and quantum information.

This dissertation deals with the study of correlations, locality and entangle-
ment in quantum systems. It relies on mathematical tools such as tensor network
representations, Lieb-Robinson bounds and quantum algorithms in order to ob-
tain original results, both analytical and numerical, with practical applications
to quantum information theory, condensed matter and quantum metrology.

We investigate quantum many-body systems which consist on particles inter-
acting locally with each other. Locality gives rise to a finite upper bound to the
velocity of propagation for excitations, which is known as Lieb-Robinson bound.
In our work, we prove the existence of Lieb-Robinson bounds for spin-boson
models, where the spins interact through a bosonic lattice field which satisfies a
Lieb-Robinson bound itself in the absence of spin-boson coupling. We apply these
bounds to systems of trapped ions and we observe that the propagation of spin
correlations may be faster than the speeds currently observed in state-of-the-art
experiments. We present an experimental proposal to test the bounds, measuring
retarded correlation functions.

The locality of the interactions also restricts the structure of entanglement
and makes possible to obtain efficient mathematical representations of quantum
systems, also known as tensor network representations. Tensor network states
are built from sets of interconnected tensors and they reflect the structure of
entanglement of the original states, while reducing the complexity of their repre-
sentation and capturing the most relevant physical properties. In this thesis, we
use the one-dimensional case of tensor networks, also known as matrix product
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states (MPS) to prove analytical results and to perform numerical simulations.
We quantify the amount of entanglement that exists in a quantum spin chain un-
der certain physical conditions such as the fractionalization of the magnetization
or the absence of a local parent Hamiltonian. We prove that a large fractional-
ization in the magnetization or the need of long-range interactions implies a large
amount of entanglement in a quantum spin chain.

Correlations and entanglement have become fundamental resources in quan-
tum metrology, bringing forward new measurement techniques which significantly
improve the precision in comparison to classical protocols. In this thesis, we sug-
gest novel quantum algorithms to measure time correlations which accumulate
in a quantum system during its interaction with laser pulses. Building from
this notion, we introduce the concept of multipulse quantum interferometry in
which a single atom or an ensemble of atoms act as a detector that measures
accurately differences between pulses of laser light or individual properties of the
pulses. Finally, we apply this idea to the characterization and stabilization of
a frequency comb, obtaining a polynomial improvement on the sensitivity over
classical protocols.



Introduccion en castellano

1.1 Motivacion

Los sistemas cuanticos de muchos cuerpos suscitan preguntas fundamentales en
diversos contextos fisicos y matematicos, como la fisica de altas energias, la mate-
ria condensada, la informacion cudntica, el andalisis numérico o la teoria de opera-
dores. Matematicamente, un sistema cudntico puro constituido por N particulas
de dimensién fisica d se puede representar mediante un vector unitario en un
espacio de Hilbert H = (C4)®V  también llamado vector estado del sistema, de la
forma siguiente:

d

[¥) = Z Aiy, i i) @ @ Jin), iy, iy €C (1.1)

i1,ein=1

donde cada |i,)¢ _; es una base ortonormal del espacio de Hilbert C%. Como se
puede observar en la ecuacién , se necesitan d" coeficientes complejos Nigooin
para representar el estado [¢), lo cual significa que la descripcién exacta de un
sistema de N particulas requiere un nimero de pardmetros que escala exponen-
cialmente con el ntimero de particulas.

Este crecimiento exponencial conlleva que la simulacion de los sistemas cuanti-
cos sea sumamente compleja usando recursos clasicos, excepto al restringirnos
a sistemas con tamanos suficientemente pequenos. Incluso para una cadena de
espin % y longitud N ~ 50, la caracterizacion del sistema requiere una cantidad
de memoria dedicada superior a la memoria disponible en los ordenadores clésicos

actuales.

Una de las propiedades més relevantes de los sistemas cuanticos es el entrelaza-
miento, un tipo de correlaciéon que carece de anélogo en sistemas clésicos. La des-
cripcion clasica de un sistema puro multipartito compuesto por n subsistemas se
puede escribir como el estado producto de los n sistemas considerados individual-
mente. Por otra parte, si consideramos el formalismo cuantico, dicho sistema debe
describirse usando la ecuacion que, en general, no es equivalente al producto
tensorial de los estados de los subsistemas, es decir, [¢)) # |11) ® [1h2) ®...® [1),) .



1. INTRODUCCION EN CASTELLANO

Hilbert space of many-body systems

States fulfilling an area law

N\

Figura 1.1: El espacio de Hilbert correspondiente a los estados que cumplen una
ley de area para la entropia de entrelazamiento es un subconjunto muy pequeno
del espacio de Hilbert total de los sistemas cuanticos de muchos cuerpos. El
espacio de los estados con una ley de area se ha denominado informalmente como
una “pequena esquina’ del estado de Hilbert subyacente.

Los estados puros con entrelazamiento son precisamente aquellos que no se pueden
escribir como el producto tensorial de los estados de los subsistemas individuales.
Algunos de los ejemplos paradigmaticos de estados puros entrelazados son los
pares de Bell o los pares de Einstein-Podolsky-Rosen [EPR35], que se componen
de dos particulas A y B de espin 1/2, con estados posibles [1) o ||}, tales como:

1

|¢EPR> = \/5

(INa@p =A@ M)s)- (1.2)

Si consideramos la clase mas general de los estados mixtos, los estados entre-
lazados son aquellos que no se pueden construir a partir de un producto tensorial
utilizando tnicamente operaciones locales y comunicacion clasica [Wer89]. En
la actualidad, el entrelazamiendo se ha convertido en un elemento clave para los
campos de la informacién y computacion cuantica, dando lugar a aplicaciones no-
tables como la teleportacién cudntica [BBCT93|, la criptografia cuéntica [Eke91]
o la codificacién superdensa [BW92].

La representacion y caracterizacién de los estados entrelazados multiparti-
tos es un problema desafiante, entre otros motivos por el crecimiento exponen-
cial del espacio de Hilbert subyacente. Afortunadamente, estamos interesados
en sistemas compuestos por un gran numero de particulas que interaccionan lo-
calmente entre ellas en un conjunto macroscépico. La localidad de las interac-
ciones permite demostrar que los autoestados de baja energia de hamiltonianos
locales con gap verifican una ley de area para la entropia de entrelazamiento
E|[Ha306, Has07al, [ALV12, [AKLV13, [ECP10]. El conjunto de estados que satisfa-

IEste resultado se ha demostrado para sistemas unidimensionales y para sistemas en dos



1.1. Motivacién

cen una ley de area para la entropia de entrelazamiento es un pequeno subconjunto
del espacio de Hilbert total (ver Fig. . Esto nos permite obtener representacio-
nes matematicas eficientes para los sistemas cuanticos basadas en la estructura de
la entropia del entrelazamiento: las redes de tensores [VC04, [VidQ0T7]. Estas repre-
sentaciones estan basadas en conjuntos de tensores interdependientes que reflejan
la estructura del entrelazamiento y reducen la complejidad de la representacion
del estado original, mientras capturan las propiedades fisicas mas relevantes.

Las redes de tensores unidimensionales, también conocidas como estados pro-
ducto de matriz (MPS) se introdujeron inicialmente en el trabajo de Fannes,
Nachtergaele y Werner [FNW92|. Se trata de estados puros cuyos coeficientes
pueden calcularse como el producto de matrices,

d
W= [Agl . ..Agﬂ lin . i), (1.3)

115N

donde AE@ € Mp, xp,., son las matrices asociadas al sitio k del sistema unidi-
mensional [PGVWC07]. La relevancia de estos estados se debe a que los MPS son
una buena representacion de los sistemas en una dimensiéon que cumplen una ley
de area [Has07al, SWVCO08| VC06] y capturan toda la fisica de los sistemas uni-
dimensionales [Has07bl, [Has06l, Vid04]. Los estados producto de matriz permiten
explicar el éxito de métodos numéricos como el Density Matrix Renormaliza-
tion Group (DMRG) propuesto por White [Whi92l, [Whi93] para simular sistemas
unidimensionales fuertemente correlacionados. Por otra parte, los estados mix-
tos también se pueden representar como redes de tensores usando operadores de
densidad producto de matriz (MPDO) [VGRC04, PMCV10], y simular su evolu-
cién en equilibrio térmico y bajo disipaciéon mediante métodos numéricos basados
en este formalismo [VGRC04, PMCV1(]. Sin embargo, los operadores de densi-
dad producto de matriz deben superar un fuerte obstaculo, ya que no es posible
determinar si el estado global del sistema es positivo semidefinido simplemen-
te estudiando las matrices locales A; que definen el MPDO [KGEI14, DCCT16].
Las purificaciones, un cierto tipo de MPDO, permiten superar esta limitacion
al estar definidas como un MPS con un entorno local en cada sitio, generando
un estado positivo global por construccion. Las descripciones de un estado mixto
como MPDO o como purificacién no son equivalentes en general [DSPGC13]|, aun-
que existen métodos para obtener una purificacion a partir de un cierto MPDO
[DSPGCI3].

Otra consecuencia de la localidad de las interacciones es la existencia de una
cota para la velocidad de propagacion de las correlaciones, conocida como co-
ta de Lieb-Robinson. Las cotas de Lieb-Robinson [LR72] son una herramienta

dimensiones bajo ciertas hipétesis. Cuando dichas hipétesis no se cumplen en dos dimensiones, la
pregunta de si los autoestados de energia mas baja para hamiltonianos locales con gap cumplen
una ley de area se trata de un problema abierto llamado la conjetura de la ley de drea, una de
las preguntas abiertas mas relevantes en el campo.
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fundamental para estudiar sistemas en materia condensada y permiten demos-
trar que, bajo ciertas condiciones, los sistemas cudnticos no relativistas exhiben
una estructura causal andloga a la de sistemas descritos por teorias cuanticas
de campo [PS95]. Estas cotas también se pueden utilizar para probar propie-
dades fisicas importantes, como leyes de escala para la entropia de entrelaza-
miento [Has07al, ECP10], el decaimiento exponencial de las correlaciones para el
estado fundamental de hamiltonianos con gap [HK06| o la estabilidad del orden
topolégico [BHV0G].

El estudio de los sistemas cuanticos no se centra inicamente en el estudio de
sus propiedades, sino que también existen lineas de investigacion dedicadas a la
busqueda de nuevas aplicaciones en tecnologias cudnticas [OFV10]. Un ejemplo
de ello, es el uso de sistemas cuanticos para obtener métodos mas precisos en
metrologia cudntica [LKD02, [GLMI1], como la mejora en las técnicas de medida
usando entrelazamiento [NKD™11, [Mac13] o la obtencién de algoritmos cudnticos
que mejoran los recursos cuanticos para realizar una cierta tarea.

1.2 Objetivos y resultados principales

Esta tesis doctoral se dedica al estudio de las correlaciones, localidad y entrelaza-
miento en sistemas cuanticos. Se enfoca en técnicas matematicas como las repre-
sentaciones con redes de tensores, cotas de Lieb-Robinson y algoritmos cuanti-
cos para obtener resultados originales analiticos y numéricos con aplicaciones
préacticas en informacién cuantica, materia condensada y metrologia cuantica.
Los resultados principales de este trabajo se pueden clasificar en tres categorias
diferenciadas en las que tratamos de contestar varias preguntas: “Entrelazamiento
y estados producto de matriz”, “Localidad y cotas de Lieb-Robinson” y “Algo-
ritmos cuanticos para metrologia cuantica”.

Entrelazamiento y estados producto de matriz

Los estados producto de matriz ofrecen una representacion natural para los siste-
mas cuanticos de muchos cuerpos en términos de la estructura del entrelazamiento
del sistema. A pesar de que el entrelazamiento es uno de los recursos fundamen-
tales en fisica cudntica, todavia se desconocen las condiciones bajo las cuales es
posible afirmar que existe una gran cantidad de entrelazamiento [Sre93) [ECPT10].
Se han obtenido algunos resultados para sistemas unidimensionales, por ejemplo,
los estados que sufren una transicién resistiva cudntica muestran una gran canti-
dad de entrelazamiento [Carll], pero la imagen general todavia esta incompleta.
Nuestro objetivo en los capitulos [5] y [6] consiste en encontrar nuevos escenarios en
los que sea posible cuantificar el entrelazamiento, tales como la fraccionalizacion
en la magnetizacion de una cadena de espines o la imposibilidad de aproximar un
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cierto estado por el estado fundamental de un hamiltoniano con interacciones de
corto alcance, sin frustracion y con gap.

Objetivo 1: Estudiar la relacién entre la fraccionalizacién en la
magnetizaciéon de una cadena de espines cuantica y la entropia de
entrelazamiento del sistema.

En el capitulo [5| utilizamos estados producto de matriz para cuatificar la cantidad
de entrelazamiento en una cadena de espines [CSWT13|. En particular, probamos
que una gran fraccionalizacién en la magnetizacién de dicho estado, implica la
existencia de una gran cantidad de entrelazamiento en el sistema. Para poder
demostrar rigurosamente esta afirmacién, debemos desarrollar la teoria de los
estados producto de matriz, extendiendo resultados previos ya presentados en las
referencias [PGVWC07, PGWST08, [SWPGC09], y obteniendo resultados nuevos.

Objetivo 2: Estudiar la relacion entre la existencia de interacciones de
largo alcance en el hamiltoniano padre de una cadena de espines
cuantica y la entropia de entrelazamiento del sistema.

En el capitulo [, obtenemos otro conjunto de condiciones bajo las cuales pode-
mos cuantificar el entrelazamiento para un sistema unidimensional. Cuando un
sistema tiene interacciones de largo alcance, intuitivamente esperamos que toda
region esté correlacionada con cualquier otra region del estado, lo cual deberia re-
flejarse en la entropia de entrelazamiento. No obstante, no es sencillo transformar
esta intuicion en un resultado matematico riguroso. En este capitulo establecemos
una cota inferior a la entropia de entrelazamiento de un estado producto matriz
traslacionalmente invariante, que no es el estado fundamental de ningin hamil-
toniano con gap, sin frustracion y con interacciones de corto alcance y que se
encuentra suficientemente alejado de cualquier otro estado con estas propiedades
para cualquier longitud de interaccién dada |[CSWT13]. Ademés, demostramos
que el entrelazamiento escala linealmente con la longitud de interaccién. Para
probar este resultado, debemos obtener nuevas cotas que permiten aproximar la
matriz de densidad reducida del sistema usando otra matriz de densidad reducida
cuyas matrices asociadas tienen una dimensién de enlace inferior.

Localidad y cotas de Lieb-Robinson

La localidad es otra de las propiedades de los sistemas cuanticos que estudia-
mos en esta tesis, puesto que los sistemas que consideramos se componen de
particulas que interaccionan localmente unas con otras. Una consecuencia de la
localidad es la existencia de una cota superior finita para la velocidad de propa-
gacion de las excitaciones, también denominada cota de Lieb-Robinson. En 1972,
Lieb y Robinson demostraron que la velocidad de grupo para la propagacion de
las correlaciones en sistemas cuanticos de muchos cuerpos con interacciones de
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corto alcance esta acotada superiormente por una constante finita independiente
del tiempo [LR72]. Posteriormente, estas cotas se extendieron a diferentes siste-
mas fisicos, como sistemas con interacciones de largo alcance con un decaimien-
to exponencial o algebraico, o para ciertos tipos de hamiltonianos no acotados
[INRSSO7, NRSS09, INS10al, BHV06, [PSHKMKO09, [CSE0S]. Numerosos resultados
sobre la propagacion de las correlaciones y aplicaciones tedricas relevantes se han
desarrollado usando las cotas de Lieb-Robinson, como, por ejemplo, el clustering
exponencial de las correlaciones [HK06| o la eficiencia de métodos numéricos co-
mo el DRMG dependiente del tiempo [Whi92, [Whi93]. Nuestro objetivo en esta
seccion es encontrar nuevas cotas de Lieb-Robinson para modelos de espin-bosén
en reticulos, que pueden observarse experimentalmente en cristales iénicos.

Objetivo 3: Establecer cotas de Lieb-Robinson para modelos de
espin-bosoén en reticulos.

En el capitulo [7] obtenemos cotas de Lieb-Robinson para un modelo general de
sistemas con dimensién finita, interaccionando a través de un campo bosénico
que satisface una cota de Lieb-Robinson en ausencia de acoplamiento espin-bosén
[JCPG™13]. Estas cotas se pueden aplicar al caso general de modelos de espin-
bosén en reticulos independientemente de la geometria del reticulo y pueden
probarse experimentalmente usando tecnologia del estado del arte.

Objetivo 4: Obtener cotas de Lieb-Robinson para cristales de iones en
diferentes regimenes.

En el capitulo |8} aplicamos las cotas de Lieb-Robinson que hemos obtenido en el
capitulo[7| a cristales de iones atrapados, y observamos que la velocidad de propa-
gacién de las correlaciones puede ser mas rapida que las escalas temporales que
se consideran en los experimentos actuales [JCPGT13]. Por otra parte, también
derivamos cotas de Lieb-Robinson en el régimen perturbativo, donde la veloci-
dad de las correlaciones es menor, y en el régimen impulsivo, donde las fuerzas
actian localmente sobre los iones separados durante un periodo de tiempo corto
y la propagacién de las correlaciones depende tnicamente de la propagacion de
los fonones y de la eficiencia del acoplamiento espin-boson en los espin y bosones
correlacionados. En este capitulo obtenemos la velocidad de propagacién éptima
en el régimen impulsivo, en el que se satura la cota de Lieb-Robinson. Propone-
mos un esquema experimental para medir las funciones de correlacion retardadas
a través de la fluorescencia del cristal, lo cual nos permite probar las cotas de
Lieb-Robinson que hemos obtenido en el régimen perturbativo.

Algoritmos cuanticos para metrologia cuantica

El entrelazamiento y las correlaciones han generado numerosas aplicaciones en
tecnologias cudnticas [OFV10], como los sistemas de distribucién de clave cuanti-
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ca [GTO07] en los que se usa el entrelazamiento para garantizar la seguridad de
la clave para aplicaciones criptograficas. Por otra parte, también se han utilizado
en metrologia cuantica [LKDO02] para obtener nuevas técnicas de medida que me-
joran la precision respecto a protocolos cldsicos [CPHHI15]. En esta drea, nuestro
objetivo se centra en buscar nuevas aplicaciones del uso de correlaciones y algo-
ritmos cuanticos en metrologia cuantica, como la caracterizacion y estabilizacion
de un peine de frecuencias.

Objetivo 5: Los sistemas cuanticos se pueden usar como detectores
que miden propiedades de pulsos laser con una alta precision.

En el capitulo [9] proponemos nuevos algoritmos cuédnticos para medir correlacio-
nes temporales que se acumulan en un sistema cuantico durante su interaccion
con un tren de pulsos laser. A partir de esta idea, introducimos la nocién de in-
terferometria cuantica multipulso (MPQI) [CMPGRI14], en la que un d4tomo o un
conjunto de atomos actiian como un detector que mide las diferencias entre pulsos
de luz laser o propiedades especificas de los pulsos. A continuacién, mostramos
como se pueden utilizar estos algoritmos para caracterizar y estabilizar un peine
de frecuencias. Esta aplicacion da lugar a una mejor polinomial sobre la sensi-
bilidad de los protocolos clédsicos existentes, y puede extenderse para proponer
nuevos estandares para la medicién de tiempos y frecuencias.

1.3 Estructura de la tesis

Esta tesis esta compuesta por un resumen en castellano e inglés, por una intro-
duccion en castellano en la que se detallan los objetivos, resultados, conclusiones
y lineas futuras de investigacién de la tesis y por la tesis completa en inglés. El
cuerpo de la tesis se estructura en diez capitulos: el capitulo [2|es una introduccion
y motivacién autocontenida, los capitulos 3]y [ presentan los requisitos necesarios
para dar contexto al resto de la memoria. Estos primeros capitulos tratan temas
diversos, como los principios de la mecanica cuantica, la teoria del entrelazamien-
to, la teoria de las redes de tensores o las cotas de Lieb-Robinson. Los capitulos
contienen los resultados de la tesis y todos ellos tienen una estructura analo-
ga, compuesta de una introduccion, los resultados principales y una conclusion
que resume los puntos fundamentales y propone una visién general de las futuras
lineas de investigacion.

Mas especificamente, en el capitulo [2] presentamos el propédsito, los resultados
principales y la visién general de la tesis; este capitulo ofrece la informacion
necesaria acerca de los objetivos y la estructura de la memoria.

En los capitulos [3| y 4] revisamos la teoria general de varios temas en los que
se fundamenta la tesis y que puede ayudar a aquellos lectores que desconozcan
alguna de las areas que tratamos. Estos capitulos ofrecen la notacién utilizada
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en el resto de la tesis y el conjunto de técnicas que se usan para demostrar los
resultados de los capitulos siguientes. El capitulo |3| revisa los conceptos bésicos
de la mecdnica cudntica, la teoria del entrelazamiento y las medidas de entre-
lazamiento. Posteriormente, discutimos la propagacion de la informacion en los
sistemas cuanticos y presentamos las célebras cotas de Lieb-Robinson. El capitu-
lo 4] introduce una herramienta matemaéatica que se usa en el cuerpo de la tesis
para representar los sistemas cuanticos de muchos cuerpos: las redes de tensores
y, en particular, los estados producto de matriz.

Los capitulos 5]y [6|contienen los resultados relacionados con el entrelazamiento
y los estados producto de matriz. Estos capitulos abordan los objetivos [Ty 2] y
se han publicado en Physical Review B 87, 035114 (2013).

Los capitulos [7| y [§| tratan sobre las cotas de Lieb Robinson para modelos de
espin-bosén en reticulos y su aplicacién para iones atrapados. Hemos dividido es-
tos resultados en dos capitulos diferentes, ya que en el primero de ellos exponemos
los resultados analiticos y las nuevas cotas de Lieb-Robinson, mientras que en el
segundo tratamos las propuestas de implementacion experimental. En concreto,
el capitulo[7]aborda el objetivo[3]y el capitulo[§|trata el objetivo[4] Los resultados
presentados en este capitulo se han publicado en Physical Review Letters 111,
230404 (2013).

El capitulo [J trata sobre el objetivo [5] Los resultados contenidos en este
capitulo se han publicado en Physical Review Letters 112, 073603 (2014).

Por 1ltimo, el capitulo[10| presenta las conclusiones y lineas de trabajo futuras
que se discuten en cada uno de los capitulos.

1.4 Conclusiones y trabajo futuro

A continuacién mencionaremos las conclusiones de la tesis doctoral, que se en-
cuentran al final de cada uno de los capitulos, y las posibles lineas de investigacion
futura que surgen a partir de los resultados recogidos en esta memoria.

Fraccionalizacion en la magnetizacién y entrelazamiento. En el capitulo
de esta tesis doctoral demostramos que en el estado de una cadena de espines
cuantica, una gran fraccionalizacién en la magnetizacion implica la existencia de
una gran cantidad de entrelazamiento. Para hacer esto, hemos establecido una
cota inferior para la entropia de entrelazamiento de cualquier regién conexa y
suficientemente grande de una cadena de espines cuantica. En esta linea de inves-
tigacion seria interesante extender este resultado a sistemas en mas dimensiones,
utilizando PEPS [VC04]. Sin embargo, extender nuestros resultados a sistemas en
dos dimensiones da lugar a dificultades que son preguntas abiertas en el campo,
como la ausencia de una forma candnica para PEPS o la caracterizacion de la
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fraccionalizacion en estos sistemas. La forma candnica tiene una gran cantidad
de usos en el caso de los MPS y una de las mas relevantes es la caracterizacion de
simetrias [PGWST08| y de fases [CGW11], SPGCII]. En sistemas bidimensiona-
les, es posible caracterizar las diferentes simetrias en el caso inyectivo pero este
resultado no se puede aplicar en los sistemas mas relevantes con orden topoldgico,
como las fases SET [GW09, PBTO12|. Por otra parte, en sistemas unidimensio-
nales la fraccionalizacion surge de una estructura periddica, que explotamos en
el capitulo [5| para demostrar el resultado principal. No obstante, en dimensiones
superiores existen teselaciones aperiodicas del plano que pueden dar lugar a siste-
mas fisicos fraccionalizados sin periodicidad ni propiedades topoldgicas. Creemos
que puede ser interesante estudiar hamiltonianos relacionados con teselaciones
aperiodicas del plano y determinar si los sistemas asociados dan lugar a frac-
cionalizacién. También nos gustaria llevar a cabo simulaciones numéricas para
cuantificar la cantidad de entrelazamiento en sistemas concretos que presentan
fraccionalizacién en la magnetizacion y determinar como de buena es la cota que
presentamos y si es posible saturarla en algin caso.

Interacciones de largo alcance y entrelazamiento. A continuacién, en el
capitulo [6| demostramos que, para el estado de una cadena de espines, la imposibi-
lidad de encontrar un estado que la aproxime suficientemente bien y que ademas
sea el estado fundamental de un hamiltoniano local requiere una gran cantidad de
entrelazamiento. Este resultado esta relacionado con otras muchas preguntas de
interés que no contestamos en esta tesis, como, por ejemplo, si es posible demos-
trar que un estado producto matriz traslacionalmente invariante con una cierta
dimension de enlade D se puede aproximar usando un MPDO traslacionalmente
invariante con una dimensién de enlace menor D < D y tal que la cota de la
distancia entre ambos estados para L particulas escale linealmente con L. Esto
daria lugar a cotas rigurosas sobre el error que se comete al usar método numéricos
basados en MPS como el iTEBD, que se basan en truncar el resultado de evolu-
ciones temporales infinitesimales. En relacion con esta conjetura, hemos realizado
simulaciones numéricas para la cadena spin-1 de Heisenberg spin-1, calculando
la distancia entre parametros de orden de cadena (SOP). Hemos encontrado que
el scaling entre los observables es lineal en el nimero de particulas, afianzando
nuestra conjetura de que para estados traslacionalmente invariantes el escalado
para el error en la aproximacion de la matriz de densidad reducida de L particulas
es lineal en L.

Otro resultado relacionado con los capitulos[5]y [6], que nos gustaria explorar en
el futuro es la versién cudntica de la desigualdad de Wielandt’s [SPGWCI0], que
implica la existencia de una cota en la longitud de interaccién para hamiltonianos
con un estado fundamental iinico y que se puede representar de forma exacta como
un MPS. La pregunta sobre si existe un teorema de Wielandt en dimensiones
superiores sigue abierta y nos gustaria abordarla en investigaciones futuras.
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Existen mas preguntas interesantes relacionadas con la representacion con re-
des de tensores, como cuando es posible encontrar métodos numéricos eficientes
para construir purificaciones de un operador de densidad producto matriz. Tal y
como veremos en la seccién [4.2] en general no es posible confirmar localmente la
positividad global de un MPDO. Siguiendo con esta linea de investigacion, esta-
mos trabajando en desarrollar métodos numéricos basados en el método polino-
mial de suma de cuadrados [DSPGCI13]| para construir purificaciones aproximadas
eficientemente.

Cotas de Lieb-Robinson para modelos de espin-bosén. En el capitulo
[7, derivamos cotas de Lieb-Robinson para un modelo general de sistemas finito-
dimensionales que interaccionan a través de una campo bosénico que satisface una
cota de Lieb-Robinson. Estas cotas se pueden aplicar a todos los sistemas de espin-
bosén en reticulos independientemente de la dimensionalidad y de la geometria
del sistema. Para continuar en esta linea de trabajo, nos gustaria estudiar otras
implicaciones tedricas de estas cotas, como la eficiencia de los métodos DMRG con
dependencia temporal o el clustering de correlaciones. Por otra parte, también
se podria intentar generalizar estas cotas al limite en el continuo de la red y
demostrar si el cono de luz al que dan lugar las cotas de Lieb-Robinson en el
continuo se corresponde con el que esperariamos al tomar el limite del cono de
luz que se obtiene en el caso discreto. Esto nos permitiria abordar la propagacion
de correlaciones en teorias cuanticas de campos que son el limite uniforme de
modelos discretos de bosones interaccionando con fermiones.

También nos gustaria explorar otra posible generalizacion de las cotas de
Lieb-Robinson usando una ruta motivada fisicamente que complementaria otras
técnicas propuestas en la literatura [HK06, NOS06, [CSE0S, INRSS09, Poul0
PSHKMEKO09]. Existen ciertos sistemas infinito-dimensionales que no se encuen-
tran bajo las hipdtesis de las cotas de Lieb-Robinson existentes, para los que es
posible definir estados de temperatura finita. Esta nocion de temperatura restrin-
ge notablemente el tamano de la regién a la variedad del estado fundamental y
su vecindad, y puede considerarse intuitivamente como una medida de para qué
operadores se pueden calcular valores esperados a una cierta temperatura. Nos
gustaria refinar esta idea para obtener una generalizacién a las cotas de Lieb-
Robinson aplicable a sistemas de interés, como el hamiltoniano de Bose-Hubbard

[GK63].

Cotas de Lieb-Robinson para cristales iénicos. Posteriormente, en el capitu-
lo|8 aplicamos las cotas de Lieb-Robinson que hemos obtenido a cristales de iones
atrapados. Observamos que en estas cotas de Lieb-Robinson, la velocidad de pro-
pagaciéon de las correlaciones de spin depende de las velocidad de propagacion
de los fonones del cristal asi como de la eficiencia con la que los iones emiten y
reabsorben las correlaciones de los fonones. También hemos demostrado que la
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velocidad para la propagacion de las correlaciones dada por nuestras cotas puede
ser mas rapida que las escalas temporales exploradas por los regimenes experi-
mentales considerados actualmente. Muchos de los experimentos realizados para
la simulaciéon del magnetismo cuéntico se implementan en el régimen perturbativo
con velocidades de propagacion més lentas, por lo que hemos extendido las cotas
de Lieb-Robinson a dicho régimen, observando que la velocidad de propagacion
para las correlaciones de espin es al menos dos 6rdenes de magnitud mas lenta
que en el caso no perturbativo.

Por otra parte, también aplicamos la cotas de Lieb-Robinson en el régimen
impulsivo, en el que las fuerzas actian localmente sobre los iones alejados du-
rante un corto intervalo de tiempo y la propagacion de correlaciones depende
unicamente de la propagacién de los fonones y de la eficiencia del acoplamien-
to espin-bosén para correlar espines y bosones. Observamos que la velocidad de
propagacién optima se alcanza en el régimen impulsivo, en el que se saturan las
cotas de Lieb-Robinson que deducimos.

También se propone un esquema experimental para medir las funciones de
correlacién retardadas a través de la fluorescencia del cristal y determinar si se
alcanzan las cotas de Lieb-Robinson que se derivan en el regimen impulsivo. Este
esquema se puede modificar usando fuerzas dependientes del estado para obtener
las cotas de Lieb-Robinson arménicas que se introducen en el capitulo. Como in-
vestigacion adicional, seria interesante obtener esquemas experimentales distintos
que permitiesen probar las cotas de Lieb-Robinson en el régimen perturbativo,
en el que la propagacion de las correlaciones es més lenta. Por otra parte, a pe-
sar de que hemos aplicado las cotas de Lieb-Robinson tinicamente a cristales de
iones atrapados, nuestros resultados se pueden extender a una gran variedad pla-
taformas experimentales como circuitos superconductores, puntos cuanticos con
centros-NV que interaccionas con cavidades acopladas o cristales foténicos.

Algoritmos cuanticos en metrologia cuantica. Por tltimo, en el capitulo
[9) presentamos algoritmos interferométricos cudnticos basados en la idea de que
un atomo puede acumular el efecto de multiples pulsos laser, obteniendo sus
diferencias a través de una cierta ordenacién de los pulsos, puertas intermedias
y medidas. A este conjunto de protocolos los llamamos interferometria cudntica
multipulso (MPQI) y observamos que da lugar a una mejora polinomial sobre la
sensibilidad respecto a la interferometria atomica convencional o interferometria
Ramsey. La interferometria cuantica multipulso se puede utilizar para detectar
cambios temporales en la fase CEP de un peine de frecuencias, ya que la unitaria
implementada por un pulso es sensible a la intensidad y a la fase CEP, pero no
es sensible al tiempo de llegada del pulso. Los esquemas que presentamos son
adecuados para peines de frecuencias que abarcan menos de una octava (non-
octave spanning) y tienen un ruido de fase intrinseco bajo, como por ejemplo los
laseres Ti:Sapphire.

17



1. INTRODUCCION EN CASTELLANO

Una generalizacion directa de nuestro trabajo consiste en extender nuestro
protocolos mas alla de la aproximacién de onda rotante (RWA) tal y como men-
cionamos en la seccién Ademas de esto, existen otras propiedades de los
peines de frecuencia que podrian estudiarse usando nuestros métodos, como por
ejemplo las fluctuaciones de intensidad. Esto se podria hacer modificando los
protocolos cuanticos que proponemos para obtener caracteristicas distintas de un
peine de frecuencias, siendo propiedad més interesante la fase absoluta o la fase
CEP. La importancia de caracterizar la fase absoluta radica en que esto permitiria
corregir cada pulso del tren individualmente, en lugar de depender del desplaza-
miento entre pulsos consecutivos. Si fuera posible caracterizar la fase absoluta, se
obtendrian métodos de estabilizaciéon que mejorarian significativamente la escala
temporal considerada.

En el capitulo [0 hemos asumido que las fluctuaciones para el desfase son
aleatorias por lo que podriamos explorar cudl es el conjunto de hipdtesis mas
débiles que permiten aplicar nuestro método experimentalmente con éxito.

Por tltimo, a diferencia de la interferometria estandar, nuestros métodos per-
miten interrogar el &tomo detector varias veces y aprovechar la repeticién, mejo-
rando el proceso de medida. Nuestros métodos pueden aplicarse para mejorar la
precision de otros procesos interferométricos, en particular, nos gustaria explorar
la posibilidad de utilizar MPQI para aumentar la precision del interferémetro
utilizado en el experimento LIGO, ideado para detectar ondas gravitacionales.
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Sobre esta tesis

Esta tesis se presenta por Andrea Cadarso Rebolledo en el Departamento de
Anélisis Matematico de la Universidad Complutense de Madrid, para obtener
el titulo de Doctor en Matematicas en el programa de doctorado en Investiga-
cién Matematica. Este trabajo ha sido dirigido por el Dr. David Pérez Garcia,
Catedratico en el Departamento de Analisis Matematico de la Universidad Com-
plutense de Madrid, y por el Dr. Juan José Garcia Ripoll, Investigador Cientifico
en el Consejo Superior de Investigaciones Cientificas.

1.5 Contribuciones cientificas

Los resultados contenidos en esta tesis se han publicado en revistas internacionales
de alto impacto revisadas por pares. En particular, se han aceptado tres articulos
con los resultados de los capitulos [3], [0} y O

e “Phase stabilization of a frequency comb using multi-pulse quantum interfe-
rometry” Andrea Cadarso, Jordi Mur-Petit, Juan José Garcia-Ripoll. Phys.
Rev. Lett 112, 073603 (2014).

e “Lieb-Robinson bounds for spin-boson lattice models and trapped ions”
Johannes Juenemann, Andrea Cadarso, David Pérez-Garcia, Alejandro Ber-
mudez, Juan José Garcia-Ripoll. Phys. Rev. Lett 111, 230404 (2013).

e “Entanglement, fractional magnetization and long-range interactions” An-
drea Cadarso, Mikel Sanz, Michael M. Wolf, J. Ignacio Cirac, David Perez-
Garcfa. Phys. Rev. B 87, 035114 (2013).

Los resultados de esta tesis también se han presentado en seminarios, works-
hops y conferencias nacionales e internacionales como contribucion oral o péster:

e “Lieb-Robinson bounds for spin-boson models and quantum field theories”
1-3 Junio 2015, Workshop Informacion Cuéantica en Espana, EHU-UPV,
Bilbao. (Contribucién oral)

e “Phase stabilization of a frequency comb using Multipulse Quantum Interfe-
rometry” 30 Junio 2014, Quantum Roundabout, University of Nottingham,
UK. (Contribucién oral)

e “Phase stabilization of a frequency comb using trapped atoms” 14 Enero
2013, V Encuentro Gases Cuanticos en Madrid, CSIC, Madrid (Contribu-
ci6én oral)
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“Entanglement, fractional magnetization and long-range interactions” 7-9
Noviembre 2012, Quantum Square - Student conference on mathematical
and theoretical aspects of quantum mechanics, Nottingham, UK. (Contri-
bucién oral)

“Entanglement, fractional magnetization and long-range interactions” 19-21
Septiembre 2012, Workshop of Young Researchers in Mathematics, UCM,
Madrid. (Contribucién oral)

“Entanglement, fractional magnetization and long-range interactions” 17-
19 Septiembre 2012, Workshop Informaciéon Cuantica en Espana, CSIC,
Madrid. (Contribucién oral)

“Entanglement, fractional magnetization and long-range interactions” Ma-
yo 2012, Networking tensor networks, Benasque, Huesca. (Contribucién
oral)
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Introduction

2.1 Motivation

Quantum many-body systems give rise to fundamental questions in many physical
and mathematical contexts, ranging from high energy physics, condensed matter
physics and quantum information theory to numerical analysis or operator theory.
Mathematically, a pure quantum many-body system formed by N particles, each
of them with physical dimension d is described by a vector in the Hilbert space
H = (CH®N | the state of the system, as follows:

d
[¥) = Z Aig,in|i1) @ . @ |in), Aiy,iy €C (2.1)

11, iN=1

where each [i,)¢ _ is an orthonormal basis of the Hilbert space C%. As extracted
from Eq. , we need d" different complex coefficientes iy ..ix to Tepresent the
system |¢), which implies that the exact description of a system of N particles
requires a number of parameters which scales exponentially with N. This expo-
nential scaling makes the simulation of many-body systems generally intractable
using classical computers unless restricted to small system sizes. Even for a 1/2-
spin chain of length N ~ 50, the representation of the system would need more
memory allocated that the available memory in current classical computers.

One of the most striking features of quantum systems is entanglement, a
type of correlation which is not present in classical systems. If we consider a
multipartite pure system formed by n subsystems then its classical description is
a product state of the n separate systems. Nevertheless, when we consider the
quantum formalism, such multipartite system is described by Eq. which, in
general, cannot be written as a tensor product of the states of the subsystems,
that is, [¢) # |¢1) ® [1h2) ® ... ® |¢b,) . Pure states displaying entanglement are
precisely those which cannot be written as a tensor product of the states of the
individual subsystems. Some paradigmatic examples of entangled pure states
are the so-called Bell states or Einstein-Podolsky-Rosen pairs [EPR35] which are
composed of two particles A and B of spin 1/2, with possible states either |1) or
|4}, such as
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Hilbert space of many-body systems

States fulfilling an area law

N\

Figure 2.1: The Hilbert space corresponding to those states fulfilling an area law
for the entanglement entropy is a very small subset of the total Hilbert space of
quantum many body systems. The space of area-law states has been informally
labelled as a “tiny corner” of the underlying Hilbert space.

1

W}EPR) = \/5
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If we consider the more general class of mixed states, entangled states are
those states which cannot be produced from a tensor product state using only
local operations and classical communication [Wer89]. Nowadays, entanglement
has become a centerpiece in the fields of quantum information and computation,
and its study has led to remarkable applications such as quantum teleporta-
tion [BBCT93|, quantum cryptography [Eke91] or superdense coding [BW92].

The representation and characterization of many-body entangled states is a
challenging problem, also due to the exponential growth of the underlying Hilbert
space. However, we are interested in systems comprised of a large number of par-
ticles interacting locally which each other in a macroscopic ensemble. The locality
of interactions leads to several consequences such as that the low energy eigen-
states of gapped Hamiltonians with local interactions fulfill an area law for the
entanglement entropy H[HasOG, Has07al, [ALV12, [AKLV13| [ECP10]. The set of
states that satisfy an area law for the entanglement entropy is a small subset of
the whole Hilbert space (see Fig. 2.1)) which allows to obtain efficient mathemat-
ical representations of quantum systems based on their entanglement structure.
This idea led to the definition of tensor network states [VC04, Vid07]: sets of in-
terdependent tensors which reflect the structure of entanglement and reduce the
complexity of the state representation, while capturing the most relevant physi-

IThis result is true in full generality for one-dimensional systems. It is also true for two-
dimensional systems under certain hypothesis. When these hypothesis are not met, it is an
open problem called the area law conjecture, one of the most important open questions in the
field.
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cal properties. One-dimensional tensor networks, also known as matriz product
states (MPS) were already introduced in the work of Fannes, Nachtergaele and
Werner [FNW92]. They are pure states whose coefficients can be calculated as a
product of matrices,

d

wy = > Al Al i), (2.3)

115N

where AEIZ} € Mp,xp,,, are the matrices associated to the site k of the one-
dimensional system [PGVWCOQT7]. Their relevance stems from the fact that MPS
are an accurate representation of one-dimensional systems fulfilling an area law
[Has07al, SWVC08, [VC06] and capture all the physics in one-dimensional systems
[Has07h, Has06l, [Vid04]. Matrix product states also explain the success of several
numerical methods such as the Density Matrix Renormalization Group (DMRG)
proposed by White [Whi92, Whi93| to simulate one-dimensional strongly corre-
lated systems. On the other hand, mixed states can be represented in terms of ten-
sor networs using matriz product density operators [VGRC04, PMCV10], which
give rise to numerical methods to simulate the evolution of one-dimensional quan-
tum systems in thermal equilibrium and under dissipation [VGRC04, PMCV10].
Matrix product density operators must overcome a major limitation, since it is not
possible to decide if the global state is positive semidefinite simply by inspecting
the local matrices A; that define the MPDO [KGE14, DCCT16]. Purifications, a
certain type of MPDO, help overcome this problem since they are defined by an
MPS with a local environment on each site, which yields a positive global state by
construction. The descriptions of a mixed state as a MPDO or as a purification
are generally inequivalent [DSPGCI13]|, but there exist several methods to obtain
a purification from a given MPDO[DSPGC13].

Another consequence of the locality of interactions is the existence of a bound
for the propagation speed of correlations, also known as Lieb-Robinson bound.
Lieb-Robinson bounds [LR72] are a fundamental tool to study condensed matter
systems and they may be used to show that, under certain conditions, non-
relativistic quantum systems exhibit a causal structure which is analogous to
quantum field theories [PS95]. These bounds may be also used to prove other
important physical properties, such as scaling laws for the entanglement en-
tropy [HasO7a, [ECP10], the exponential decay of correlations for the ground
state of local Hamiltonians with gap [HEKO06] or the stability of topological or-
der [BHV06].

Although we have only discussed quantum many-body systems to understand
their properties, they are also extensively studied in order to find novel appli-
cations in quantum technologies [OFV10]. For instance, quantum systems may
be exploited to find applications in quantum metrology [LKD02, (GLM11], such
as the improvement of measurement techniques using entanglement [NKD™11,
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Mac13|] or quantum algorithms which improve over classical resources.

2.2 Objectives and main results

This thesis is devoted to the study of correlations, locality and entanglement
in quantum systems. It focuses on mathematical techniques such a tensor net-
work representations, Lieb-Robinson bounds and quantum algorithms to obtain
original analytical and numerical results with practical applications in quantum
information theory, condensed matter and quantum metrology. The main re-
sults of this work may be classified into three main categories in which we try to
give answers to differents problems: “Entanglement and matrix product states”,
“Locality and Lieb-Robinson bounds” and “Quantum algorithms for quantum
metrology”.

Entanglement and matrix product states

Matrix product states provide a natural representation of quantum many-body
systems in terms of the entanglement structure of the system. While entangle-
ment is one of the most fundamental resources in quantum physics, it is not
well known under which conditions there exists a large amount of entanglement
[Sre93l [ECP10]. Some results have been obtained for one-dimensional systems,
such as that states which undergo a quantum quench display a large amount of
entanglement [Carll] but the general picture is yet incomplete. Our objective in
Chapters [5] and [0] is finding new physical settings to quantify entanglement, such
as the fractionalization in the magnetization of a spin chain or the impossibility
of approximating a given state by the ground state of a short-range gapped and
frustration-free Hamiltonian.

Objetive 1: Study the relationship between the fractionalization in
the magnetization of a quantum spin chain and the entanglement
entropy of the system.

In Chapter [5] we use matrix product states to quantify the amount of entanglement
between two disjoint regions of a one-dimensional spin chain, in terms of the
fractionalization in the magnetization of the system [CSWT13]. We prove that
a large fractional magnetization in such state must imply a large amount of
entanglement in the system. In order to rigorously prove this statement, we have
to further develop the theory of matrix product states, extending previous results
presented in Refs. [PGVWCOT7, PGWST08, SWPGCQ9], and deriving new ones.
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Objetive 2: Study the relationship between the existence of
long-range interactions in the parent Hamiltonian of a quantum spin
chain and the entanglement entropy of the system.

In Chapter [0, we obtain a different setting in which it is possible to give a lower
bound for the amount of entanglement for a one-dimension quantum many-body
system. When a system has long-range interactions, it is intuitively expected
that any region will be correlated to any othe region of the state, which should
be reflected accordingly in the entanglement entropy. Nevertherless, it not easy
to obtain a rigorous result to back up this intuition. We establish a lower bound
for the entanglement entropy of a translationally invariant MPS, which is not
the ground state of any short-range gapped and frustration-free Hamiltonian and
such that it is sufficiently far away from any other state with this property for any
given interaction length [CSW'13|. Furthermore, we show that the entanglement
scales linearly with the range of the interaction. In order to derive this result,
we must obtain new bounds to approximate the reduced density matrix of the
system using another reduced density matrix whose matrices have a smaller bond
dimension.

Locality and Lieb-Robinson bounds

Locality is another of the properties that we study extensively in this thesis, since
the systems that we deal with are comprised of particles interacting locally with
each other. A consequence of locality is the existence of a finite upper bound
for the speed of propagation for excitations, also known as Lieb-Robinson bound.
In 1972, Lieb and Robinson proved that the group velocity for the propagation
of correlations in quantum many-body systems with short-range interactions is
upper bounded by a finite constant in time |[LR72]. Afterwards, these bounds
were extended to numerous settings, ranging from systems with long-range in-
teractions but with a power-law or for certain types of unbounded Hamiltonians
[INRSSO7, NRSS09, NS10a, BHV06, [PSHKMKO09, [CSE0S]. Many results about
the spread of correlations and interesting theoretical applications have been de-
veloped using Lieb-Robinson bounds such as the exponential clustering of correla-
tions [HKOG] or the efficiency of the time-dependent density matrix renormaliza-
tion group methods [Whi92, [Whi93|. Our objetive is finding new Lieb-Robinson
bounds for spin-boson lattice models which describe the physics of ion crystals.

Objetive 3: Establish Lieb-Robinson bounds for spin-boson lattice
models.

In Chapter [, we obtain Lieb-Robinson bounds for a general model of finite
dimensional systems interacting through a bosonic field that satisfies a Lieb-
Robinson bound itself in the absence of spin-boson coupling [JCPG™13]. These
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bounds apply to the general case of spin-boson lattice models independently of the
geometry of the lattice and they can be tested using state-of-the-art technology.

Objetive 4: Obtain Lieb-Robinson bounds for ion crystals in different
regimes.

In Chapter [§, we apply the Lieb-Robinson bounds that we have obtained in
Chapter [7| to crystals of trapped ions and we find that the velocity for the spread
of correlations can be faster than the time scales in the experimental regimes
currently considered [JCPGT13]. We also derive Lieb-Robinson bounds in the
perturbative regime, with slower correlation speeds, and in the impulsive regime,
where the forces act locally on the distant ions for a short interval of time and
the propagation of correlations only depends on the bare propagation of the
phonons and on the efficiency of the spin-boson coupling in correlating spins and
bosons. We obtain the optimal propagation spread in the impulsive regime when
the original Lieb-Robinson bound is saturated. We propose an experimental
scheme to measure retarded correlation functions via the crystal fluorescence,
which allows us to test the Lieb-Robinson bounds that we have derived in the
impulsive regime.

Quantum algorithms for quantum metrology

Entanglement and correlations have given rise to groundbreaking applications in
quantum technologies [OFV10l [Par09], such as quantum key distribution systems
[GTO7] in which entanglement is used to assure the secrecy of keys for crypto-
graphic applications. They have also been used in quantum metrology [LKD02]
to obtain new measurement techniques which improve the precision in compari-
son to classical protocols [CPHHI15]. In this area, our objetive is looking for new
applications of correlations in quantum metrology such as the characterization
and stabilization of a frequency comb.

Objetive 5: Quantum systems may be used as detectors that measure
properties of laser pulses with high precision

In Chapter [0, we propose new quantum algorithms to measure the time correla-
tions which accumulate in a quantum system during its interaction with a train
of laser pulses. Using this idea, we introduce the notion of multipulse quantum
interferometry (MPQI)[CMPGR14], where a single atom or an ensemble of atoms
act as a detector that measures differences between pulses of laser light or specific
properties of the pulses. Afterwards, we show how these algorithms can be used
to characterize and stabilize the train of pulses that form a frequency comb. This
application exhibits a polynomial enhancement over the sensitivity of classical
protocols and could be used to build new time and frequency standards.
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2.3 Overview

This thesis is composed of an abstract in Spanish and in English, and the complete
work in English. The body of the thesis is structured in ten chapters: the first
of them, Chapter [2] is a self-contained introduction and motivation, Chapters
and [4] introduce the required concepts to give context and to successfully navigate
through the rest of the memory. These chapters cover different topics, such as the
principles of quantum mechanics, entanglement theory, tensor network theory or
Lieb-Robinson bounds. Chapters contain the main results of the dissertation
and all of them have an analogous structure comprised of an introduction, the
main results and a conclusion which summarizes the results and presents an
outlook on future lines of research.

More specifically, in chapter 2| we present the purpose, the main results and
the overview of this thesis; this chapter provides the necessary information about
the guidelines of the thesis, the main results and the structure of this work.

Chapters [3] and [] review some background information which will be helpful
to those readers who are unfamiliar with some parts of the field of research. These
chapters provide a unified language and the set of techniques needed to address
the results contained in the body of the thesis. Chapter |3| reviews the basic con-
cepts of quantum mechanics, entanglement theory and entanglement measures.
Later on, we discuss the propagation of information in quantum systems, dwelv-
ing into the famed Lieb-Robinson bounds. Chapter {4 introduces a mathematical
tool which will be used in the body of this thesis to represent quantum many-body
systems: tensors networks and, in particular, matrix product states.

Chapters [f] and [ contain the results related to entanglement and matrix
product states. They concern objectives [1| and [2| and have been published in
Physical Review B 87, 035114 (2013).

Chapters [7] and [§] deal with Lieb Robinson bounds for spin boson lattice
models and its application to trapped ions. We have divided these results into
two different chapters, since we present mathematical results and experimental
implementation proposals. In particular, Chapter [7] addresses objective [3] and
Chapter [§ addresses objective [l The results presented in these chapters have
been published in Physical Review Letters 111, 230404 (2013).

Chapter [9] addresses objetive [l The results contained in this chapter have
been published in Physical Review Letters 112, 073603 (2014).

Finally, in Chapter we present the main conclusions and future lines of
work discussed in each chapter.
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Mathematical Analysis of Universidad Complutense of Madrid, in partial fulfill-
ment of the requirements for the degree of Doctor of Philosophy in Mathematics.
It has been directed by Dr. David Pérez Garcia, Full Professor of Mathematics
at Universidad Complutense of Madrid, and by Dr. Juan José Garcia Ripoll,
Researcher at the Spanish National Research Council (CSIC), for the doctoral
program in Mathematical Research at Universidad Complutense of Madrid.

2.4 Scientific contributions

The results contained in this thesis have been partially published in international
peer-reviewed papers. In particular, three articles have been accepted, corre-

sponding to chapters [3], [0}, [7], [§] and [9

e “Phase stabilization of a frequency comb using multi-pulse quantum in-
terferometry” Andrea Cadarso, Jordi Mur-Petit, Juan José Garcia-Ripoll.
Phys. Rev. Lett 112, 073603 (2014).

e “Lieb-Robinson bounds for spin-boson lattice models and trapped ions” Jo-
hannes Juenemann, Andrea Cadarso, David Pérez-Garcia, Alejandro Ber-
mudez, Juan José Garcia-Ripoll. Phys. Rev. Lett 111, 230404 (2013).

e “Entanglement, fractional magnetization and long-range interactions” An-
drea Cadarso, Mikel Sanz, Michael M. Wolf, J. Ignacio Cirac, David Perez-
Garcia. Phys. Rev. B 87, 035114 (2013).

They have also been presented in several seminars, workshops and conferences
as either a poster or an oral contribution:

e “Lieb-Robinson bounds for spin-boson models and quantum field theories”
1-3 June 2015, Workshop Informacién Cuantica en Espana, EHU-UPV,
Bilbao, Spain. (Oral contribution)

e “Phase stabilization of a frequency comb using Multipulse Quantum Inter-
ferometry” 30 June 2014, Quantum Roundabout, University of Nottingham,
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Entanglement and locality in
quantum many-body systems

In this chapter we present the basic concepts that will be needed in the rest of the
Thesis, regarding the mathematical description of quantum many-body systems,
entanglement and locality. In section we provide the mathematical notation
and background information for quantum many-body systems. Afterwards, in
section [3.2], we introduce the notion of entanglement, probably the most striking
feature of quantum mechanics. In section [3.3] we bring up the idea of locality
and we explain what Lieb-Robinson bounds are. Advanced readers may skip this
chapter.

3.1 Quantum many-body systems

In what follows we define a quantum state as a complete representation of a
quantum physical system. Systems whose state is known exactly correspond to
pure states and they are described by unit vectors in a Hilbert space H, known
as the state space of the system. We use the notation [¢) for the unit vectors in
the Hilbert space H, also known as kets.

A Hilbert space is a vector space endowed with an inner product and complete
(recall that completeness means that every Cauchy sequence in H converges in
‘H with the norm induced by the inner product in ). In the following chapters
we consider that # is a finite dimensional complex vector space, that is, # = C¢.
We define B(H) as the set of (bounded) linear operators acting on B(H). We
consider the set of orthonormal vectors {|i),1 < i < d} as the computational
basis in H = CY where we assume that

mT=110 ... 0 (3.1)
2 =10 1 ... 0
" =1o 0 ... 1
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In this basis we write ket vectors as follows

)T = ¢1[1) + 9a|2) + ... 4 Ya|d) (3.2)
= [v1 w2 ... W (3.3)

The Hermitian transposition of a ket vector |¢) with respect to the computational
basis is called a bra vector (¢|.

(0] = [df{ & ... ¢;;] (3.4)

Bras are linear maps from the Hilbert space H to the complex field C, and we
have the following relation:

(0l(1v)) = (¢l¥) (3.5)

Performing a measurement in the computational basis is done taking into account
that the probability of obtaining a given result is the absolute value squared of
the corresponding vector entry, that is,

Pr(i) = (hilii) = 4], (3.6)

The time evolution of a closed quantum system is described by a unitary trans-
formation. The state of the system [¢),, at a time %, is related to the state of the
system [¢);, at a time ¢; by a unitary operator U which depends only on times
to and ¢ :

|77b>t1 - Uto,t1|¢>to (37)

This statement is roughly equivalent to postulating that the evolution of the
system can be predicted using Schrodinger’s equation

L d[Y)
—=H 3.8
it = H|), (33)
where h is Planck’s constant and H is an Hermitian operator known as the Hamil-

tonian of the closed system.

In physical systems, we are mostly concerned with measuring certain proper-
ties or physical quantities, which can be observed for all the available states. In
particular, we will use a particular case of measurements called projective mea-
surements which are described by the corresponding observable. Observables are
Hermitian linear operators on the state space that is observed [NCI11]. Every
observable O has a spectral decomposition

O=> AunPu, (3.9)
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where P, is the projector onto the eigenspace of O with eigenvalue \,,. The eigen-
values {\,,} of the observables O are the possible outcomes of the measurement
process. Once we measure the state |¢) to obtain the value of an observable O,
the probability of obtaining A, is

Pr(Am) = (Y| Pnlt)). (3.10)

Given that we have obtained \,, as the result of the measurement, then we can
affirm that the state of the quantum system after the measurement is
Pt

[Y') = TP (3.11)

and the average value of the projective measurement is given by

E(O) =) AnPr(Am) = ([0[¢). (3.12)

Sometimes we need to describe quantum systems whose state is not com-
pletely known, such as in a real experiment or in a system not isolated from the
environment. Suppose that the quantum system may be in one of a number of
pure states {|¢;) }; with certain probabilities {p; };, such that |i;) € H, p; > 0 for
all 4 and ), p; = 1. The set {p;, [¢;)} is called an ensemble of pure states. The
density operator of the system p is defined as a convex combination of rank-one
projectors as follows:

p= Zpi|wi><w¢| (3.13)

where p; is a probability distribution, p; > 0 for all 4, > .p; = 1 and [¢;) € H.
The set of density operators or density matrices is denoted as D(H) = {p €
B(H)|p > 0,Trp = 1} C B(H), and it corresponds to the set of bounded linear
positive semi-definite operators with unit trace on the Hilbert space H. In the
computational basis, the elements of D(H) may be written as d X d matrices with
complex elements, M;.4. We note that the description in Eq. of a given
density operator is generally not unique and also that different ensembles may
give rise to the same density operator.

In terms of the density operator description, a pure state can be written as

Py = [) (], (3.14)

where |¢)) € H is a unit vector. Otherwise, we say that the state is in a mixture
of the pure states in the ensemble {p;, |1);)} or that it is a mized state. The rep-
resentation of quantum systems as density operators implies that the calculation
of observables may be carried out as follows

E(O) = Tr [Op] . (3.15)
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The postulates of quantum mechanics may be written equivalently in terms of
state vectors or in terms of density operators. We use one notation or the other
depending on the problem that we need to solve; for instance, density operators
are specially useful in systems whose state is not known, such as in the prepara-
tion of experiments, in systems undergoing dissipation, or in the description of
subsystems of composite quantum systems.

Composite quantum systems which are comprised of subsystems Ay, As, ...,
A, may be represented in a Hilbert space H with a tensor product structure
H=Hi®...®H, where H; is the Hilbert space of the subsystem .

3.2 Entanglement

Correlations among random variables measure the relationships of dependence
that exist between them. For instance, in statistical physics, correlations func-
tions are a measure of the relationship among microscopic variables which are
located either at different spatial or time positions. On the other hand, quantum
many-body systems display a richer correlation structure than classical systems,
since they may exhibit quantum correlations, such as entanglement, apart from
purely classical correlations.

The non-local correlations predicted by quantum mechanics were initially dis-
cussed by Einstein, Podoslky and Rosen in their seminal work of 1935 [EPR35],
in which they conclude that the mere existence of such exotic properties would
necessarily invalidate the completeness of quantum mechanics and its capabil-
ity to successfully describe Nature. However, later that same year, Schrodinger
coined the phenomenon with the German word wverschrankung, which he trans-
lated as entanglement. While rejected and considered unphysical by Einstein,
Schrodinger [Sch35] and Bohr [Boh35] acknowledged entanglement as the defin-
ing trait of quantum theories, which led them to revisit the idea of reality and
the character of physical phenomena. In Schrédinger’s words:

Entanglement is not one but rather the characteristic trait of quantum mechan-
ics, the one that enforces its entire departure from classical lines of thought. |[Sch35]

A very simple case in which we may observe this phenomenon is in a system

composed of two particles A and B of spin %, with possible states either |1) or

|1} . This system is completely described by the singlet state:
1

[VEpR) = 7

(IMa© g —N)da®[Mp). (3.16)

Despite |gpr) being a pure state, the state of any of the two individual
subsystems for particles A and B is random and correlated to the other, which
is reflected in the measurement of any observable on the state. For instance, if
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we measure the spin of any of the two particles independently, we observe that
while any one of them may randomly be either |1), or ||), with probability %,
the other must necessarily point in the opposite direction.

Entanglement and separability of quantum states

Let us consider a bipartite quantum system, that is, a system composed of two
different subsystems A and B described by a Hilbert space H = Ha ® Hp.

Definition 3.1 (Separability of pure states). A pure state |)) € Ha @ Hp is a
separable state if it can be written as a product of pure states

V) = [Ya) ® [¥B), (3.17)
where |a) € Ha and |Yp) € Hp.

Definition 3.2 (Separability of mixed states). A mized state p € D(Ha ® Hp)
is a separable state if it admits a conver decomposition as follows

where pg) € D(Ha) and pg) € D(Hp).

In the multipartite case, we consider the Hilbert space H = H1 ® ... ® H,
where there are many ways of defining separability. Any separable state can be
produced by Local Operations and Classical Communication (LOCC) starting
from a product state [Wer89)

) =[Y1) ®@... & [¢n) (3.19)

that is, they can be created by parties in separate laboratories exchanging only
classical information.

Entangled states are those which are not separable, and deciding whether
a given state is entangled or not, that is, whether it has quantum correlations
or only classical correlations is called the separability problem. The problem of
determining whether a general state p € D(H) is separable or not is not trivial
and, even in the bipartite case, is NP-hard |[Gur03].

If we consider a bipartite system in a Hilbert space H = H4 ® Hp we obtain
the following definitions of entangled states:

Definition 3.3 (Entanglement of pure states). A pure state |¢) € Ha @ Hp is
entangled if and only if it is not separable, that is, if there are no local states
|Va) € Ha and |) € Hp such that the state of the system |¢) can be written
as a product of pure states

) = [¥a) ® |¥B). (3.20)
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The criterion for deciding whether pure states in a bipartite system are en-
tangled or not is quite simple in terms of the Schmidt decomposition [NC11].

Theorem 1 (Schmidt decomposition). Let us suppose that |p) € Ha @ Hp is
a pure state of a composite system, AB. Then there exist orthonormal states
{lia)} € Ha for system A, and orthonormal states {|ig)} € Hp of system B

such that
) = Ailia)lis), (3.21)

where X; are non-negative real numbers satisfying Y, N7 = 1 known as Schmidt
coefficients. If there is no degeneracy, this decomposition is unique up to arbitrary
opposite phases in |ia) and |ig).

Definition 3.4 (Schmidt rank). The Schmidt rank, r(|1)), is defined as the
number of non-vanishing Schmidt coefficients.

Taking into account the notion of Schmidt decomposition and the definition
of Schmidt rank, we obtain the following criterion of separability for pure states:

Proposition 1. A bipartite pure state ) € H is separable if and only if it has
Schmidt rank one, r(|1)) = 1.

Proposition (1] readily implies that a bipartite pure state is entangled if and
only if 7(|))) > 1. In the mixed case, there exists an analogous definition of
entangled states. However, it is not as simple to find a criterium to determine
whether a given bipartite mixed state is separable.

Definition 3.5 (Entanglement of mixed states). A mized state p € D(Ha &
Hp) is entangled if and only if it is not separable, that is, if there is no convex
decomposition such that

p=2_pi @0, Y pi=1,pi 20, (3.22)
where pfj) € D(H,) and p%) € D(Hp).

The Schmidt decomposition may be generalized to mixed states, giving rise

to the Schmidt number of a mixed state, s, [THO0],
s = inf maxr(|y; 3.23
{pilvi)ys i (I92) (3.23)
using the convex roof extension. From Eq. we observe that the Schmidt
number of the mixed state p is the minimum over all ensembles that generate
p of the maximal Schmidt rank of the pure states in the ensemble. We obtain

an analogous criterium of separability for mixed states in terms of the Schmidt
number:
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Proposition 2. A bipartite mized state p € D(Hao® Hpg) is separable if and only
if it has Schmidt rank one, s(p) = 1.

The question of separability of mixed states is generally quite complex, al-
though there are several operational criteria to test this property in certain cases
[HHHHO09], such as the positive partial transpose (PPT) criterion [Per96], separa-
bility via positive (but not c¢.p.) maps [HHH96] or criteria based on entanglement
witnesses [HHH9G6, [Ter00].

Entanglement measures

The measurement and quantification of entanglement is a very relevant prob-
lem in quantum information. In order to approach it, we introduce the idea of
entanglement measure:

Definition 3.6 (Entanglement (monotone) measure). An entanglement (mono-
tone) measure over the set of pure states of a quantum system Hi ® ... ® H,, is
a nonnegative real-valued function

E:Hi®...9H, —R" (3.24)

which s zero for separable states and cannot increase under local operations and
classical communication (LOCC).

The definition of entanglement measure can be immediately extended to mixed
states simply by changing the domain of the function E, that is,

Definition 3.7 (Entanglement (monotone) measure). An entanglement (mono-
tone) measure over the set of mized states of a quantum system D(H1®...QH.,)
s a nonnegative real-valued function

F:DH,®...@H,) - R" (3.25)

which is zero for separable states and cannot increase under local operations and
classical communication (LOCC).

The entanglement of a pure bipartite state |¢)) € H4®Hp can be measured by
the entropy of entanglement E(|¢))), which represents the amount of uncertainty
present in any of the subsystems A or B. For a pure bipartite state which can be
written as

) =D pilva) @ V), (3.26)
its entropy of entanglement is
E([¢)) = S(pa) = S(ps) (3.27)
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and it may be computed as the entropy of any of the subystems considered alone,
where py = Trp [¢) (] is the reduced density matrix for system A, after tracing
over the degrees of freedom of system B, pp = Tra|¢) (¢| and S(p) is the von
Neumann entropy [Sha4§].

Definition 3.8 (Von Neumann entropy of quantum states [Sha48|). Let p € B(H)
be a density matriz, the von Neumann entropy is defined as

S(p) == —Tr(plog, p). (3.28)

If we consider {A}? , the eigenvalues of the density matrix p, then the von
Neumann entropy can be computed taking into account that

S(p) ==Y _(Ailogy \y). (3.29)
Note that if p4 and pp describe pure states then E(|¢)) = S(pa) = S(pg) = 0.

Another measure of entanglement comes from the Renyi entropy of order «, where
a>0and a#1:

Definition 3.9 (Renyi entropy of a probability distribution [Rén61]). Let P =
(p1,02, - -+, pn) be a finite discrete probability distribution, « > 0 and « # 1, then
the Renyi entropy of order a of the distribution P is defined as

1 -«

1 n
H,(P) := log > _ pf. (3.30)
=1

The corresponding entropy of entanglement is written as

Ea(W>) = Sa(pA) = Sa(pB) (331)
where S, (p) is the a—Renyi entropy of the density matrix p.

Definition 3.10 (a—Renyi entropy of quantum states). Let p € B(H) be a
density matriz, the a— Renyi entropy is defined as

Salp) =

— log Tr(p®) . (3.32)

Let P" = {A}, be the eigenvalues of the density matrix p, then the a—Renyi
entropy can be computed as follows

1 n
Sa(p) = Ho (P = 1 A 3.33
(0) = HalP) = 1 log 3 (333)

For both pure states and mixed states there are other measures of entan-
glement, and the choice of one measure over the rest depends on the specific
application. See Refs. [PV05, [HHHHO09] for a review of entanglement measures
and entanglement theory.
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3.3 Locality and propagation of correlations.
Lieb-Robinson bounds.

Many of the quantum systems that we are interested in are governed by Hamilto-
nians (see Eq. [3.8)) with local interactions on a lattice. We follow an approach very
similiar to the works of B. Nachtergaele et al. [NOS06, INS06, INS10al INS10b]; we
define a lattice as an undirected graph G = (E, L) with a set of vertices L, where
the physical degrees of freedom are defined, and an edge set E, which describes
neighbourhood relations in the lattice. We consider a metric d : L x L — R
such that for z,y € L, d(x,y) it represents the distance between the subsystems
which are located in vertices x and y. We associate a Hilbert space H, to each
x € L and the bounded linear operators over the Hilbert space H, are given
by B(H,). For any finite set A, the Hilbert space of the subsystems is given by
Ha = ®zeaH, and the algebra of observables is Ay = ®,caB(H,). We identify
A e Ay with A® 1 € Ap which implies that Ay, C Aj. If we consider an increas-
ing sequence of finite subsets {A,,},, C L, the algebra of local observables is given
by the inductive limit A, = U,Ay,. We define the support of an observable
A € Ay, as the minimal set A C L such that A belongs to the subalgebra Aj,,
that is, A = A" ® 1 with A’ € A,.

The local Hamiltonians for these systems are defined in terms of interactions.
The global Hamiltonian is generally denoted using an uppercase letter H, and
interactions are mappings h from the set of finite subsets of L into A, such that
for each finite X C L,

h} = hx € Ax. (334)

where the subscript indicates the sites the local Hamiltonian h acts on non-
trivially and each hx can be identified with hx ® 17\ x € Aj,e. For subsets that
contain a single vertex of the graph, i.e. X = {x}, the mapping h is called an
on-site interaction whereas, when this is not the case, the mapping A is called a
local interaction. A local (finite-range) Hamiltonian H on the finite set A C L is

defined as
H=Y hx. (3.35)

A simple one-dimensional Hamiltonian with this structure is the Ising Hamilto-
nian with a transverse magnetic field

Hywg = —J Y ofoly, —h)> of, (3.36)

which is written as a sum of nearest-neighbour interactions and on-site interac-
tions.
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For local Hamiltonian H, the Heisenberg dynamics are well-defined and the
time evolution of an observable A € A,.. can be written as

A(t) = e Ae=HA (3.37)
and forms a group of automorphisms.

If the set L is infinite, we must assume that there is a non-increasing, real-
valued function F' : [0,00) — (0,00), with the following properties [NSI0al,
NS10bl, NRSS09]:

1. F must be uniformly integrable over L :

1] ZilellzZF(d($,y)) < 0. (3.38)

yeL

2. F must have the convolution property, that is, there exists a number C' > 0
such that for any pair z,y € L,

Z F(d(z,2))F(d(z,y) < CF(d(z,y)) . (3.39)

z€L

We can assume that C' = 1 without loss of generality simply by replacing
F by C7'F.

Proposition 3 ([NOS06, NS10b]). If there exists a function F' on L satisfying i)
and 1), then for any p > 0, the function F,, defined by setting F,(r) = e " F(r)
also satisfies 1) and i) with ||[F,|| < ||F|| and C, < C.

Theorem 2 (Lieb-Robinson bounds [NOS06, NS10b|). For any u > 0, we denote
by B,(L) the set of interactions h for which

1
|l = sup ——— lhx| < 0. (3.40)
g z,yel’ Fﬂ(d('xay» XCZF:
z,yeX

If h € B,(I'), then a Lieb-Robinson bound of the form

IEA@), BO)I < 2| AIIBIIC, " (Mt —1) Y 7S " Fu(d(z,y))  (3.41)

zeX yeYy

holds for all A€ Ax, B€ Ay, XNY =0, and t € R.

If 4 > 0, then the double sum that appears in [2| can be bounded by an
exponentially decaying factor C| F|le #4XY) which gives rise to the following

version of the bound [NOS06, INS10b]:
I[A®), BO)]] < 2||A|l]| B||Ce @12, (3.42)
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In this case, v = 2u~'C,||h||, is the Lieb-Robinson velocity and we can take
C = C'min(|X|,|Y]) or, in the case of interactions of finite range R,

C = RC,' min(|0X], |0Y) (3.43)

where |0Z] is the size of the boundary of Z.

As we haven seen in Eq. the locality of the interactions in the Hamil-
tonian, under certain additional conditions, gives rise to the existence of an
upper bound for the speed of propagation of excitations and an effective light
cone with exponentially decaying tails. In 1972, Lieb and Robinson proved a
slightly weaker form of Theorem 2| concluding that there exists a bound on the
group velocity in quantum spin dynamics generated by a short-range Hamilto-
nian [LR72]. This result has been generalized to many other physical setups,
such as finite-dimensional models, anharmonic oscillators or master equations

[HK06, NOS06, [CSE0S, NRSS09, Poul0].

Lieb-Robinson bounds imply that non-relativistic quantum many-body sys-
tems, under certain conditions, show a causal structure analogous to relativistic
quantum field theories. On the other hand, Lieb-Robinson bounds are a funda-
mental technique to prove the existence of relevant properties in quantum many-
body systems, such as the exponential decay of correlations in the ground-state
of gapped local Hamiltonians [HKO6] or the scaling area laws for entanglement
entropy [Has07al [ECP10].
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Tensor Network States

In this chapter we present the basic notions that we will use in the rest of the
Thesis, concerning matrix product states, matrix product density operators and
numerical methods which exploit these representations. In Section we intro-
duce the concept of matrix product states and we state some of the most relevant
results based on the MPS theory. Then, in Section [4.2] we extend the concept
of tensor networks to mixed states through matrix product density operators
and purifications. In Section [4.3] we present several numerical methods which
use matrix product states and matrix product density operators to calculate the
evolution in real time and in imaginary time of pure states and of mixed states.
Advanced readers may skip this chapter.

4.1 Matrix product states

As we have already discussed in Chapter [3] pure states of N particles, each of
them corresponding to a d—dimensional Hilbert space, can be described as vectors
in a complex Hilbert space, using the notation |¢) € C®¢" . The matrix product
state representation [FENW92, PGVWCOQT7] of a one-dimensional system of size N
may be written as follows

d
= 3 e [alal Al i) (4.1)

i1,ein=1

where d is the dimension of the Hilbert space corresponding to the physical
system, {Ag}}j C Mp,xp,,, are matrices associated to the site j of the one-
dimensional system. We consider that |iq,...,ix) = |i1) ® ... ® |ix) and [i,) are
the elements of the computational basis. In Eq. [£.1] |¢) is not necessarily normal-
ized and it is important to note that the MPS representation is not unique. This
class of states offers a local description of quantum states, since every state can
be represented as a matrix product state if each bond dimension Dy, is sufficiently
large. Nevertheless, once we fix the bond dimension of the state, it is only nec-
essary to use a polynomial number of parameters to describe the state, in sharp
contrast to the exponential growth of the underlying Hilbert space. Generally,
we consider quantum states to be matrix product states if they have a matrix
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) Scalar b) Vector ) Matrix d) Rank-3 tensor

I—I—I——F—

Figure 4.1: Tensor networks have a simple diagrammatic representation. In these
pictures: (a) is a scalar, (b) is a vector, (c) is a matrix and (d) is a rank-3 tensor.

a) U1 U2

b) A
Figure 4.2: Tensor networks diagrams can represent tensor operations in a visual

and simple way. In these pictures: (a) is a vector product, (b) is a matrix product,
(c) is the trace of the product of four matrices.

c) A Ay Az Ay

product state representation with a small bond dimension D = max; D, which
does not grow with the system size N.

Tensor networks and, in particular, MPS can be represented graphically using
tensor network diagrams. In these diagrams, a square depicts a tensor, lines (legs)
which emerge from the squares represent the indices in the tensors. Lines that
connect the squares among each other represent contraction rules between the
tensors and unconnected lines which emerge from squares represent open indices
in the tensor network (see Fig. [4.1)).

Calculations involving tensor networks can be translated to tensor network
diagrams, which allow to handle complicated algebraic manipulations in a much
more visual way. Some examples of the diagrams for calculations are represented
in Fig. such as the vector product, the matrix product or the trace of the
product of several matrices. See Ref. for a review of tensor networks and
the diagrammatic notation.
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Real spin S =1

— Y —>

4]
:

Singlet pair

Projection into symmetric space | T — [41)

V2

Figure 4.3: Diagram of the construction of the AKLT model using the Valence
Bond State (VBS) picture. This construction relies on partial projections on
bipartite singlets.

Matrix product states and the AKLT model

The AKLT model was proposed by Afflect, Kennedy, Lieb and Tasaki in 1972
[AKLTST, [AKLTSS] as a representation of an antiferromagnetic spin-1 chain with
quantum fluctuations. This model has an exact solution and it is possible to prove
the existence of a Haldane gap rigorously. We will revisit the construction of the
AKLT ground state as a paradigmatic example of matrix product states. In
fact, the main objetive of the original paper on matrix product states by Fannes,
Nachtergaele and Werner [FNW92] was extending the valence bond picture of the
AKLT model to the largest possible family of states.

The AKLT Hamiltonian represents an isotropic one-dimensional spin chain, it
is gapped, it has a unique ground state in the thermodynamic limit, a continuous
SO(3) symmetry and an exponential decay of the correlation functions in the
ground state. It can be written as follows

1o = 172 = N2 1
H= [—SZ-~SZ-+1+—<Si~SM) +—1. (4.2)

In order to find its ground state, we consider a spin-1 chain of N particles,
and we associate two virtual spin—% to each site of the chain. A spin-1 can be
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interpreted as the symmetric part of the tensor product of two spin—%, so we will
use this observation to construct a state in the so-called valence bond picture.
The state is constructed by creating a singlet between a virtual spin—% from site
i and a virtual spin-3 from site i + 1, and symmetrizing the two virtual spin-3 in
each site to obtain a spin-1 afterwards, as shown in Fig. |4.3] That is, two spin—%
form a singlet state on neighbouring sites:

1) — |¢T>7 (4.3)

V2
and the entangled bond state at a given site is identified with a pair of spin—%
which has been symmetrized

08 =

s = —
avﬁ \/§
where a, 5 € {1, ]} and clearly s, 5) and |sg ) give rise to the same state. We can
associate an orthonormal basis of the real space of spin-1 particles to the virtual

space of the singlet states generated by the product of virtual spin—% particles,
simply by identifying

(l)15) + 16)|a)) (4.4)

o lsa)
+1) = S, (45)
0) = Isu) = lspad = —= (114) + 1), (4.6)
1y = Bed gy (47)

V2

We will show that for a chain of length /N this state can be written as a matrix
product state with bond dimension D = 2 as follows [Sch11]

) =" cap [ab), (4.8)

where |a) = |a; ... ay) represents the first spin-3 particle of each site and [b) =
|by ... by) represents the second spin—% particle. The singlet state which connects
the sites 7 and 7 + 1 can be represented as

|¢m> Z ngiai+1 |b%> |ai+1> (49)
bia;i1
where é corresponds to the matrix

b= (4.10)

g ©
> &
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and the state which has singlet bonds in all the sites and periodic boundary
conditions can be written as

= Z Z Qf;bla2ng2a3 st ngNflangbNal |ab> . (4'11)
a b

On the other hand, a state with open boundary conditions can be represented as

- Z Z nglmngzas s ¢EbN—1aN |ab> . (4.12)
a b

We consider the following mapping from the state to the real spin-1 Hilbert
space {|o)}

A= Y0 Y MM MY, o) (abl (4.13)
ce{-1,0,+1} ab
where
10 0o L 0 0
M+ = ) MO - 1 \/5 9 Mﬁ - (414)
00 % 0 0 1

Let us apply the mapping A to the state |¢)4) , so that we obtain

|¥) Althg) (4.15)
= Z Z a1b1¢b1a2 g;b2¢b2a3 s QSbN—laNMngNgbbNal ‘O-> (4'16)

- Ztr (Mg;bl OMZ .. MY, ) o) (4.17)

If we denote A7 = M "gb, then the AKLT ground state can be written as an MPS
as follows

[YakLT) = Ztr (A‘”A”Q . A"N> o), (4.18)
where
. 0 L . -1 . 0 0
At = V2l A= |2 A= 1 . (4.19)
0 0 0 1 -5 0

As we can see in Eq. [£.18] the ground state of the AKLT Hamiltonian can
be written as an exact matrix product state. Some other states which can be
represented as MPS are cluster states [BRO1], W-states and GHZ-states [GHZ89).
However, these are very special cases since it is generally not possible to write
the ground state of a Hamiltonian as a matrix product state and we normally
construct them as an approximation or through a numerical method, for instance,
to compute time evolution (see Section [4.3).
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Figure 4.4: In these pictures: (a) represents an MPS with periodic boundary con-
ditions and three sites and (b) represents an MPS with open boundary conditions
and three sites.

Boundary conditions and canonical form

Given a quantum state |¢) in terms of an MPS with open boundary conditions,
there is a choice of tensors called canonical form of the MPS, which is very

convenient. The canonical form depends on the boundary conditions, which can
be open boundary (OBC) or periodic boundary (PBC).

An MPS has open boundary conditions (OBC) if the first and last matrices
are vectors, that is, if it can written as

d
)y = > teAl AT AN AN i) (4.20)
where AE-::] are D,, X D,,.1 matrices and D; = Dy,; = 1 (see Fig. ) If we
can find D = max,, D,,, then the MPS has bond dimension D. We can obtain
the canonical form for an MPS with open boundary conditions as explained in
the following theorem.

Theorem 3 (Canonical form of an MPS-OBC [PGVWCOT]). Any state |¢) €
(CH®N may be described as an MPS with open boundary conditions of the form
Eq. with bond dimension D < D < d™N/2 and

1.3, Agm]AEmH = 1p,, foralll1<m < N.
2.5 AEmHA[m*”AEm] =AM for all1 <m < N,

3. A = AINT = 1 and each A™ is a D1 X Dyiq diagonal matriz which is
positive, full rank and with Tr[A™] = 1.

Nevertheless, if all the matrices which compose the MPS in Eq. are iden-
tical (i.e. A™ = A4;) then the state is translationally invariant (TI) with periodic
boundary conditions (see Fig. [4.4]). The reciprocal statement is also true, that
is, every translationally invariant state has an MPS representation using a trans-
lationally invariant MPS.
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Theorem 4 (Representation of an MPS-PBC with site-independent matrices
[PGVWCOT]). A translational invariant pure state with periodic boundary condi-
tions on a finite chain has an MPS representation with site-independent matrices
A" = A, that s,

|¢> = Z tr(AilAiz---AiN)|i17---aiN> (421)
01yt N=1

If we start from an OBC MPS representation, in general one has to increase the
bond dimension from D to ND to get site-independent matrices.

Injectivity is a relevant property of MPS and it means that for regions larger
than a given length, different boundary conditions give rise to different states.
The characterization of injectivity may be done as follows:

Definition 4.1 (Injective MPS [PGVWCOQT]). An MPS |¢)) defined by the set of
Kraus operators {A; € Mp}e, is called injective if there exists an L such that
for regions of size L or larger, different boundary conditions give rise to different

states; that is, if and only if the map T'(X) : Mp — (Cd)®N

D(X)= Y tr[XAy - Ay]lir---ip) (4.22)

i1,esir,

1§ an injective map.

There is a relation between the concept of injectivity and the canonical form
of an MPS [PGVWCQT], since injectivity is equivalent to the fact that, after a
suitable transformation of the form A; — X A4; X!, one obtains a canonical form
fulfilling the following conditions:

1LY AA =1
2. >, AIA 4A; = A4 for a diagonal positive full rank matrix Ay
3. the cp map E4 defined as

Ea(X) =) AiXA (4.23)
has 1 as its unique non-degenerate eigenvalue of maximal modulus.

This canonical form is unique in the following sense:

Proposition 4 (Relation between different canonical representations of an injec-
tive MPS [PGVWCOT]). If A and B are matrices giving rise to different canonical
representations of the same injective MPS, then they must be related by a unitary
U according to e’ A; = UB;U'.
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Non-injective MPS also possess a canonical form where the matrices are block-
diagonal and the cp map associated to each block verifies conditions (1), (2) and
(3) above, except for the existence of other eigenvalues of modulus 1.

Parent Hamiltonian and energy gap

In this section we will consider translationally invariant local Hamiltonians (see
Egs. [3.35} [3.8)), that is, Hamiltonians defined as a sum of local terms correspond-
ing to local interactions,

H=> hx (4.24)

where X is the set in which the mapping h acts on non-trivially.

A very relevant concept in MPS theory is the notion of parent Hamiltonian, a
local translationally invariant Hamiltonian which can be constructed from a given
MPS and such that the MPS is the ground state of the parent Hamiltonian. We
will now state the rigorous definitions for the concepts of parent Hamiltonian,
local interaction, frustration-free Hamiltonian and energy gap.

Definition 4.2 (PBC translation operator). The translation operator with peri-
odic boundary conditions, T, is defined as

T (O 12:) = O it (4.25)
where we have identified sites 1 and N + 1.

Definition 4.3 (Parent Hamiltonian). Let |¢) be a translationally invariant MPS
of N particles, and p™ its reduced density matrix for n < N particles. Let
{lvi)}i_y,m > 1 be an orthonormal basis for Ker|[p"|. If we consider any posi-
tive linear combination of projectors {|v;)(vi|}i_, , we can construct the following
operator for local interactions

(@) = Z a;|v;) (v (4.26)

with @ = (ay,...,a,) and a; > 0. Let T be the translation operator with periodic
boundary conditions, as in Fq. then the parent Hamiltonian is defined as

H=> n(h)ol (4.27)

Note that Ker|h] corresponds with the support of p™. The interaction length of the
parent Hamiltonian is n, the number of particles in the support of p™.
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4.1. Matrix product states

Definition 4.4 (L-local Hamiltonian). Let us consider a translationally invariant
Hamiltonian on a ring of N d—dimensional quantum systems

H= Z 7 (h) (4.28)

where T 1s the translation operator with periodic boundary conditions, as in Fq.
[4.25. The interaction is L— local if h acts non-trivially only on L—neighbouring
sites.

Definition 4.5 (Frustration-free Hamiltonian). Let us consider a translationally
wmwvariant n-local Hamiltonian on a ring of N d—dimensional quantum systems,
as in Eq. [£.28, We say that H is frustration-free with respect to its ground state
|10), if the ground state minimizes the energy locally, that is, if

(ol Hltbo) = inf (¥l H 1) = N inf (011 1]0). (1.29)

Definition 4.6 (Energy gap of a Hamiltonian). Let us consider a Hamiltonian
H with a one-dimensional ground space, with eigenvalues {\;};, and such that
Ao < A1, ... then the energy gap between the ground space and the first excited
state s

€) = /\1 - /\0. (430)

Lemma 1 (Energy gap of a Hamiltonian). Let H be a Hamitonian with a one-
dimensional ground space and with ground state energy Ao = 0. Then, the energy
gap above the ground space €y s the largest constant v such that

H? > ~vH, (4.31)
that is, €o = sup, {y|H*> — vH > 0}.

Theorem 5 (Injectivity implies the existence of an energy gap [FNWO92]). Let us
consider the parent Hamiltonian H of a translationally invariant injective MPS
|Y) of N particles, such that H|y) = 0. Then the energy gap of the Hamiltonian,
€9, 1S positive.

As we have seen in Eq. any matrix product state |1)) can be regarded as
the ground state of a local Hamiltonian. However, the reciprocal question is far
from answered, that is, the precise set conditions under which the ground state
of a local Hamiltonian is a matrix product state has not been characterized yet.
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4. TENSOR NETWORK STATES

4.2 Matrix product density operators

In analogy to pure states, the representation of mixed states requires an exponen-
tial number of coefficients. However, it is possible to put forward a parametriza-
tion of the state, called matrix product density operator (MPDO) [VGRC04],
which allows to use a polynomial number of coefficients in the representation of
the state as follows

d
1 2 N . . . .
o= ¥ tr[Mi[l}i,lMi[Q}i,2. MM, T, i), i (4.32)

=,
115N T 5oty =1

where M* ],k is a D} x D, matrix associated to the site k and the basis states
lix) and |z k), and d is the dimension of the Hilbert state corresponding to the
physical system.

For a given mixed state we may associate a pure state called purification
INC11l, VGRC04], which we present in the following definition.

Definition 4.7 (Purification of a mixed state [VGRC04]). Let pa € D(Ha) be

a mized state, then it is possible to introduce a reference system Hgr and a pure
state in the joint system |Yag) € Ha ® Hr such that

pa = Trg (|ar) (Yar|) (4.33)

For a given mixed state p it is clear that there exists an infinite number
of possible purifications, which hinders the characterization of the state using
purifications. Let us consider the class of mixed states p for which the purification
can be represented as an MPS,

d,dy
|¢> - Z (AE alAz[z,az s A'E]]\\Z aN>|lla17 <o ’iNaN> (434)

where |ay) is the ancillary state of physical dimension dj, associated to the physical
system |ix) . In this case, the ancillary systems constitute the reference system
R € Hir and the MPDO p is obtained after tracing over the ancillary systems,

p = Tra|) (Y] (4.35)

The matrices of the MPDO (see Eq. [4.32 Mz[k]Z ., may be computed from the
purified state taking into account that

ZAEZ, @Ay (4.36)
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4.3. Numerical methods using tensor networks

The ancillary matrices Ai] ., can also be recovered from the matrices M i[k }i/k using
an eigenvalue decomposition.

However, for an arbitrary mixed state p that has a representation as an MPDO
with bond dimension D given by Eq. [£.32 is it generally not possible to give
an upper-bound for the bond dimension of its local purification form [DSPGCI3]
which means that the local purification may be considerably more costly to com-
pute than the MPDO. In addition to this, it is not always possible to obtain
a purification for a given matrix product density operator. As proven in Ref.
[DCCT16], there are mixed states which may be written as a translationally in-
variant matrix product density operators for all system sizes and such that it
is not possible to find a translational invariant purification for all system sizes.
However, some constructive methods to obtain purifications have been developed
(see Ref. [DSPGC13]) which suggest that under certain conditions it is possible
to obtain a purification for a given matrix product density operator.

4.3 Numerical methods using tensor networks

Matrix product states give rise to several numerical methods to simulate quantum
many-body systems and analyse their properties, such as their ground state or
their time evolution. In this section, we will explain two of the most established
numerical methods to find the ground state of a system, namely the variational
method and the imaginary time evolution method. After introducing these tech-
niques, we will address the time evolution of mixed states using matrix product
density operators.

Variational optimization

One of the most powerful methods for the study of one-dimensional strongly
interacting systems is the DMRG [Whi92) (Whi93, [WE04], an iterative variational
method initially conceived to study ground-state properties. This method can be
reformulated in terms of matrix product states and, in this case, the objetive in
the DMRG method is finding the matrices of an MPS for a given bond dimension
D such that the energy is minimized [Sch11].

Let H be the local Hamiltonian of the system that we are interested in study-
ing with ground state energy Ey. Then, for a given quantum state [¢) it holds

that

(V1)

The minimization problem of finding the matrices of an MPS with bond di-
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4. TENSOR NETWORK STATES

mension D such that the energy is minimized is then

ﬁ;% ((mps| H |1) — v (mps|mps)) , (4.38)

where v is the Lagrange multiplier and we may add the constraint that ¢\ps has
norm 1. If the method converges to the absolute minimum, we expect {\ps to be
the ground state of the Hamiltonian H and =, its ground state energy.

In order to minimize Eq. we start by minimizing with respect to a given
tensor fixing the rest of the tensors in the chain. Once this is done, we will repeat
the same procedure for the next tensor of the chain. We sweep over each tensor
of the chain, starting from the first one to the last one and we repeat this method
several times until we reach convergence to the minimum of the expectation value.

When we minimize with respect to one tensor A, whose coefficients are the
parameters in the optimization, we must fix the rest of the tensors which define
the state. The minimization can be written as

—

min (] H [0) =5 (¢[6)) = min (A Heed — 7 ANA) . (4.39)

In Eq. , A is the tensor A written as a vector, Hg is an effective Hamil-
tonian which corresponds to the MPS for (| H |¢) without the tensors A and
A*  and N is a normalization matrix which corresponds to (¢|¢)) without ten-
sors A and A* [Schlll [Ori14]. The minimization is achieved when the following
derivative is zero,

0 /o
= (ATHeﬁA . VATNA) —0, (4.40)

which gives rise to an eigenvalue problem
HegA = yNA . (4.41)

This eigenvalue problem can be solved numerically using linear algebra methods
and both H.g and N can be computed exactly using tensor networks.

Imaginary time evolution

The time-evolving block decimation (TEBD) is another method which is widely
used to study the time evolution of one-dimensional systems [Vid03, Vid04!
WEF04, DKSV04]. The evolution in imaginary time of a system consists in evolv-
ing an initial state |¢)(0)) in imaginary time with the Hamiltonian of the system
H as follows

(7)) = e [1(0)) (4.42)
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4.3. Numerical methods using tensor networks

where 7 = it is the imaginary time. After performing the imaginary time evolu-
tion, we would expect the initial state to converge to the ground state |igs) of
the system,

e o)
= lim
Ves) = B T e

if the Hamiltonian of the system is gapped and the initial quantum state [1(0))
fulfills that ((0)]¢as) # 0.

In order to implement the evolution in imaginary time for an MPS we must
discretize the time period and also split the imaginary-time evolution operator
into imaginary-time steps,

(4.43)

e = (7)™, (4.44)

where m = 7/07 > 1. We compute the evolution operator using a Suzuki-
Trotter expansion [HS05], in which the Hamiltonian is decomposed into a sum
and the evolution operator is split into a product of exponentials. For instance,
let us assume that the Hamiltonian H is a nearest-neighbor interaction, then

H = Z hi,i+17 H = Heven + Hodd (445>

Hewen = Y hoois1, Hoaq = Y hot—1.2, (4.46)
K K

Taking this into account, we may approximate the time evolution to first order
in d7 using a first-order Suzuki-Trotter expansion [HS05]

U(67) = e 0TH ag g 0T Heveng=0THoaa 1 O(§72). (4.47)

We may also consider a Suzuki-Trotter expansion of higher order in case it is
necessary to reduce the error associated to this approximation, such as

ef&rH ~ e*%Hcvcnef(sTHodde*%Hcvcn + 0(67—3) (448)

Both operators e 0 Heven and e~07Heven can be written as tensor products, since
all the terms which compose each Hamiltonian commute, that is

e~ 0T Heven _ ® e~ 0mhak 21 (4.49)
k

e—é‘rHodd _ ® 6*57h2k71,2k (450)
k

and each e 9".i+1 can be represented as an MPO [Sch11].

Therefore, the imaginary-time evolution operator can be approximated using
m > 1 repetitions of the operator U(d7) on an initial MPS. There are several
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4. TENSOR NETWORK STATES

possible ways to apply the previous operator to a given MPS, such as performing
an infinitesimal evolution and truncating the state afterwards. We start by ap-
plying the operator U(d7) on a given MPS |¢)) with bond dimension D, obtaining
a new MPS

[¢) = U(o7) |4) (4.51)

with bond dimension D > D. Once we have the state |{/;> with bond dimension
D, we approximate it using a new MPS [¢’) with bond dimension D. This
approximation can be addressed minimizing error in squared distance
~ 12
Ekror::‘h¢/>-y¢>]]. (4.52)
This minimization is done again using the strategy that we introduced in the
previous subsection, that is, fixing all the tensors in |¢) except for a certain
tensor A and then sweeping over each tensor in the state. The minimization over
the tensor A is then

%QW04@W:QPQMM—ﬂM—Mw+Q, (4.53)

where A is the vectorization of tensor A, N is normalization matrix that we
introduced in Eq. 1) M is a vector corresponding to the environment of tensor

Ain (/|1), and ¢ = (¥|) is a scalar. The minimization can be written as follows

o (/YW%T—/YTM—MUH c) ~0, (4.54)
OAT

which implies that
NA=M. (4.55)

The previous expression is a linear system of equations for the components of
A. This system can be solved taking into account that

A=N"'M (4.56)
and this is easily done for small bond dimensions D.

The TEBD method is very useful to simulate a wide range of systems, how-
ever, its practical application depends heavily on how well it converges despite
of the potencial sources of error, such as the truncation step after performing an
infinitesimal time evolution. It would relevant to obtain rigorous mathematical
criteria to prove the efficiency and stability of these methods. We have addressed
this question in the course of this thesis as we mention in the outlook of Chapter
0l
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4.3. Numerical methods using tensor networks

Simulation of the time evolution for mixed states

If instead of considering a one-dimensional pure state we need to study the prop-
erties of a mixed state, such as its time evolution in real or in imaginary time,
we may explore the numerical methods for matrix product density operators
[VGRC04].

Let us start from a purified MPS [¢(0)) of the mixed state, then we may
compute the next purification [)(At)) exactly using the infinitesimal evolution
that was put forward in Eq. [£.51] We generally find that the bond dimension of
the state |t)(At)) increases so we need to truncate the state, finding another MPS
of a lower or equal bond dimension which approximates |¢(At)) well enough.
We compute the approximation for a given bond dimension D minimizing the
squared distance between the original MPS and the approximation as in Eq.
[4.52] As we already explained in the previous subsection, the truncation method
is iterative and it is based on several sweeps as in the DMRG method. Once we
find the truncated purification, we take it as our next initial state and we repeat
the infinitesimal evolution and the truncation until we reach convergence. Once
we finish, the purification can be used to construct the matrix product density
operator simply by tracing over the ancillary systems.

This method to simulate the time evolution of mixed states is based on the
assumption that there exists a purification of the mixed state in study with a given
bond dimension, but this is not always the case, as shown in Refs. [DSPGCI3]
KGE14, DCC™16]. Several proposals to obtain a purification from a certain
matrix product density operator have been set forth [DSPGCI3|] but there is a
lack of efficient numerical methods to obtain an approximate purification when
the system size increases. We have addressed this problem in the course of this
thesis and we mention further ideas in this direction in the outlook of Chapter [0
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Entanglement and fractional
magnetization

5.1 Introduction

Entanglement plays a central role in many-body quantum systems as it can be
used to understand the structure of the quantum states that appear in nature. In
systems governed by short-range interactions, low energy states possess very little
entanglement. In contrast, states evolved after quenches display large amounts
of entanglement. These different behaviors, which are supported by abundant
numerical evidence, have been recently established on solid grounds in one spatial
dimension [Carlll, [Sre93, [ECP10]. Nevertheless, apart from these cases, there
exists practically no other physical situation where the existence of large or small
amounts of entanglement can be rigorously established.

In this chapter, we explore an application of Matrix Product States [FNW92,
PGVWC07] to the foundations of quantum magnetism in spin systems as well
as to the quantification of entanglement. We establish a relationship between
the fractionalization of a state’s magnetization and the entanglement between
two disjoint regions of such a state, and we find that the more fractional the
magnetization of the state, the larger the expected entanglement.

5.2 Fractional magnetization in spin chains

Fractionalization is a striking phenomenon that arises whenever certain observ-
ables, which are expected to take integer expectation values, appear to be fractional-
valued instead. The most prominent example of such behavior is the celebrated
fractional quantum Hall effect [STG99, TSG82), Lau83] which occurs in certain
setups when a two-dimensional electron gas is exposed to a very low temperature
and a very high magnetic field. Under these conditions, the Hall conductance is
quantized and it may display fractional values of %, where e is the charge of the
electron and h is Planck’s constant (see Figure [6.1).

Fractionalization has attracted a lot of attention in the last years, since it
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Figure 5.1: This picture shows the results from the original fractional quantum
Hall effect experiment, carried out by D. C. Tsui, H. L. Stormer, and A. C.
Gossard. In this graph, the Hall resistence has a plateau of p,, = i—’; when the
filling factor is 3 and at low temperatures (7' < 5K). (Source: [TSG82], p. 2).

has shown to be connected to most of the fundamental concepts in condensed
matter physics, as conductivity, topological order, degeneracy or criticality. Be-
cause of this, it has been extensively studied in many systems, including spin
chains J[OYA97, [Hid94], where the magnetization per particle is fractionalized as
a function of the external magnetic field.

Fractional magnetization in a spin chain occurs whenever we have a U(1)
symmetry, in our case, generated by an operator .J,, and the expectation value of
the generator m = (J,) /N, the magnetization per particle, fulfills that J —m =
q/p, where p and ¢ are coprime, J represents the spin number of the state and N
is the number of spins in the chain. When we change some external parameter,
such as a magnetic field, the value of m generally changes in discrete steps, giving
rise to typical plateaus in the magnetization (see Figure .

In [OYA97], Oshikawa et al. studied the behaviour of quantum spin chains
at zero-temperature in a uniform magnetic field pointing along the z-axis. They
found out that for integer or half-integer spin, J, the magnetization curve may
have plateaus and they argued that the magnetization per site, m, is topologically
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h

Figure 5.2: Scheme of the possible magnetization curve for a spin chain with
J = 2 as depicted in [OYA97]. We can see plateaus, both integer and fractional,
at certain values of the magnetization m.

quantized. They also discovered that fractional magnetization could occur if the
previous conditions were accompanied by explicit or spontaneous breaking of
the translational symmetry, such as the existence of periodic components in the
representation of the spin chain.

Our aim is to show that whenever a translationally and U(1) invariant MPS
displays a fractional magnetization defined using the previous notation, the en-
tanglement entropy of any sufficiently large region is greater than log(p). That
is, the value of p imposes some lower bound on the entanglement present in the
system.

5.3 A toy example

We start out with a trivial example that will help us build an intuition about the
main statement of this chapter, and then we will generalize this claim to arbitrary
states.

Let us consider the half-integer spin J = 1/2 and any two numbers ¢, p which
are coprime. We construct a state of np spins, where n and p are both integers,
grouped in 2n alternating domains with ¢ spins down and (p — ¢) spins up. In
order to do this, we consider a p-particle state of the form |a) = | 11 --- 11 -+ ]),
with ¢ spins down. Then, we take n copies of such state and we build an equal
superposition of the p possible different translations of |a)®",

1 - m n
|w>—%;)f |a) (5.1)

where 7 is the translation operator. This state is translationally invariant, it
has a U(1) symmetry generated by the operator J, = > sZ, where s, is the
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5. ENTANGLEMENT AND FRACTIONAL MAGNETIZATION

single-spin operator s, = 3 (1) (1] — [{) (}|), and it holds that .J.|¢) = np(1/2 —
q/p)|¥), and, thus, exhibits fractional magnetization with m = J — g. Following
the prescriptions of Oshikawa et al. [OYA97] that we mentioned in the previous
section, this example contains “periodic components” in order to display such a
phenomenon.

As one can see by simple inspection, if we take any region A of size L = kp,

with k € {1,...,n}, the reduced density operator can be written as
15
L= > lem){eml (5.2)
m=0

where ¢, are mutually orthogonal. Thus, the entropy of p; and, consequently,
the entanglement entropy between the region A and the rest is log(p).

As we will see in the following sections, this toy model presenting such entropy
is connected to the fact that, in this case, fractional magnetization arises because
the ground state is a linear superposition of p-particle states which are both
locally orthogonal and related through a translation.

5.4 A large fractional magnetization implies
large entanglement

In what follows, we consider the richer family of translationally invariant MPS,
that is A;[n] = A; independently of the site n (see Section {4| and references
[ENWO92, [PGVWCOT]) in order to prove a general result. For that, we realize that
the previous toy example is contained in the family of MPS just by considering
the matrices

A¢:Z]i><z’+1\ CA =) i+ 1. (5.3)

i=q+1

However, extending the previous example to all translationally invariant MPS
is quite challenging. The main reason is that finding a characterization of all MPS
displaying fractional magnetization is hard and, even if an MPS is a superposition
of states related by a translation, nothing ensures that the reduced states are
sums of few pure and mutually orthogonal states. Nevertheless, we can prove the
following result:

Theorem 5.1 (Large fractional magnetization implies large entanglement). Let
|¥) be a translationally and U(1) invariant MPS of spin J, with magnetization
per particle m, and verifying J —m = %, where p and q are coprime. Then there
exists a constant v € N such that the entropy of the reduced density matrix of any
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region of size L = kvyp (Vk € N) wverifies S(pr) > log(p), up to a exponentially
small correction in N — L and in k.

In order to prove this theorem, we rely on several lemmas that we present in
the following subsection. We need to consider a characterization of symmetries
for injective MPS [PGWST08|, as well as an extension of the Lieb-Schultz-Mattis
(LSM) theorem [LSM61] for a U(1) symmetry. The characterization of symme-
tries in [PGWST08| allows to assert that all injective MPS corresponding to blocks
must have the same symmetry and the same magnetization m. The extension of
the LSM theorem implies that all these blocks should have a period multiple of
p. Moreover, we also have to prove that states corresponding to different blocks
are necessarily different.

Preliminary results

Our first objective is to state and prove a couple of lemmas formalizing the claim
that different injective MPS are orthogonal to each other.

Lemma 5.1 (For injective MPS, different means orthogonal). Given two transla-
tionally invariant and injective MPS, |t4) and |1g), then |[|Ya)|| = 1, |||YB)] =1
up to an exponentially small correction in N. Moreover, either both are equal for
all N, or try_pla)(wg| = 0 up to an exponentially small correction in N — L. In
particular, if they are not equal then |(Ya|Yp)| = 0 up to an exponentially small
correction in N.

Proof. 1t is easy to see that (¢Yplta) = tr [ENp], where €45 = >, 4 ® B;.
Moreover, it is clear that the eigenvalues of £4 p are the same as those of the map
Ean(X) = 3, AiX B!, which gives ||[¢a)]],[[|¥5)]| = 1 up to a exponentially
small correction (see Section || for a more detailed account of the properties of
MPS).

To complete the proof, it is enough to see that all eigenvalues A of E4 p verify

that |A\| < 1. We will use the conditions verified by the canonical form of an
injective MPS, that is: (i) >, AAT = 1, (i) > ATA4A; = Ay for a diagonal
positive full rank matrix A4, and (iii) the completely positive map E, defined as

Ea(X) =) AXA (5.4)

has 1 as its unique non-degenerate eigenvalue of maximal modulus.

Let us take X such that 2. A, XB] = AX, using (i) for A and (ii) for B we
get

Al tr [XApXT]| =

Yt [AiXBZ ABXT]
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1/2

< [Z tr [XBJ ApB X' }

= |tr [XApXT]

1/2
[Z tr [Aj XABXTAi]

: (5.5)

where we have used the Cauchy-Schwarz inequality and tr [X ApX T] > (. So, if
|A| > 1, we must have an equality and, therefore,

al2XxtA; = AP B X1

Multiplying by the adjoint expression, summing in ¢, taking traces and using (i)
and (ii) again we get that || = 1 and, hence, a = €.

Finally, since Ap is invertible, we get 3, B;XTX B} = XTX which, by (iii),
leads to XTX = 1 and implies that e A; = X B;XT. This means that |1/4) and
|1p) are equal up to a global phase, for all N. ]

It is also necessary to prove a lemma for the reduced density matrix of states
which are a linear combination of injective MPS:

Lemma 5.2 (Injectivity and reduced density matrix). Given an MPS of the
form ) = >""_ AJb,) such that the |1,) are different injective MPS, then
tr [pEpk] oc 8,5+ O(e™ L) + O(e=N=1)), being pL the reduced density matriz for L
particles associated to |1,.).

Proof. The proof follows straightforwardly from the previous lemma. m

The next thing we need is the following modification of Theorem 5 in [PGVWCO7].

Lemma 5.3 (Representation of MPS as a superposition of injective S-periodic
MPS). Consider any MPS |14) € C¥®N which has only one block in its canonical
form with D x D matrices {A;} and such that E4 has B eigenvalues of modulus
one. If B is a factor of N, then the state can be written as a superposition of (8
B-periodic different and injective MPS with equal coefficients and bonds D; (also
with the property that Y, D; = D). Otherwise, if B is not a factor of N, then

[ha) = 0.

Proof. The only thing to verify is that the (S-periodic states are injective and
different among them. In the proof of Theorem 5 in [PGVWCQT7], based on
[ENW92|, one proves the existence of a set of orthogonal projectors {P;} with
>« Px = 1 such that

EA(X) =) PELPRXP)P, (5.6)

gk
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Ei has 1 with degeneracy exactly [ as the only eigenvalue of modulus 1, and
each block in the block-diagonal form of the Kraus operators of Ei given by
corresponds to one of the f-periodic states. Moreover, the space of fixed points
is generated by Py and the space of fixed points of the adjoint map is generated

The cp maps associated to the S-periodic states are then
Ex(X) = REP(P.XP,) P,

when restricted to inputs with X = P, X P,. It is clear that Py is its only fixed
point, P,AP, the only fixed point of the adjoint map, and there is no other
eigenvalue of modulus 1, which shows that all S-periodic states are injective.
Now, if two of them were equal, we would reach a contradiction in the following
way. For simplicity, we reason in the case of 2 2-periodic states but the argument
can be adapted straightforwardly to the general case. EZ% has block-diagonal
Kraus operators of the form B; ® |0)(0] + C; ® [1)(1]|. By the hypotheses and
the uniqueness of the canonical form for injective MPS, B; = e?UC;U? for all i.
Then, apart from 1®[0)(0] and 1® |1)(1], we also get U ® |0)(1] as an eigenvector
of Ei with eigenvalue of modulus 1, from where the contradiction follows. O

Finally, we need the following version of the Lieb-Schultz-Mattis theorem for
a U(1) symmetry. It is interesting to note that it does not use any MPS structure,
so it is valid in full generality and for any spatial dimension. Let us recall that, in
the Lemma 17 of [PGSGGT10], it has been shown that any quantum state with

a U(1) symmetry given by the canonical generator of spin S verifies that

ug " ) = e [1)) (5.7)

s\

. ; ) . . .
with u, = €% and a magnetization per particle m.

Lemma 5.4 (Lieb-Schultz-Mattis for a U(1) symmetry). Let m be any rational
number and p € N such that there exist two quantum states of (local spin J
and) pN and (N + 1)p particles respectively, for some N, having both of them
magnetization per particle m. Then p(J —m) = q with q integer.

Proof. By expanding equation (5.7)) in the canonical basis, we get

Z Ck1~-~kpN€ingkj|kl"'kpN>: Z eigmech.‘.klekl"'k‘pN>

ki-kpn ki-kpn

Since it is a basis and the state is not zero, there must exist ki, - - ,k,ny €
{-J,—J+1,...J —1,J} such that Zj kj = Npm. For the same reason, there
must exist k1, -+, ki, € {—J,—J+1,... J=1, J} such that ) . k; = (Np+p)m.
Subtracting, we get that mp = >, k% — > . k; has the same character (integer or
semi-integer) as p.J. O
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With this at hand, if we consider an MPS |[¢) of spin J and pN particles
)

with a U(1) symmetry, given by the canonical generator of spin i , we have the

following lemma.

Lemma 5.5 (Generalized Lieb-Schultz-Mattis). Let p be the smallest integer such
that, after blocking p sites together, |1) has a block-diagonal representation with
injective blocks. Then p(J —m) = q, with q an integer.

Proof. To see it we consider blocks of p-sites. From Theorem 5 in [PGWST0§],
we know that each block is an injective MPS with the same symmetry. Since, by
Lemma/5.1], states corresponding to different blocks are equal or linearly indepen-
dent, all of them must have also magnetization m. Now, by the characterization
of symmetries for injective MPS [PGWST0§|, we know that the matrices defining
each block inherit the symmetry and therefore the associated MPS has magne-
tization m for all system sizes that are multiple of p. Lemma [5.4] finishes the
argument. O

We also get a reciprocal result:

Lemma 5.6 (Reciprocal of the Lieb-Schultz-Mattis). Let us assume that J—m =
% with ged(p,q) = 1 in a U(1) symmetric MPS, then there ezists v € N such that
the MPS has only ~yp-periodic blocks. Moreover (trivially from Lemma , states
belonging to blocks of different periods are different.

Proof. As above, all injective MPS corresponding to the blocks must have the
same symmetry and the same magnetization m. Therefore, Lemma [5.4] shows
that only blocks of period multiple of p can appear. O]

Proof of the main theorem

We are finally ready to prove Theorem [5.1}

Proof. Let |¢) be a MPS, which is translational and U(1) invariant. We also
impose that this MPS has spin J and magnetization per particle m, verifying
J—m= %, where p and ¢ are coprime, and consider its canonical form.

If the state has a single block, due to Lemmal5.6| it must be yp-periodic, where
~v € N. This means that all the eigenvalues of magnitude one corresponding to the
cp-map E,4 are the yp-roots of unity. Consequently, if we block vp spins, then we
can write the new matrices A; as block-diagonal, with each block being injective
and different (see Lemma [5.3). We have now that the state |¢) can be written
as linear combination with equal coefficients of yp different injective MPS, each
of them being a translation of each other.
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In Lemma [5.1, we show that different injective MPS are orthogonal in the
thermodynamic limit. Let L = kvyp (k € N), using Jensen’s inequality we have
that S(pr) > —log(tr(p?)) which, by Lemma implies S(pr) > log(yp) >
log(p), up to an exponentially small correction in N — L and k, as in the example
proposed above.

If the MPS has many blocks in its canonical form, we will show that one can
treat each of these blocks as in the single block case, obtaining an extension of
the last result. Lemma/[5.6|gives us v € N such that all the blocks of the canonical
form of |¢)) have period yp. Let L = kvyp, where k € N. We observe that the
reduced density operator of a region comprising L sites verifies

prL = By 1ipi, (5.8)

up to a correction exponentially small in N — L and k (see Lemma . The p;’s
are the reduced density matrices corresponding to single blocks, where repeated
blocks are simply reflected in the p;’s. Using the single block case, we can ensure
again that S(p;) > log(p) for all 7. It is clear, from and the subaditivity of
the entropy, that S(pr) > log(p) up to another exponentially small correction in
N — L and k, yielding the desired result. O]

5.5 Conclusions and outlook

Summing up, we have shown that for the state of a quantum spin chain, a large
fractionalization in the magnetization demands large entanglement. In order to
prove this, we have established a lower bound for the entanglement entropy of
any connected and sufficiently large region of a quantum spin chain in terms
of the fractionalized magnetization. Moreover, since MPS seem to be the right
representation for the low energy sector of 1D systems, we postulate this result
being true in full generality.

In this line of work, it would be interesting to extend this result to higher
dimensions, using PEPS [VC04]. However, extending the results of this chapter
to two-dimensional systems poses several difficulties which are still open questions
in the field, such as the lack of a canonical form for PEPS or the characterization of
fractionalization. The canonical form has a wide array of applications for MPS,
and one of the most important is the classification of symmetries [PGWST08]
and the classification of phases in one-dimensional systems [CGW11, SPGCTI].
In two-dimensional systems, it is possible to characterize the different symmetries
in the injective case but this result does not apply to the most relevant systems
with topological order, such as SET phases [GW09, [PBTO12].

On the other hand, in one-dimensional systems fractionalization arises from
a periodical structure, which we have exploited to prove the main result of the
chapter. However, in two-dimensional systems there exist aperiodical tilings of
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5. ENTANGLEMENT AND FRACTIONAL MAGNETIZATION

the plane which may allow for fractionalized physical setups without periodicity or
topological properties. We believe it could be interesting to study Hamiltonians
related to aperiodical tilings of the plane and find out whether these systems
display fractionalization.

As future work, we would also like to perform numerical simulations to quan-
tify the amount of entanglement in terms of the fractionalization of the magneti-
zation in particular examples of spin chains and find out how good the bound is
for concrete physical systems.
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Entanglement and long-range
interactions

6.1 Introduction

The existence of interactions influences the behaviour of spin systems in different
ways and gives rise to a variety of interesting phenomena. For instance, an
isolated spin chain with disorder may undergo a metal-insulator transition in the
presence of interactions [BAAO6L [CEFIM12]. While interactions are typically local
and each constituent of the system interacts mainly with nearest neighbours, they
may also be long-range. In this case, the area law for the entanglement entropy
does not apply. Intuitively, we expect that in presence of long-range interactions,
any specific region will be correlated to any other part of the chain, giving rise
to large amounts of entanglement.

However, it is quite difficult to transform this intuitive idea into a rigorous
result. The main reason is that the ground state of a Hamiltonian containing
long-range interactions may coincide with, or be very similar to the ground state
of another Hamiltonian containing short-range ones and, therefore, fulfilling the
area law. As an example, if we consider an Ising model with decaying interactions
and in the absence of a transverse magnetic field, the ground state will be still
a product state, which in turn is also the ground state of the Ising model with
nearest-neighbor couplings. Such state does not display any entanglement at
all. Hence, we can only expect to have large amounts of entanglement whenever
such examples do not exist; that is, whenever our state is, in some sense, not
close to any other state corresponding to the ground state of a Hamiltonian with
short-range interactions.

In this chapter, we will establish a rigorous lower bound for the entanglement
entropy of a translationally invariant MPS; |1 4), which is not the ground state of
any short-range gapped and frustration-free Hamiltonian and such that it is suffi-
ciently far away from any other state with this property for any given interaction
length. We will show that, under these conditions, the entanglement entropy of
this state must be large and that it will scale with the range of the interaction. In
order to prove this statement, we have to further develop the theory of MPS, ex-
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6. ENTANGLEMENT AND LONG-RANGE INTERACTIONS

tending previous results presented in Refs. [PGVWCOT7, PGWST08, [SWPGC09],
and deriving new ones.

6.2 Main result: large interaction length
implies large entanglement

We begin discussing the main result of the chapter and providing a brief scheme
of the steps and lemmas which eventually lead to the proof. In order to do this,
let us consider a translationally invariant MPS, [t4), which is not the ground
state of any short-range gapped and frustration-free Hamiltonian. Furthermore,
let us assume that this MPS is also far away, as specified below, from any other
state with this property for any given interaction length. We would like to prove
that as a consequence its entanglement entropy will be large and, indeed, that it
will scale with the range of the interaction.

More specifically, if we denote by p4 the reduced density operator of |t)) for
a connected region containing L spins, we prove the following theorem:

Theorem 6.1 (Long-range interactions imply large entanglement). Let |1)4) be
an MPS such that every state W) which is the unique ground state of a gapped
frustration-free Hamiltonian with interaction length L wverifies ||p% — ptll1 > e.
Then, for sufficiently large regions R, we have that the a-Renyi entropy Sa(p%) >
al +bloge+ ¢, for a < % and where a,b,c are constants depending only on the
local physical dimension d of |1 4).

This claim is proved by contradiction. We suppose that for every connected
region and for o < % the a-Renyi entropy is upper bounded by an expression of
the form alL + bloge + ¢, for a < %, where a, b, ¢ are constants depending on the
physical dimension of [14). It is enough to prove that this implies the existence
of a state, the unique ground state of a gapped frustration-free Hamiltonian with
interaction length L, such that ||pf — p%||; < e, to reach a contradiction.

The hypothesis on S, being small implies that we can find another MPS with
a sufficiently small bond dimension, D (in particular, D < d“~1/2) that is close
enough to the original one. In order to do this, we will rely on [VC06, Lemma 2]
and on a new bound for reducing the bond dimension of an MPS that we explain
in Section [6.3] More precisely, this bound will be of the form

Ik — phll < 2v3d2VI8Y + (2L + 3)6,

where pfi will be the reduced density matrix which can be constructed from p%
by substituting the Kraus operators A; by PA;P and A = PAP, where P =

Zg i) (i|. These steps will be explained in further detail in .
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Now, arbitrarily close to the MPS associated to the reduced density matrix
p%, there exists another which is the unique ground state of a Hamiltonian with
gap and interaction length L. Taking into account that the interaction length
is closely related to the bond dimension at which the MPS reaches injectivity,
this will be deduced from proving that all MPS (except for a set with measure
zero) reach injectivity fast enough. Standard Algebraic Geometry, as explained in
Lemma 11 of[6.4|and [Har77, [GH11], reduces this problem to finding the existence
of a single MPS displaying this property. The existence of such an example can
be obtained using quantum expanders, as explained also in

In the following sections, we present the aforementioned statements as lemmas
and theorems with their proofs and we explain in detail how they yield the main
result.

6.3 Approximation of quantum states using
matrix product states

In this section, we derive a new bound for approximating a translationally invari-
ant MPS by another MPS with a smaller bond dimension. This bound is written
in terms of the normalized reduced density matrices of both states where we con-
sider the notation and concepts about MPS theory that we defined in Chapter

M4l

Let A; € Mp be the canonical Kraus operators defining an injective and trans-
lationally invariant MPS (see Chapter {4]), with A as its fixed point. We define
the normalized reduced density matrix for L particles p4, up to a correction
exponentially small in N — L, by

ph = Z tr [A;L c AL AA, - .AZ.L} iy ig) Gy i (6.1)
i

We also introduce a different density matrix pfi, which results from projecting

the Kraus operators and the fixed point into a subspace of dimension D < D.
In other words, this state is a matrix product density operator (see Chapter
' with smaller matrices A; = PA;P and a new fixed point A = PAP where

P =2, [i)il, that is,

ko= Y tr[A;L"'ALAAn“'AiL liv -~z G- g
A

= Y wr|PAl P PALPAPALP - PALP| [ i) Gi il

i}"“’i,L
J1sJL
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In this case, E is the completely positive map associated to A; and E the one
associated to A.

Taking all this into account, we can state and prove the following theorem:

Theorem 6.2 (Bound for the reduced density matrix). Let p%, p% be the reduced
density matrices for the original and truncated state. We can bound the distance
between the reduced density matrices as follows:

0% = p5ll2 < 2tr [f\l/z} VLSY* + (2L + 3)3,

1ok — p%lli < 2V2DVLSY* + (2L + 3)5

where 6 = tr [A—/M\]

In order to do this, we must prove two lemmas as preliminary results. In the
first place, we show that the original fixed point of the state 14 is approximately
the fixed point of the truncated channel.

Lemma 6.1. The original fized point of the state |ta) is approzimately the fized
point of the truncated channel EX

|E(A) — Al < 2L6.

In particular,

tr [EL(A)] >1 - 2L3.

Proof. Using both the definition of 6 and that E is contractible for the 1-norm, we
get that ||[A — E(PAP)||; <. The map P e P is also contractible for the 1-norm,
SO

|A — PE(PAP)P|;
|A — PAP||, + ||[PAP — PE(PAP)P|;

<
< 20

This means that ||A — E(A)||; < 26, since E(A) = PE(PAP)P. However, E is also
contractible respect to the 1-norm, so

IA=E* (M) < [IA=EM)]l + [E(A) = B2 ()]
< 49
The result can be obtained by induction. O
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6.3. Approximation of quantum states using matrix product states

We will now define, under the previous notation for the Kraus operators and
the fixed point, the following operators

ZEDIE |:A;L A AA - 'Az‘L] RERIALVIRERN A
i

OAp = Z tr [PA;L"'AL]\Ah”'AiLP] iy -ip) (1 g
Frrds

where it is important to note that o4 p is a positive operator. The second lemma
reads:

Lemma 6.2. ||pa — pilla < |loapr — ¢4lla + (2L + 3)6, where ¢p; = tr [EL(A)} Pi

is the not normalized reduced density matriz generated by A;. The same holds
changing the 2-norm by the 1-norm in both sides of the inequality.

Proof. By using the triangle inequality and the fact that || - ||o < || - ||1,

lpa—pillz < llpa—oalli+1loa —oarlh
+ Nloapr —¢illa + loz — palls -

The first term can be calculated exactly

lpa—calli = > tr[AjL...Ajl(A—]\)Ail...AiL]
B1yeiL

= 0.

The first equality holds because the operator is positive and the 1-norm can be
replaced by a trace and the second one holds because E is trace preserving. The
second term can be bounded in a similar way.

Pty AL - ALAA; - A P

11,00

loa—o0apli = tr ;
) L

< St [P Y AL Al A4, A

12,00 0L

i

This holds because . .
A = EA)[1 = [E(A = A)[[ =4,

since E is trace preserving and E(A) = A. Therefore,

loa —oap|i <6+tr [PLA] = 20.
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Finally, the last term can be bounded using Lemma because
65— pallh=—1+tr [EL(A)} < 2L

We obtain the result by collecting all bounds above. O]

Now
loar —¢4ll5
< (e debeq] - o) (he hFHQ|)
+ (tr [Q(f*)m ® A)ﬂ@] —tr [Q(é*)L(A ® A)éLQ] )}
where £ =Y, A, ® A;, Q=P ® P and F = (1® P)E(1 ® P).

We may now approach the main theorem of this section:

Proof of the Theorem. We start by bounding the term

=t [Q(5*>L(A ® A)gLQ} oty [Q(]—“*)L(fx ® A)fLQ} ‘

This can be done by adding and subtracting terms such that they differ in one
projector, i.e.

L-1

po< Y.

r=1
L-1

+ 2
s=1
- Thr

Let us bound the first family of terms. By applying the Cauchy-Schwarz inequal-
ity

tr [fLQ(f*)T—lg*(n ® PLYENEF (A ]\)] (

r [58(1 ® PHEFL1Q(* ) (A ® A)} ‘

1 1
2 2

tr < |tr tr

> Al

7

> AB; > BB

This bound allows us to prove the following bound for p,

o= | Y (\/XAk.l-~~A;€LPAZTI-~AZTTA;1~-AT 4/11/4@]\1/4).

JL
kl 7777 ‘kL
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6.3. Approximation of quantum states using matrix product states

Tr

3 N1/4 § i At At ] t T A
<A1/4 ® A4 A, "'Ak:LAil"‘A‘ _lAiTPLAjl--AjL_T\/X)H

< ltr Z (A4, "'Aleir“'AnPALL"‘Altzl)'

JL—r
ki,...kL
i1 5eensly
1)L —r

N

.(/~\Ak1 .. .AkLPA;fl . A;[T.A}I ,__A;L7TA1/4 ® 1~\1/2)}

tr Z (A2 g AV 4, ...AkLA;fl Al ,1AZTTPL)'

(2

ki,...kr
1 yeensly
1y-5JL—7r

The first term is equal to

w42 [per Ry pEE ()]

< tr [Al/ 2} .
The second term is equal to

tr [Alﬂ tr [E’“—l oE (PJ‘EL_T(]\)PJ‘) EL(AI/Q)] 1/2

< 5V []\1/2]

i| 1/2

where we have used that A < A (hence, tr [PLEL_”(/M\)PL} < §), and that both
N _ g2
E and E are contractible for the trace norm. Therefore, pu, < tr [Al/ 2] V8. The
_ 72
result for the v, is exactly the same, so it follows that u < 2Ltr [Al/ 2} V0.

The other term can be calculated in the same way, by replacing & — F and
F — &, and it gives exactly the same estimate.

The second inequality follows from the first one, tr [f\l/ 2} < /Ditr [A], and
the fact that o4 p — ¢; has rank < 2f), which then gives

loapr — ¢4l < V2D|oap — dxlle-
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6.4 Injectivity can be reached fast

In this section we prove that all MPS of a certain form reach injectivity fast
enough, as stated in the following technical lemma:

Lemma 6.3 (Injectivity can be reached fast). Every MPS (with the exception of
a zero-measure set) of the form

|1;> = Z tr (Azl e AiLBiL+1OiL+2 e CzN) |le e 'iN> (62)

UlyeBL
LL415IN

where A;, B;,C, € Mpxp and L > QIfggf reaches injectivity in every region of
length L — 1.

Proof. Since the set of MPS failing this property is clearly a projective algebraic
subvariety of (CD ®CP® Cd) ®3, standard algebraic geometry tells us that, if
this set is non-empty, since (C” @ C” ® C9) ®? is irreducible then both projective
varieties must be equal. This is a straightforward conclusion after relating the
following ideas concerning projective sets such that X C Y (which always implies
dim X < dimY’). On the one hand, if X is a non-empty open subset of Y, then
dim X = dimY. On the other hand, if dim X = dimY and Y is irreducible then
X =Y [Har77, (GHII].

Therefore, it is enough to find a single MPS reaching injectivity as stated in
this lemma, which has been verified numerically up to D = 200 and d = 50,
and also analytically in the next lemma using quantum expanders. Note that
our analytical proof gives a slightly worse condition for the L needed to reach
injectivity, in terms of D and d, but suffices, nevertheless, to prove the main
theorem. O

It is proven in [HasO7c| that for all d > 4, there exists a Hermitian trace-
preserving completely positive map

d
E(X) =) AlXA
i=1
such that |Ag| < <2—V§_1> <1 +0 <log(D)D?52>>, where A; € Mp. If we take the
MPS |¢) generated by the matrices A; and consider the map
To(X) = Y tr[XAj, - Ay ] fix - i),
11++ln

we want to find a lower bound for n such that I'), is injective, as stated in the
following result:
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Theorem 6.3. Assuming D is large enough, I',, is an injective map for

, [t

1, K=8d>1
log(d) }—l—, 8,d > 16

Note that in this theorem, k can be made arbitrarily close to 4 at the price of
enlarging d. This theorem is a consequence of the following lemma:

Lemma 6.4.

sup
tr[XTX]:l

1
(X)) T, (X) - Etr [XTX}‘ < D|Xg|"

Proof. Considering in M p the usual Hilbert-Schmidt Hilbert structure, it is easy
to see that the left hand side is equal to

1
rr, ——=1
" D

op

for the usual operator norm on the Hilbert space Mp.

Moreover, in coordinates, calling £ = >, A; ® A;, we have that

. 1 . 1
Fnl“n — 5]1 = azbc;l ((Cd|5 |ab> D abécd) |bd> <CLC|
just identifying Mp = CP ® CP and calling |ij) to the canonical (matrix) basis
there.

Since for each operator on an n dimensional Hilbert space, || - [[op < || - [|2 <
V1l - |lop, being || - |]2 the Hilbert-Schmidt norm, and using that the Hilbert-
Schmidt norm is invariant under arbitrary rearrangements of the coordinates, we
get that

1
i, — —
op
1
< D cd|E™|ab abOcd | lab){cd
< D|[3 (fee”lot) ~ s e e

op
n 1 n o

= D)€" = Sl = DI[E" = E%lop

= DIE" = E*[|l, = D[Xo["

where we have used in the last step that E is Hermitian and |1) denotes the
unnormalized vector S22 |id).

O
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ol

8-

Figure 6.1: Given the tensor A = ({a|A;|8))iap Which defines the MPS, and with
the usual convention that rotating means complex conjugation, we can represent
the map I''I',, as the map in the figure from systems ac to systems bd and the
map E™ as the same figure but now mapping systems cd to systems ab

Proof of Theorem[6.3. T, must be injective as long as
A" < —=. (6.3)

Otherwise, taking a (normalized) X such that I',,(X) = 0, we would get a con-
tradiction to Lemma Since we know from [Has07c] that

Ao < (@) (1 +0 <1og(D)D%§>)

it suffices to take n such that
onvd—1\" _2\\"
(27 (10 (loson)) < ;.
Taking logarithms

2log(D) + nlog KQCiT_l) (1 +0 (log(D)Dwz)ﬂ <0

which is equivalent to
2log(D)

log [(2\/%” — log (1 + 0 <log(D)D?52)>

n >
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It is clear that taking D large enough we can upper-bound the RHS by

2log(D
o8(D) |,

g ( (1))
But now

2log(D) 4log(D)
log <(2 2—1)) 2log(d) — log(4) — log(d — 1)
4K log(D)
log(d)

as long as % <1- @, which finishes the proof of the theorem. m

6.5 Results for non-translationally invariant
matrix product states

In this section, we prove that for a given reduced density matrix p4 of the form
that we presented in Section there exists a non-translationally invariant MPS
with the following structure

|¢> = Z tr (All s AiLBiLHCiLH T CZN) |i1’ e 'iN> (64)

such that p% is its reduced density matrix. We formalize this result in the next
lemma:

Lemma 6.5. Let A;,A € Mp, then there exist B;,C; € Mp such that if we
consider the state

‘@Z)> = Z tT(Ail--'AiLBiL+1CiL+2‘-'OiN) |Z1,ZN> (65)
then the reduced density matrixz for L particles (particles 1-L) is

P1..L. = Z tr <A;L .. AIIAA“ .. A1L> |i1, .. .’iN><j1, .. le (66)

Proof. We consider the channel defined as

E(X)=> VXV, (6.7)
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where Viv/D is a diagonal unitary matrix with different incommensurable eigen-
values such that V}* still has different eigenvalues for all k € N, Vav/D is a random
unitary matrix with non-zero entries and V; = 0p,i € {3,...,d}. This channel
is trace preserving and unital. On the one hand, it is trivial to see that the
only matrices that commute with V; are diagonal matrices. On the other hand,
to find which of these diagonal matrices commute with V5 it is enough to con-
sider the algebraic system of equations in coordinates for [V5, X] = 0 from where
we get that, since (V2);; # 0, and (X);; = 0if ¢ # j, then (X); — (X);; =0
for all ¢ # j. From this, we deduce that the only matrices that commute with
all of the Kraus operators for our channel are multiples of the identity matrix.
Liiders’” Theorem [BJKWO0| guarantees that our channel has the identity as its
unique fixed point. Since E is an irreducible channel [Wol12], all its eigenvalues
of modulus 1 are k-roots of unity, where k& € {1,...,D?*}. Let Y be such that
E(Y) = aY for |a| = 1. Tt is clear that Ef(Y) = Y and, again by Liiders” The-
orem, [V, Y] = 0 = [,V Y]. Reasoning as above, Y is a multiple of the
identity, which implies that ae = 1; hence, the channel is primitive [Wol12].

We can define now

B, =+VAV;
/ VA ! (6.8)
Cr =Vi
where V; are the Kraus operators for our channel. If we consider the state
|¢> = Z tr (A“ -"AiLBiL+1CiL+2-'-CiN) |21,ZN> (69)
i

and compute the reduced density matrix for particles 1...L, we obtain

pL = Z (Z<a| [Ail . 'AiLEBEg_(L+1)(|a><5|)A;L "'AH |5>) .

a’ﬁ

i1,
J1rdL

i1, ... in){J1, - - L]

It is clear that ng(LH)(|a><ﬁ |) = 0apl, up to an exponentially small correction.
This leads us to

o= > (Z@\ [A}L...A}IEB(H)AZ-I...AiL} |a>> lix, - in) (s L]

814yl a

JiyeendL

= Z <Z<Oj| |:A;L Ce ALAA“ e AzL:| |Oé>> |i1, e iN><j1, .. ]L|
$1,e0lL, «
JiyendL

= Z tr (A;[L Ce ALAA“ e AZL) |i1, . iN><j17 .. jL|
i1y
J1yendL

once again, up to a exponentially small correction, as we wanted to prove. O
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6.6 Proof of the main theorem

In the previous sections, we have presented all the necessary tools to prove The-
orem [6.1] which we will demonstrate as follows:

Proof. Let us call \; the ordered eigenvalues of pff, which can be taken as close
as wanted to those of A ® A by enlarging region R (see Lemma 2 in [VC06]). In
this case, it is not difficult to see that, if we call u; the ordered elements of A,

then ZZDH i < Zi’iml A =: 0.

Suppose that, for a = % and for all R, we can upper-bound the a-Renyi
entropy by
R 4 1 d
Sa(ph) < Floge+ 15(Llogd —log L) — log 7 (6.10)

In Section , we have shown that we can always construct a state |1)) of the
form

) = Z tr (Ail Ay By Ciy "Cm> iy in) (6.11)

where /L», B;,Cy, € Mp,p, fli = PA,;P (being A; the Kraus operators defining
the original MPS), with bond dimension D < d*Y/2 and such that the fixed
point for the associated channel is A = PAP, where we are considering that

P =37 |i)il.

In Section we have also proved that all states of this form, except for a
set of measure zero, reach injectivity in L — 1 sites. Therefore, the one we have
constructed in Eq. is the unique ground state of a frustration-free Hamil-
tonian with interaction length L [PGVWC07, FNW92|. Using a straighforward
adaptation of [FNWO92 Section 6], this Hamiltonian is also gapped. Even though
this state is not exactly translational invariant, it verifies that its normalized
reduced density matrix for particles 1... L is of the form

b= Y tr([l}L...[l}lAAil...AiL> vy in) s jn] (6.12)

up to a exponentially small correction (see Section [6.5]).

This allows us to use a bound, which is proved in Section [6.3] which states
that
1ok = Pkl < 2V2d"°VI6Y* + (2L + 3)5
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< A2 LSV = ¢

since the first term in the sum is clearly larger than the second. It only remains

to show that € < e, or equivalently, that § < ﬁ@. Since we have taken R

large enough, then up to a exponentially small correction in R, we can state that

l—« D
1 < By 1 .
0g(d) < — (Sa<:0A) 0g 7 a)

Using this and the fact that that D > dZ~2/2 it is enough to prove

4 log d 4
Sa(pﬁ)gl_aoéloge—l— og (1— a )L

(1—-a)

4 1 d
= gloge—l— E(Llogd—logL) —logg —logz

1
(10 + 5 log L) —log(1 — a) — logd

where, in the last step, we have set a = é. This is given by hypothesis in Eq.
and taking into account that the a-Renyi is monotonically increasing in «.
Therefore, there exists a state ]1&}, which is the unique ground state of a gapped
frustration-free Hamiltonian with interaction length L, such that ||p5 — p"|l; < ¢,
as we wanted to prove. O

6.7 Conclusions and outlook

In this chapter, we have shown how matrix product states are powerful enough
to provide formal proofs of certain believed statements on strongly correlated
spin systems that were lacking a mathematical treatment. In particular, we have
stated and proved that, for the state of a quantum spin chain, the impossibility
of being well approximated by the ground state of a local Hamiltonian demands
large entanglement.

This chapter opens the door to many interesting questions that have not been
answered. For instance, it would be very relevant to prove that a translational
invariant matrix product state with a certain bond dimension D may be approx-
imated using a translational invariant MPDO with a smaller bond dimension
D < D and such that the bound on the distance for the reduced density matrix
for L particles scales linearly with the range of the interaction. This would allow
us to give rigourous bounds on the accuracy of numerical algorithms for these
types of states, such as the TEBD or the iTEBD which rely on truncating the
outcome of each infinitesimal evolution. This is achieved approximating an MPS
with a given bond dimension by another MPS with a lower bond dimension, as
we have seen in Section [4.3] If we use the techniques of Ref. [VC06] we obtain a
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bound which scales as d* for the physical dimension d and the interaction length
L. On the other hand, by considering that the states associated to the reduced
density matrices are not translationally invariant, we obtain the desired linear
bound in L as in the bounds that we presented in Theorem We would like
to explore if there are better bounds when the truncated state is translationally
invariant. We have performed numerical simulations for the Heisenberg spin-1
chain, calculating the distance between observables such as string order parame-
ters. We have found that the scaling between these observables is linear on the
number of particles, supporting our conjecture that for translationally invariant
states the scaling for the reduced density matrix for L particles is also linear in
L.

Another result which is related to our proof is the quantum version of Wielandt’s
inequality [SPGWC10] which implies a bound on the interaction-range of Hamil-
tonians with a unique MPS ground state. The question of whether there exists a
Wielandt’s theorem in higher dimensions is still open and it would be interesting
to explore it.

There are other interesting questions related to the tensor network representa-
tion of quantum many-body systems, such as whether it is possible to put forward
efficient numerical methods to obtain the purifications of a given matrix product
density operator. As we discussed in Section it is generally unfeasible to con-
firm locally the existence of global positivity for MPDO and finding a purification
[VGRCO04| could help overcome this limitation. Along this line, we are currently
developing a numerical method based on the sum of squares polynomial (sos)
method [DSPGCI13] to construct approximate purifications to MPDO efficiently.
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Lieb-Robinson bounds for
spin-boson models

7.1 Introduction

Causality is one of the most fundamental concepts in modern physics. It lim-
its how local measurements and perturbations, described by an operator Ox in
region X, affect later measurements of another operator Oy in a separate re-
gion Y [PS95]. In analogy to Heisenberg’s principle [Rob29], this uncertainty
is quantified by a commutator Cy x(t) = ([Oy(t),Ox(0)]). Lorentz invariance
and the mathematical structure of relativistic theories guarantee causality. Thus,
Cy.x(t) = 0 when the distance dxy > ct places both regions outside the light
cone defined by the speed of light ¢. Nevertheless, causality is not part of the
axioms of non-relativistic quantum mechanics, and it is violated at the few par-
ticle level [PS95 [Heg98]. Remarkably, in the many-body regime, an approxi-
mate light cone emerges, outside of which non-causal correlations are vanishingly
small. This phenomenon, first demonstrated by Lieb and Robinson for a lat-
tice of locally-interacting spins [LR72], has been generalized to finite-dimensional
models, anharmonic oscillators and master equations [HK06, INOS06, [CSEOS],
NRSS09, [Poul0].

In this chapter, we address the role of bosons as mediators of interactions
between particles in the light of Lieb-Robinson bounds. This is done for a gen-
eral model of finite dimensional systems interacting through a bosonic field that
satisfies a Lieb-Robinson bound itself. We derive new bounds for these kind of
models, which are then applied in Chapter |8 to a crystal of trapped atomic ions,
where the spins and the bosons map to the atom’s internal states and the ion crys-
tal’s phonons, respectively. These Lieb Robinson bounds work for all spin-boson
lattice models of any dimensionality and geometry realized with state-of-the-art

technology [BSK™12, [FSGT08, IKCK™10, IEK™11, BOCT11, HLB™11, ISRW14].
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7.2 Model and motivation

We start by defining the system under study, which we refer to as the spin-boson
lattice model (SBL). This consists on a lattice model of bosons interacting locally
with a collection of finite-dimensional quantum systems. We consider a lattice
described by an undirected graph G = (L, FE) with a set of vertices L, where
the physical degrees of freedom are defined, and an edge set F, which describes
neighbourhood relations in the lattice. The physical degrees of freedom of each
vertex i € L are defined in the Hilbert space H; = £2(R) ® H;, which combines
an infinite-dimensional Hilbert space for the bosons, £2(R), with a Hilbert space
H; of finite dimension d; for the “spins” (see Fig. .

The bosons are represented by adimensionalized harmonic oscillators, with
positions and momenta R} = (z;, p;) satifying the usual canonical commutation
relations in coordinates

[Ri,R]] = —d;07, (7.1)
where we consider A = 1, ¢;; is the Kronecker delta, ¢¥ is a Pauli matrix and
1,7 € L.

The spin degrees of freedom are represented by a set of dimensionless operators

S; = (S},...,S™) that form a Lie algebra. For concreteness, we start by assuming
that they form a representation of su(2) with commutation relations

(S¢S =16 foPs] (7.2)
vy

where a, 3,7 € {1,2, 3} label the different spin components, and f* = 27 is
defined in terms of the completely antisymmetric Levi-Civita symbol €*?. How-
ever, the LRB derived in this chapter also applies to more general Lie algebras,
provided the structure constants f**7 are completely antisymmetric.

Motivated by its applicability in different physical contexts, such as condensed
matter, we consider that bosons at distant lattice sites are coupled by a matrix
Qi;(t) € Maya(R) whose elements have the units of frequency (let us recall that
h = 1), and fulfill Q;;(t) = Q;i(t) # 0 whenever the two vertices i,j € L are
connected through an edge of the graph. The spins precess under a general
magnetic field BT (¢t) = (B} (t), B(t), B¥(t)), which might be time-dependent
B&(t) € R, and also has the units of frequency. Finally, the coupling between
spins and bosons is purely local, taking place exclusively at the vertices of the
graph, and it is defined through the matrices G;(t) € May3(R) that also have the
units of frequency. Altogether, the Hamiltonian of the spin-boson lattice model
is

Hsou(t) = 3 S ORTQu(OR; + 3 B0 -Si+ SR -Gil0) 8. (79
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Figure 7.1: Scheme of the spin-boson lattice model: Scheme of a graph
corresponding to a honeycomb lattice with vertices i, j, k,l € L represented by
red, green and yellow dots. In the two insets, we depict the spin S; and bosonic R
physical degrees of freedom by discrete levels and a quadratic well, respectively.
The links of the lattice correspond to the edges of the graph E, and are represented
as springs leading to the coupling @Q;;(t) between distant oscillators. We also
represent the on-site magnetic-field B;(¢) under which the spin precess, and the
spin-boson coupling G,(t). The blue region mimics the propagation of a spin
perturbation at S (t), until it reaches a distant spin S, ().

Our objective is to understand how correlations are established between dis-
tant spins in the lattice, and to derive a bound on how fast this process can take
place. Since distant spins do not interact directly, spin-spin interactions and thus
spin correlations can only be mediated by the exchange of bosons, which form an
array of coupled oscillators. This situation is common in physics, where bosons
act as carriers of the fundamental interactions between particles.

7.3 Main result: Spin-boson Lieb-Robinson
bounds

Following the tradition of Lieb-Robinson bounds [Has09], we study the so-called
Lieb-Robinson commutators, whose expectation value corresponds to a retarded
spin-spin correlation function for a particular state. Such a commutator relates
a perturbation at site k£ € L and instant ¢y = 0, with an observable at a distant
site 5 € L and t > ty, namely

Zi(t) = [8,(1), SP(0)], (7.4)

for ¢ € {1,2,3}. Since the spins are coupled to the bosons, we also have to
consider the correlations between spin and bosonic operators, which are related
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to the following commutator

Cji(t) := [Ry(t), SP(0)]. (7.5)
We would like to derive a bound for the norm of the spin commutator

1Zjx ()| < &(djx, virl), (7.6)

where &(di, vLrt) is a certain function that depends on the distance dj between

the two lattice sites and on time. Since the retarded spin correlation function
fulfills

Con 560 = (IS5 (), SO < 1Z5a(t)], = maxs | 25 (0

) (7.7)

we can also interpret that the function &(djx, vprt) in the LRB ([7.6) contains
information on how fast the spin correlations are established as the perturbation
travels with a certain speed vy r across the distance dj.

We state the main result as follows:

Theorem 7.1. Let us assume that the propagator W of the free bosonic lattice
without spins (G; = 0) satisfies a Lieb-Robinson bound

IR (£), Ri ()]l < [Wik(t, 0) < cve”™™" f(dn), (7.8)

characterized by a Lieb-Robinson speed vir, a normalization o > 0, and a func-
tion of the lattice distance such that

ap = max [f(di) " Zf(dz‘j)f(djkﬂ < +o0. (7.9)

Under these conditions, assuming bounded interactions |G;(t)|| < g and spins
ISI| < S, a a Lieb-Robinson bound emerges for the spin correlations Zj(t) =

[S5(8), SE(0)], ¢ € {1.2,3}

252 2
1Zx(1)]] < o™ f(dy,) x i (e(g /vLr)25aaot _ 1>' (7.10)

Qo

Intuitively, since bosons mediate interactions, the bosonic velocity vyr limits
the propagation speed of spin correlations. This is precisely the first term of the
above expression, which duplicates the bosonic LRB. Additionally, the efficiency
with which distant spins excite and reabsorb a propagating boson affects the LRB.

This is the second term in Eq. (7.10)), which depends on the rate ~ ¢g/vrr at
which bosons are emitted or absorbed by spins. This nonperturbative correction
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shows that the buildup of correlations is suppressed if bosons are much faster
than spins ¢ < v, an adiabatic-type argument.

Note that Egs. (7.8) and (7.9) include a very large family of bounds

R () = eRET Rk (1 4l )7 (7.11)

with appropriate ¢ > 0 and n > 0. For nearest-neighbor or short-range interac-
tions 1 > 0 yields a light cone, ud;, — virt ~ 0, outside of which correlations are
exponentially suppressed. For algebraically decaying interactions, ;. = 0, and the
lines of constant correlation are only straight at short distances and times.

For this result to be useful, the bound of Eq. must be sufficiently tight.
Whereas the bosonic LR speed has been studied for nearest-neighbor [NRSS09)
and algebraically decaying [CSE0S] time-independent couplings @), we have devel-
oped a tighter bound for such models. Our LR speed only relies on the off-diagonal
couplings, using a recursion similar to that in Ref. [CSE0§], but eliminating the
diagonal terms with unitary transformations. The case relevant for trapped ions
involves long-range interactions

Qi) < K (L A+ i) ™" (7.12)

with a strength x that bounds the couplings and a decay power n > 0. We then
recover Eq. (7.8) with f(d) = (14+d)™", a = (14 ag)/ag, and a bosonic LR speed

VLR — KRaQg.

7.4 Preliminary results

Differential equations for the Lieb-Robinson commutators

In order to study the commutators in Eq. , we will work with the Heisenberg
picture. In this picture, the time evolution of any operator A is given by the
differential equation & A(t) = —i[A(t), Hsg(t)]. Using the commutation relations
in Egs. and , we arrive at the following system of ordinary differential
equations (ODEs) for the boson and spin operators

Rj=—> J-Qult) Ry —J-Gy(t)- 8, (7.13)

where Kj(t) is a matrix of operators depending on the representation for the
spins. For our particular choice, it can be written as

KP(t) = =i>  (Bj(t) + RY - G;(1))" f7°, (7.15)

il
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which can be easily shown to be Hermitian K(t) = K;L(t).

Evolution of the bosons

The first equation describes a set of coupled harmonic oscillators, where
the spins act as a “source” term for the bosonic operators. In order to formally
integrate this equation we present an improvement on the LRB for free bosonic
lattice models found by M. Cramer et al. [CSE08] and we show how this bound
enters in the full spin-boson lattice model both for free oscillators and for oscil-
lators with source.

Harmonic lattice Lieb-Robinson bounds for free oscillators

Let use rewrite the bosonic part of the full spin-boson Hamiltonian (7.3) by
separating the diagonal and off-diagonal terms

1 T
sz ) (p} +a7) + 5 ZRZ Qi (HR;, (7.16)
i#]

where w;(t) = Q;i(t), and we impose that the coupling matrices @;;(t) between
different lattice sites ¢ # j decay with the distance. Moreover, we also assume
that the norm of such matrices can be upper bounded by

Ke —pdij

(14 di)"’
where we use the exponent n € Z, and a constant x € R with the units of

frequency. For p > 0, the couplings are more than exponentially suppressed; for
w =0, we face an algebraic decay.

1@ ()] < (7.17)

We can now get rid of the diagonal terms by changing into a frame in which
the phase space coordinates rotate with angular speed w;(t)

R, (t) = Uy (DR (t), Uj(t) = e Jo(7 (7.18)

In this frame, the system of ODEs for the free bosonic operators (7.13) only
includes the off-diagonal couplings

==Y Ui(t) - J - Qult) - Us(t) - Ry, (7.19)
k#j

which can be alternatively written in terms of the free bosonic propagator ﬁ(t) =
W (t,t0)R(to) in the rotated frame, such that the full propagator corresponds to
Wir(t,to) = U;(t, to)Wji(t, o). This propagator satisfies the Dyson series

Wit to) = 6501 — Z/ AU (1) T - Qut) - Ui(t) - Wis(mto),  (7.20)

I#j
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where we used W(to, ty) = 1 for all ¢y. Let us calculate the norm of this operator,
and use the identities |A + B|| < ||A|| + || B||, and ||AB|| < ||A]| || B]|. Moreover,
since U;(t), and J are unitary operators, it follows that

WMHM<M+Z/dW%)MWW%N (7.21)
I#j

By using the bound on the off-diagonal couplings ((7.17)), we find the expression
e—1dji

g [l a2

HW%@th<5k+§:

which can be iterated once to obtain

Wit to)| < 6 +§ e M /td 5
i T
jk\L, To ik 1—|—d]l 101k

ke Hdjt e hdu
d dry ||[Wik (1o, t
n ZZ (R iy / 71/ o [ Wi (72, o)1

J Ul

In analogy to Eq. (7.29), by introducing the geometric factor

o = mlaX {eudﬂ/<1 + dﬂ/ Ze ud;z 1+d; )~ neﬂtdu/(l + d”,)n}, (7.23)
I#5

we find directly that

5 A
C(tt < =1 do
IWi(t,t)| < &5 + <F&a0)ao(1 + dji)" / "

5 e :ud]l/
+ (/mo)2 /dﬁ/ dry [[Wik (7o, t0) | -
l/

Vvl CL(] 1 + dj

By iterating this recursion to infinite order, we can now see that the free boson
propagator can be expressed as

ef:u'djk: o0 ~

ik (T, 1 < 9 — ao)" T,
IWarlto o)l < e+ s 2 (st)

~ 13 —1
T, = / dr / drg--- / dr,.
0 0 0

In this case, we find exactly that 7, = ¢" /n!, such that the series can be summed
to infinite order yielding
eﬁfzotf/,wljk (1 + ao) emfzotf/,Ldjk

Wt t)| < 05 + i -
|| Jk‘( 0)” = jk CL()(l + djk)n — do (]_ + djk;)”
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This is precisely the LRB for the free bosonic lattice model that has been used
in Eq. (7.28)), where we note that the propagator can be directly related to the
Lieb-Robinson retarded commutators of position-momentum operators [CSEO§].
We also observe that the bound inherits the decay structure of the couplings.
Regarding algebraically decaying couplings (1 = 0), this bound presents certain
improvements with respect to the work of M. Cramer et al. [CSEOS|. The first
and most important one is that the Lieb-Robinson speed v r = kay only depends
on the bound of the off-diagonal couplings thorough . As expected from
a physical reasoning, the maximum speed with which the bosonic correlations
are build up cannot increase with the on-site frequencies, but must be rather
limited by the off-diagonal couplings between distant oscillators. The second
reason for the improvement is that our bound applies to more general bosonic
lattice models, where the coupling matrix @);;(t) might depend on time, and
have all types of couplings, namely position-position, position-momentum, and
momentum-momentum couplings.

Harmonic lattice Lieb-Robinson bounds for oscillators with source

We may also consider the system of ODEs for the oscillators with an additional
source term F(t)

R;=—) J-Qu(t) Ry +F(t). (7.24)
k
We can solve it with the following ansatz
R(t) = W(t, to)[R(to) + X(t)]

where W (t,1y) is the propagator of the free bosonic system, which is a homo-
geneous system of ODEs, previously bounded in Eq. (7.24). It is important to
remark that we need both the starting time and the final time in W because Q(t) is
time dependent: we have lost translational invariance in time. When we introduce
this ansatz into the previous equation and impose that W is the propagator of the

free bosonic system, LW (1) = Q(t)W (L, to), we obtain W (t, o) 42X (t) = F(¢).

This leads to the solution

R(t) = W(t, to)R(to) + W (t, to) /t drW (7, t0) 'F (7). (7.25)

to

Using the fact that the operators can be composed, that is
W(ta tO) = W(ta T)W(Ta tO)

which follows from the properties of the solution of the homogeneous system of
ODEs, we can simplify the previous expression

R;(t) = > Wik(t, to)Ra(to) + / t > Wik(t, 7)F(r)dr. (7.26)
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Integration of the boson differential equation

If we consider the particular spin-dependent source term, Fi(7) = —J - G(7) -
Sk(7) and we apply it to the result obtained in Subsection , the equation can
be formally integrated as

Rj(t):ZVij(t,O)Rk(O)—/OthZI/ij(t,T)-J.Gk(T)-Sk(T), (7.27)

where we have used the propagator for the free bosons W (ty,t3). According to
the notation above, we may regard W (¢y,t2) as an N x N block matrix, such that
each of the blocks is a 2 x 2 matrix W (1, t2) that couples the oscillators at sites
7 and k.

The norm of these propagators can be bounded by

e~ ik

[Wik(t, to)|| < 6”LR|t_t°|oz—[1 T e Il (d ), (7.28)
where v is the so-called Lieb-Robinson speed, which determines the maximum
rate of propagation of bosonic perturbations in the lattice. Note that this expres-
sion includes a more than exponential suppression for ;1 > 0 and a long-distance
attenuation of ||[W(¢, )| for 1 = 0 due to the possibly long-range interactions
in the oscillator couplings Q;x(t), a situation that will become evident when dis-
cussing the trapped-ion realisation.

The only property that we will use is the fact that the spatial modulation
f(d) can be summed in the following way

ap = max | f(di) " Zf(dz‘j)f(djk) < +o0, (7.29)

which can be interpreted as a bound on the convolution function and is used
in different proofs of LRBs |[CSEQS8, [NOS06]. For instance, if 4 = 0 and one
selects d;; as the graph distance (i.e. number of edges forming the shortest path
connecting the two vertices 7,7 € L), it is possible to estimate ay = acp2”™((1 —
D + n), where ((s) is the Riemann zeta function, and c¢p is a constant that
depends on the particular graph of dimension D [CSE(QS]. Such a constant can be
determined by bounding the maximum number of vertices sup,|S,(i)] < cprP!
in a sphere of radius r € N, namely S, (i) = {j € L : d;; = r}. Let us remark,
however, that the LRB can be made tighter for the type of lattices realised by
the ion crystals, where the Euclidean distance arises naturally, and will allow us
to substitute ag — ag < ag.

Evolution of the spins

The second equation ([7.14)) describes the precession of the spins under the oper-
ator K; which, in addition to the effects of the external magnetic field, includes
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also the feedback from the bosonic subsystem. An important property used below
is that the hermiticity of K implies that this operator can be regarded as the
generator of unitary rotations O;(t), namely

d

7 0i(1) = iK;(1)0; (1), O;1(t) = Ol(¢). (7.30)

J

This crucial property relies on the particular su(2) commutation relations. In
a more general case, where the matrices S; have arbitrary dimension d;, we may
regard these matrices as acting on a subspace of a larger Hilbert space, C*", m >
(%] In this even-sized space, we can find a set of Hermitian generators S &
Mmyom (C), that form a complete basis for the observable. The commutator
of any two generators will depend, once more, on an antisymmetric tensor (see
Ref. [Alt04]), which results from the composition of Levi-Civita symbols. Thanks
to this fact, we can still prove that the operator /() is the product of Hermitian
operators (x,, p,) and a set of Hermitian matrices, obtaining, once more, that
O;(t) is unitary.

Evolution of the Lieb-Robinson commutators

Since we are actually interested in the commutators in Eqgs. —, we will
write down their corresponding time-evolution equations. Note that Cjx(t) is
not zero since the source terms in Eq. introduce feedback of the spins
onto the oscillators, which thus become correlated as the time evolves. Moreover,
the opposite effect happens through the K;(t), complicating the solution of the
differential equations

Cip=—>_J-Qult)- Cy— J-Gy(t) - Zy (7.31)
l
Zjp=1)  CRAD(L) - S; +iK;(t) - Zy, (7.32)

where we have introduced the index n € {z,p} to label the position/momen-
tum spin-boson couplings, and the matrices A7 () € Msx3(C), which have the
following expression A7(t) = i) G77(t) f*7".

It is clear that the last term in Eq. , namely iK;(t)Z;j, cannot be respon-
sible for the propagation of spin correlations, as it is just a local evolution of the
spins that would be present even in the case of uncoupled oscillators. Fortunately,
we have already shown that this local term can be regarded as the generator of a
unitary rotation . Hence, we may eliminate this term by defining a new set
of spin-spin commutators D := Oj_lek, which share the norm with the original
ones ||Djx|| = ||Z;k||. The time-evolution for these spin commutators becomes
> O A1)

D, =i0;'(t) - .S, (7.33)
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which is simple enough such that we can derive the desired Lieb-Robinson bound
for the spin-boson lattice model.

Lieb-Robinson bounds for the spin-boson lattice model

In analogy with the time-evolution of the bosonic operators , the system
of differential equations for the spin-boson commutator can be formally
integrated. Using the initial condition C;;(0) = 0, which assumes that the spins
and bosons are initially uncorrelated, we arrive at

Cult) = — /0 ar S Walt,7) - J - Gi(r) - Ou(r) - Du(r).  (7.34)

Upon substitution of this result in the system of ODEs for the spin-spin commu-

tators ((7.33), we find

D(t) =1y 0;'(t) - /0 dr (Wt 7) - J - Gi(7) - Ou(7) - Di(7)]" - A%(E) - S5(1).

(7.35)
Integrating this equation leads to a Dyson-type recurrence that only contains spin
operators

D;,(t) = Djk(o)Jri/otclT1 /0 dry (;Ojl(ﬁ).

Wi, 72) - J - Gi(72) - Oy(12) - Dig(12)]" - Af (11) - Sj(Tl)>

We can now upper-bound the norm of the Lieb-Robinson commutator D (t) by
using two properties of the operator norm, namely ||[A + B| < [|A| + || B]|, and
|AB|| < ||A]l ||B]|. Additionally, we will exploit the fact that O; is a unitary oper-
ator, ||O;(t)|| = 1, and use the bound for the norm of the free bosonic propagator.
After introducing the upper bounds ¢ = max,; [|G;(¢)| = maxy ;. HA?(t) , and
S = maxy; [|S;(t)]|, we obtain

t T1
||Djk(t)||§||Djk(0)||—|—xz/ dﬁ/ drye (=7 f(d) [Dy()]| . (7.36)
1 0 0

where we have introduced the constant y = 2¢>Sa. We now interchange the
integration order, noting that the initial integration limits are 0 < 7 < 7 and
0 < 7, <t, and defining the same integration regionas 75 < 7y < tand 0 < 7 < t.
Hence,

¢ ¢
1D (O < |1D;x(0)] + XZ/@ dTg/ dre’ (=) £(d) | Dy ()| . (7.37)
] T2
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Integrating the exponential term, we now find
t
1Dk (1) < [ID(0)]] + ﬁ > / dre” ™) £(dy) |IDy(m) || (7.38)
l 0
Let us now iterate this recurrent expression, which leads us to

t
X U1, —To
D0 <Dl + 23 | draen e ) IDu )]+

(7.39)
(ULR> / dra [ dmaens ) () ) [P
We now use the relation Y, f(d;) f(dw) < aof(d;r) and we get
! 1
IO <P+ (32) 3 [ L) [P+
(7.40)

VLR

<X%) Z/ d”/ Are ™) f(dy) [Don(m)]

It is possible to iterate the above expression for j # k, using the equality
1D (0)]] = 2|18, ] HS,‘fH 54, together with ||S;]| = [|Sk|| and j # k which implies
ID;x(0)|| = 0. As an example, the first three steps read

xa vLR(t T2) d.
IDO)] < D0 ||+( ) > / an, ) py o))
a e’ULRt 73) )
+ (H) Z/O dTQ/O d7'3 ao (jl) ||Dl’k(7_3)||
ll

VLR

< o] () £ /gw "
0

() B R e
>/

4 (Xao >
/ULR ll lll
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The total sum up to infinite order reads

- xao \" e H%k f(dig) .,
Dol < Y 2isil sz (%) g
n=1
with
t T1 Tn—1 t T1 Tn—1
T, _/ dTl/ dTQ-"/ dr, e’rrt=m) < e”LRt/ dTl/ dTQ"'/ dr,
0 0 0 0 0 0
(7.42)
By direct integration, we find that 7}, < e”LRt% which results in
- xaot\" 1 evirt
D) <S 2|8, HS‘z’H ~ T F(dy). 7.43
Dol <3280 st () 7 (7.43)

The previous series can be summed up to infinite order yielding the desired

Lieb-Robinson bound (7.6 for the spin-boson lattice model

VLR . xa
13401 = IDsu(0)] < 28,1 57| L (30— 1), - x = 2750
(7.44)
Interestingly, we find that the LRB for this composite system contains two contri-
butions. On the one hand, the first exponential gives the maximum propagation
speed for the bosons. Since the spin correlations are built by the exchange of
bosons, it is natural that the speed of propagation of spin perturbations has an
upper bound given by the speed of propagation of the carriers. On the other
hand, the second exponential determines the efficiency with which distant spins
can excite and reabsorb a propagating boson. Accordingly, this process should
be proportional to g, the maximum spin-boson coupling strength. Moreover, if
the bosons travel much faster than the time-scale related to such a spin-boson
coupling, an adiabatic-type argument tells us that the efficiency of excitation/re-
absorption of bosons by distant spins should be reduced. Therefore, we can
expect that, in addition, the process should also be proportional to g/v . These
arguments based on a physical reasoning are confirmed by the rigorous LRB, as
we have found that the argument of the second exponential is xag/vLr o ¢?/VLR.

7.5 Proof of the theorem

We may use the previous results to prove the main result [7.1}

Proof. The Heisenberg equations of motion are R; = — 3, JQ;x(t)Rx—JG;(t)S;
and S; = 1K;(t)S;, with a Hermitian matrix K;(¢) that depends on the couplings,
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7. LIEB-ROBINSON BOUNDS FOR SPIN-BOSON MODELS

boson operators, and spin structure constants. The first equation is formally
integrated

H =S Wt 0)R(0) — / “ar S Wit 7)JG(r)Sk(7)
k k

0

In this notation, the free boson propagator W is an N x N block matrix, where
each block Wi (t1,ts) € R**? spreads correlations between sites j and k.

The bosonic bound (7.8]) influences the spin-spin correlations through the
spin-boson correlators

Cji(t) := [Ry(1), 5(0)]
This is seen in Zj, = 0D netepy CiA} (6)S; +1K;(t)Zjk, where the matrices A7 (¢)
are defined in terms of the spin-boson couplings. To eliminate the local precession
of the spins, we change variables Dj(t) := O;'(t)Z;(t) with a unitary O;(t)
obtained by solving O,(t) = iK;(t)O;(t). Thus,

Cjr = Z JQu(t)Cy, — JG,(1)0,(t)Dyy, (7.45)

D, =iO;* Z AT () (7.46)

describe the buildup of spin-boson correlations and the conversion of spin-
boson into spin-spin correlations (7.46). Some remarks are in order: (i) the
equation for Cj; is solved formally in terms of Dy, creating a recursion; (ii) the
operator O; absorbing the unbounded local rotations does not influence the LRB
because (iii) Dj; and Z;; have the same operator norms.

Equations (7.45)) and ([7.46), with the upper bounds |G;(#)], A% ()] < g,
IS;(®)|| < S, the bosonic LRB (7.8), and the geometric factor ag, provide a

Dyson-type recursion for the commutators norms

D) < 1D;x(0)[H (7.47)

+2925a2/d7'1/ o f (dji, vir(T1 — 72)) | D (72) |-

After summing this recursion to infinite order, the desired LRB ([7.10)) for the
spin-boson lattice is recovered. O]
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7.6 Conclusions and outlook

In this chapter, we have derived new Lieb-Robinson bounds for a general model
of finite dimensional systems interacting through a bosonic field that satisfies a
Lieb-Robinson bound itself. These bounds apply to all spin-boson lattice models
of any dimensionality and geometry realized with state-of-the-art technology. To
continue with this line of work, we would like to study further theoretical impli-
cations of these bounds, such as the efficiency of time-dependent density matrix
renormalization group methods or the clustering of correlations, which might be
of interest to recent studies [PISK12].

On the other hand, a fruitful generalization of this work would be to extend
these bounds to the continuous limit of the lattice and to prove whether the
light cone implied by the Lieb-Robinson bound in the continuous is exacty the
expected limit of the light cone obtained in the discrete case. This would allow
us to address the propagation of quantum correlations in quantum field theories
that are the uniform limit of discrete models of bosons interacting with fermions.
Such models and limits are often affected by infrared and ultraviolet divergences
and we would like to show that such divergences do not affect the propagation of
correlations and that we can define the corresponding light cone of the system.

We would also like to explore a further generalization of the Lieb-Robinson
bounds using a physically motivated route that is complementary to other general-
izations [HKO06, NOS06|, [CSE08, NRSS09, [Poul0, PSHKMK09] and which could
apply to many interesting models. A further generalization of Lieb-Robinson
bounds could rely on the fact that even for many infinite-dimensional problems
for which the existing bounds do not apply, we may still define finite temperature
states. This notion of temperature restricts the size of the region explored by
the system to the ground state manifold and its surroundings, and it is itself a
measure of which operators are reasonable, namely all those whose expectation
values can be computed in practice. We would like to exploit this idea to obtain
an extension of Lieb-Robinson bounds which could apply to physical systems of
interest, such as the Bose-Hubbard Hamiltonian [GK63].
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Lieb-Robinson bounds in
trapped-ion crystals

8.1 Introduction

Correlation spread after quantum quenches is a growing area of active theoretical
and experimental research [RGL™14, INOS06, HT13, (CBPT12]. In this context,
Lieb-Robinson bounds |[LR72, [NS10a] are a fundamental tool to prove whether
there is a finite velocity of the propagation of information in a quantum many-
body system. While they were initially conceived to prove the finite group velocity
of spin systems [LR72], they have been extended to other physical settings such
as the spin-boson Hamiltonian that we presented in Chapter

The first experimental test of Lieb-Robinson bounds was achieved by Cheneau
et al [CBP™12], by quenching a quantum gas in a one-dimensional optical lattice.
This proved that the spread of correlations by quasiparticle pairs displays a finite
velocity, which gives rise to an effective light cone for the dynamics. After this,
several experimental proposals have been put forward to obtain the Lieb-Robinson
velocity in different systems.

In this chapter, we argue that the results we obtained in Chapter [7| are of
quantitative importance for crystals of trapped ions, a system in the field of
quantum optics that has been proved to be a prominent architecture for quan-
tum information [HRBOS8] and which offers a playground where our ideas can be
tested experimentally. We provide a detailed description of the applicability of
the Lieb-Robinson bound for spin-boson lattice models in a trapped-ion system.
Afterwards, we analyze these bounds and find that the propagation of spin cor-
relations, as mediated by the phonons of the ion crystal, can be faster than the
regimes currently explored in experiments. We then propose a scheme to test the
bounds by measuring retarded correlation functions via the crystal fluorescence.
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8.2 Lieb-Robinson bounds for spin correlations
in trapped-ion crystals

In the previous chapter, we proved that for the spin-boson Hamiltonian, Hsg () =
52 RIQi(OR; + 37, Bi(t)" - S; + 37, R - Gi(t) - S; (see Chapter|7) and given
the assumptions and notation of Theorem [7.1], there is a Lieb Robinson bound
for the spin correlations Z;(t) := [S,(t), SL(0)], ¢ € {1,2,3} given by (7.10)

252
|’ij<t)H < OéeVLRtf(djk) % a_o (e(QQ/ULR)Qsaaot _ 1>. (8.1)

In this section, we provide a detailed description of the applicability of the
Lieb-Robinson bound (LRB) for spin-boson lattice models in a trapped-ion sys-
tem [HRBOS].

Spin-boson lattice models with crystals of trapped ions

The spin boson model of Eq. can be implemented on top of state-of-the-art
technology, such as laser-cooled ions in radio-frequency or Penning traps [HRBOS].
In order to do so, we consider a collection of N atomic ions of mass m, and charge
e, confined in either (i) a linear Paul trap (see Figure[8.1)), (i) a Penning trap (see
Figure[8.2), or (iii) a micro-fabricated surface trap (see [WL11]). For low-enough
temperatures, the ions crystallise forming either (i) a one-dimensional chain, a
(#) triangular lattice in the rotating laboratory frame, or (i7i) any desired two-
dimensional lattice. The equilibrium positions of the ions are labelled, r? for
i €{1,...,N}, and correspond to the physical realization of the set of vertices
L of the graph G (see Fig. [7.1). As we will see below, because of long-range
interactions, the set of edges F is determined by all the possible links for each
lattice.

The physical degrees of freedom of each vertex ¢ € L correspond to the small
transverse vibrations of the ions around the equilibrium positions (i.e. bosons),
defined in £2(R), and to a pair of internal levels of the atomic level structure (i.e.
pseudospins), defined in H; = C2.

Bosonic degrees of freedom

The small transverse vibrations will be denoted as ér;;. They correspond to (3)
one of the two directions perpendicular to the axis of the linear Paul trap, or
to (i1)-(ii1) the direction perpendicular to the crystal plane in the Penning or
surface traps. For any of these configurations, the transverse vibrations decouple
from the remaining vibrations of the ion crystal, and can be thus described by
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oA .
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e 00000 O

Figure 8.1: Scheme of a Paul ion trap containing 40 Ca+ ions which are arranged
in a string (depicted in blue). The ions are cooled using laser beams (depicted in
red). Afterwards, the ions are imaged using a charge-coupled device (labelled as

CCD in the picture). (Source: [BWOg]|).
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Figure 8.2: Scheme of a Penning ion trap, which confines ions in three dimensions
using a combination of a weak electrostatic electric and a strong homogeneous

magnetic field. (Source: [BSK*12])
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the same harmonic Hamiltonian, namely

2
b; m 12 :
H, = E ( ARNE ?wférit) + 5 Vijori 10T (82)

- 2m

Here, the couplings between distant ions are obtained by expanding the Coulomb
potential to second order in the small transverse displacements, which leads to
Vij = eg/|r]) —rf° for i # j, and Vi = — 37, Vij, where ef = €? /4mey. Note also
that the origin of the trap frequency wy shall depend on the particular trap (i.e. for
(i)- (i) wy is proportional to the r.f. frequency, whereas for (7i) it is proportional
to the d.c. potential). By rescaling the position and momentum operators, z; =
/mwdry and p; = p;//mwy, we can define the bosonic operators R} = (z;, p;)
with the commutation relations in Eq. (7.1). Moreover, the Hamiltonian for the
transverse vibrations can be rewritten as

V..
1 wedij + e 0
Hy=>Y Rl -Qy R, Q= o ) (8:3)
2 0 WO
i,j tYej

which yields a transparent realization of the free bosonic part . It is also
worth pointing out that the trap frequencies could be modified dynamically in
the experiment to study e.g. quenches, leading to a time-dependent @);;(¢) also
captured by our LRB.

Spin degrees of freedom

Let us now turn into the spin degrees of freedom, which correspond to a pair
of atomic levels {[1;),|]:)} with a sufficiently long coherence time. For the sake
of concreteness, we select two states from the hyperfine ground-state manifold
of a certain ion (e.g. °Bet or Mg™), although we emphasise that the LRB
would equally apply to optical or Zeeman spins (e.g. 4°Ca™ or %8Sr™). By
defining the Pauli matrices of = |1;) ({s| + H.c., o) = —i|Ty) (4] + H.c., and
of = 1) (1:| — [4o) (4], it follows directly that the desired commutation rela-
tions are fulfilled. We define wy as the transition frequency between the two
atomic states, and use electromagnetic radiation (e.g. a Raman configuration
with two co-propagating laser beams, or a single microwave in a traveling-wave
configuration), such that its frequency fulfills v &~ wy, and |V — wy| < wp. Then,
the light-matter interaction reads as follows

H,=Y"Bl(t)-0,, BI(t)=Qcos(vt—p), BY(t)=Qsin(vt—y), Bi(t)= %
(8.4)
where o; = (07,0!,07)T. Here, Q2 € R is the Rabi frequency of the transi-

tion [SZ97], and ¢ depends on the phases of the electromagnetic wave and the
atomic dipole element. The above expression corresponds to the free spin part of

Eq. .
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Spin-boson coupling

The only missing ingredient of the target lattice Hamiltonian is the spin-
boson coupling. This requires a light-matter interaction that couples the internal
states of the ions to the transverse vibrations, which can be achieved via the
so-called state-dependent dipole forces. Such forces are nowadays routinely used
for quantum-information processing in the trapped-ion community. When we
encode the pseudospin in the hyperfine states of an ion, we can use the gradient
of either a travelling wave in a Raman configuration with non-co-propagating
lasers [SM10], or an oscillating magnetic field in the near-field of a microwave
source [OLAT08, IOWC™11], to obtain

Hy, = Z gx;o7 sin(vt — Q). (8.5)

(]

In this expression, ¢ = v/2 is the coupling strength between the ion and the
propagating wave of light, + is the Lamb-Dicke parameter and Q is the crossed-
beam ac-Stark shift that originates from the Raman laser beams,; or an ac-Zeeman
shift in the near-field of an oscillating microwave source. This coupling is what we
refer to as “the force” and it has the units of frequency since the rescaled position
operator is dimensionless and A = 1. We have also introduced the so-called Lamb-
Dicke parameter v < 1, which depends on the gradient of the modulation of the
electric (magnetic) field of the laser (microwave) at the position of the ion, and
the zero-point motion of the ions. In order to get such state-dependent force, we
have to consider that 7 ~ w, such that |7 — w;| < w; and |Q < w, in order
to make the gradient of the light-matter interaction dominant, which leads to
Eq. as opposed to the case in Eq. . We can rewrite the state-dependent
forces using the notation in Eq. as follows

0 0 gsin(vt— @)

Note how this yields a transparent realisation of the spin-boson coupling of

Eq. (7.3) while Egs. (8.3)),(8.4), and provide the remaining ingredients for

the trapped-ion realization of the full spin-boson lattice model
Hsg (t) = H, + Hs + Hyg,. (8.7)

As the form of the trapped-ion Hamiltonian Hsg (t) coincides exactly with the
general model in Eq. , we can use directly the LRB derived in the previous
sections. This will allow us to estimate the maximum speed at which spin corre-
lations can build up in a trapped-ion experiment. Before closing this section, let
us remark once more that the spin-boson dynamics of all these ion crystals in the
different traps (i.e. linear Paul trap, Penning trap, or surface trap) is described
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by the same Hamiltonian. Therefore, the LRB may find a broad application in
a variety of ion-trap setups. We should also point out that, although the state-
dependent force corresponds to the so-called o*-force, other configurations
lead to state-dependent forces in the o”-, or o¥-bases [SM10]. Note that our LRB
would apply equally to any of these cases.

Lieb-Robinson bounds for non-perturbative spin-boson
models

In this section, we evaluate the LRB for the trapped-ion spin-boson lattice model
(7.10)), obtaining a power-law behavior ([7.11)).

We start by considering the bosonic part of the evolution. The phonon cou-
pling Q);; = diag{wd; ; +Vi; (mwy) 1, wid; j } contains the ions’ mass m, the trans-
verse trap frequency w;, and a dipolar interaction. The following upper bound

holds 85
W . .

1Qijll o < O+ d,) Vi# g (8.8)
The off-diagonal couplings thus satisfy Eq. with algebraic decay n = 3,
where d;; is the Euclidean distance between two vertices 7,5 € L of a perfect
Bravais lattice, which has unit primitive vectors, and shares the geometry with
the ion crystal (i.e. note that ion crystals are usually characterised by an inhomo-
geneous lattice spacing). The interaction strength x = 45w, is defined in terms
of the stiffness parameter [PC04|, B = €2 /4megmw?2d?,, which measures the ratio
of the Coulomb repulsion to the trapping energy and depends on the minimal
separation between two ions in the crystal, dp, = min, ;{[r} — r9|}. We note that
[ < 1 for the setups considered in this chapter, which corresponds to a tight

transverse confinement.

Introducing the maximum force g = max; |F,(¢)| and considering the supre-
UM NOrms

1Gi(D)lle <9, lloill S =1Vi#]. (8.9)
then the LRB for the spin-boson lattice model in an ion crystal is given by
H[ai(t), a‘?(O)]H < 2 sl (ea(zf%)%wtﬁ - 1), (8.10)
oo &0(1 + dij)g

a = E(Hao)’ (8.11)

Qo

where Sw; is the typical order of magnitude for the tunneling of vibrational ex-
citations between neighbouring ions. Therefore, the LR speed for the bosons is
related to this tunneling, which is in fact the underlying mechanism responsible
for the spread of correlations in both the free bosonic system, and the spin-boson
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t=0.7us t=2.2us t=44us t=15.2us
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Figure 8.3: Spin correlation spread in the impulsive regime. In this
regime, we evaluate numerically the bound ||[o](t),07(0)]]cc < f(t), where
f(t) = max,<{8] sin(W;;"(7,0))|} x 0;0; is obtained from the exact time-evolution
of the impulsive regime. We consider a crystal of N = 253 Be™ ions [BSK™12],
assuming pulse areas of #; = 1. The white circle corresponds to a wavefront
advancing at a speed of 3d,,Bw;.

model. However, if we do not allow for a time that is sufficiently long such that
bosons can be exchanged between the spins (i.e. ¢ > (¢?/fw;) '), no correlations
can build up regardless of how fast the vibrational excitations propagate (i.e. the
term between brackets makes the correlations negligible, see Fig.[8.4](a)). As an-
ticipated in the proof, the LRB depends fundamentally on the maximum group
velocity of the phonon branch, given by Sw;, and on the efficiency of the force in
exciting and absorbing a propagating phonon, (g%/Bw;).

Let us now evaluate evaluate the LRB by considering realistic parameters
for the different ion crystals of interest. First of all, we need to obtain the
constant ag, which is defined through the following bound of the convolution
S (L +di) (1 +diy) 7 < ao(l +d;;) 73, Vi, j € L. Alternatively, we can define

— {Z (1+dﬂ)—3(1+d1j)—3}’ (5.12)

leL (L+dij)~

a maximisation problem that will be solved for the crystals of interest.

Ion chain in a linear Paul trap

In this case, the perfect Bravais lattice associated to the inhomogeneous ion chain
is spanned by a; = e, such that ¥ = ia;, where i € Z. Hence, the Euclidean
distance is simply d;; = |i — j|, and we can maximise the above expression ({8.12))
numerically to find that ag = 2.9. Let us note that this constant differs from the
generic estimate [CSEQS| based on the graph distance ay = ¢;24¢(3) = 38.5 by
an order of magnitude, a fact that will make our LRB much tighter.
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Figure 8.4: LRB for the spin correlations in an ion chain: (a) Evaluation
of the spin-boson LRB in Eq. for a linear chain with N = 30 Mg ions in
a linear Paul trap (see the text for the specific parameters). The spin excitation
initially localised at the middle of the chain, j = N/2, propagates towards the
edges giving rise to a quasi-LR cone. We also observe that the cone requires a
finite time to arise, which corresponds to the required time to create/annihilate
bosons at distant sites. (b) Evaluation of the spin LRB in Eq. for a linear
chain with N = 30 2Mg™ ions in a linear Paul trap (see the text for the specific
parameters). We observe an analogous quasi-LR cone, where one must appreciate
the very different time-scale of correlation spread as compared to the spin-boson

LRB in Eq. (8.11) displayed in (a).

We now consider realistic parameters at reach of current ion-trap experiments.
We consider Mg ions in a linear Paul trap with frequencies w,, /27 = 0.25 MHz,
and wy /27 = 5 MHz (see e.g. [FSGT08]). This trap confines N = 30 ions form-
ing a linear chain of length ¢ ~ 140 um, such that the minimum ion distance
occurs at the centre of the trap d,, ~ 4 pum, and the tunneling rate of vibra-
tional excitations is Swy/2m &~ 450kHz. Finally, we need to estimate the value
of the state-dependent force, ¢ = v/2Qy. Considering that v ~ 0.14, and that
Q| < wy, it seems reasonable to consider that the force can be pushed towards
g/2m = 100kHz. In this regime, we find that the LRB corresponds to the
spin correlation spread displayed in Fig. (a). Due to the long range of the
vibrational couplings, instead of a perfect Lieb-Robinson cone, we recover a quasi-
LR-cone. In any case, it is clear that there is a maximum propagation speed for
spin correlations in such a spin-boson medium, and distant spins require a certain
minimal time after which correlations can start building up. It is important to
note that the timescale of correlation propagation of the LRB is in the us range
even for long chains of NV = 30, a timescale that is short enough such that other
sources of noise (e.g. magnetic-field noise or heating) can be safely neglected.

Although we have considered the particular case of 2>Mg™ ion chains, we
emphasise that similar experiments can be carried out with other ion species. In
fact, linear chains with up to N = 6 ions of *°Ca* [LHNT11], and N = 3 [KPST12]
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or N = 16 [ISCT13] ions of ™Yb™ have already been used in experiments for
digital and analog quantum simulations of transverse Ising models. These models
arise from spin-boson Hamiltonians equivalent to Eq. (8.7), in a certain regime
where the boson can be traced out (see Sect.[8.2). Therefore, in order to test the
bound displayed in Fig. 8.4](a), one would need to consider larger ion chains, and
non-perturbative regimes where the ion crystal forms a spin-boson medium.

Triangular lattice in a Penning or surface trap

In this case, the equivalent Bravais lattice is spanned by a; = e,, and a; =
e,/2+ \/§ey/2, such that ¥ = i;a; + isay and i = (i,iy) € Z x Z. By maximis-
ing with the Euclidean distance dj; = |¥{ 1|, we find ag = 8.5. Once again,
the estimate based on the graph distance would give give ag = ¢22%¢(4) = 103.9
overestimating the LR speed by one order of magnitude. A more accurate ap-
proach is to use the bound to fit the numerical evolution of the bosonic
lattice model. This leads to ag &~ 3/8, a tighter bound that accounts for the finite
size of the lattice and the non-uniformity of the Coulomb crystal.

These ions, confined with a transverse trap frequency of w;/2m ~ 0.8 MHz,
form a triangular crystal of N ~100-300 lattice sites characterized by a minimal
distance d,, ~ 20 pm. In such experiments, the maximum phonon group velocity
is currently Sw; /27 ~ 60 kHz, and oscillating state-dependent forces with g/27 ~
0.6 kHz have been obtained from two non-copropagating laser beams in a Raman
configuration.

Let us now specify the remaining parameters to evaluate the LRB. We start by
considering the experimental values for a “Be™ crystal in a Penning trap [BSK*12],
where the transverse trap frequency is wy/2m ~ 0.8 MHz, and the ions form a tri-
angular crystal of N ~100-300 lattice sites characterized by a minimal distance
dp, ~ 20 pm. For these parameters, we can estimate that the tunneling of trans-
verse vibrational excitations is on the order of fw;/2m ~ 60kHz. As a direct
consequence of the larger inter-ion spacing d,,, this tunneling is much smaller
than in linear Paul traps. However, since there are more neighbours in the trian-
gular lattice (i.e. the value of aq is bigger than for linear chains), the LR speed of
propagation of spin correlations will not be much slower than the one found for
linear Paul traps. Let us now address the strength of the state-dependent dipole
force. In the experiment [BSKT12|, these forces are obtained from the gradient
of a moving optical lattice formed by a couple of non-copropagating laser beams
in a Raman configuration. For the incident angles of these beams allowed by the
experimental apparatus [BSKT12], these forces correspond to g/27 ~ 0.6 kHz.
By evaluating the LRB in Eq. , we find that the correlations can spread
over a whole crystal of N ~ 100-300 ions in a minimum time-scale of 1us (see
Fig. . In particular, the spins in a crystal of N ~ 200 ions can get cor-
related in timescales of 10 us, an amount of time significantly shorter than ex-
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perimental sources of decoherence, such as photon-scattering decoherence rates
~ 10ms [BSK™12]. A clear advantage of Penning traps is that they can con-
fine a sufficiently-large number of ions, such that the propagation of correlations
becomes a real many-body problem very difficult to tackle even with the most
sophisticated numerical methods. For this reason, the advent of a trapped-ion
test of our LRB would constitute a quantum simulation that overcomes the ca-
pabilities of classical computers.

Micro-fabricated surface traps

Let us now consider another promising architecture, the so-called micro fabri-
cated surface traps [SPS12]. By appropriately designing a planar electrode, it is
possible to confine the ions above the electrode surface according to any desired
geometry [SWL09]. So far, in order to minimise the heating, the ions have been
held sufficiently far away from the electrodes, such that typical ion-ion distances
are much larger than in linear or Penning traps (e.g. dp ~ 40-50 um for linear
surface traps with “Be™ ions [BOCT11] or “°Ca™ ions [HLB"11]). For such larger
distances, the Coulomb couplings and thus the tunneling of vibrational excita-
tions is reduced considerably. For instance, for *Be™ crystals with dp, ~ 40 um,
and transverse trap frequency of wy /2w ~ 10 MHz, we get Sw; /27 ~ 0.6 kHz. Ac-
cording to the LRB , we understand that the transport of correlations will
be much slower in this case. For moderate state-dependent forces ¢g/2m ~ 0.4kHz,
we find that the transport of correlations in the surface trap is two orders of mag-
nitude slower with respect to the LRB of the linear chain in Fig. 8.4](a). For the
recent experiments [SRW™14], where the fluorescence of a triangular crystal of
I'Yh* jons in a surface trap has been observed for the first time, the estimated
phonon tunneling Sw; /27 =~ 0.03 kHz for trapping frequencies of w; /27 ~ 3.3 MHz
leads to a slower transport of correlations.

Bounds for perturbative interacting spin models.

Whereas our LRB gives the fastest timescale of correlation, many exper-
iments for the simulation of quantum magnetism [FSGT08, BSK™12, [KCK™10,
IEK™11] are implemented in the so-called perturbative regime, which leads to sig-
nificantly slower correlation speeds. In the far-detuned regime of the spin-boson
lattice model the effect of the bosons as carriers of spin correlations can
be described neatly, since the oscillating forces that are much weaker than their
detuning from the trap frequency, g < ¢;, thus the spin-boson coupling is
weak enough and the bosons can only be created/annihilated virtually. In this
perturbative limit, one traces out the bosons to obtain an effective algebraically
decaying spin-spin interaction [PC04, [PC06|, Heg = Zij Jijoio? due to the vir-
tual boson exchange between distant ions.

In order to trace out the bosons, it is more convenient to diagonalise first the
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Figure 8.5: LRB for the spin correlations in a triangular ion crystal
in a Penning trap: . Evaluation of the spin-boson LRB in Eq. for
a triangular crystal “Be™ ions in triangular Penning trap (see the text for the
specific parameters). We observe the evolution of a spin perturbation initially
localised in the centre of the crystal, and spreading toward its boundary as the
time evolves.

harmonic crystal Hamiltonian (8.2)). This can be done by the following canonical
transformation

1 . mwn,
Ty = Z \/ o, Mm(aL +an), Ppig= IZ 5 Mm(a;rl —a,), (8.13)

where af (a,) create(annihilate) phonons in the crystal, and M, are the elements
of an orthogonal matrix that leads to the normal-mode frequencies of the crystal
wn = wi(1+ ﬂ)}n)lﬂ. Here, V,, = Zij /\/lm\~/z~j/\/ljn, and \71‘3‘ =1/t — 1?]? are the
rescaled oscillator couplings, where the equilibrium distances have been divided
by the minimum distance of the crystal ¥ = r?/d,,. Hence, the harmonic crystal
Hamiltonian becomes Hy, = > wpala,.

Let us now move to the interaction picture with respect to Hy = ), B*07 +
>, wnala,. We assume that (i) the on-site spin terms fulfil v = wy, and
¢ = 0, and Q < wy, (i) the state-dependent force fulfils 7 ~ w,, and
Qyn < wy, such that v, = y(w/w,)/? In this case, after a rotating-wave
approximation, we can describe the interaction-picture Hamiltonian as

H(t)= Z ho + Z ]:mafaieig"t +H.c., (8.14)

where h = Q/2, F;,, = iﬁ%eig’Mm/Q, and 6, = w, — is the detuning of the
state-dependent force. In the far-detuned regime |F;,| < d,, < wy, the force can
only create/annihilate phonons virtually giving rise to an effective interaction
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between the spins. Assuming that the phonons are initially in a thermal state
p(to) = |vs) (¥s| ® pwn, whereas the spins are in an arbitrary pure state |t), it is
possible to trace out the phonons by means of a canonical transformation [PC04]
or via the Magnus expansion [Magb4]. The latter leads to an effective time
evolution operator for the spins that reads as follows

Ueir(t) = e 1+ O((g/00)* (s + 1/2)), (8.15)

where g = /20 is the strength of the spin-boson coupling, & is the detuning
with respect to the center-of-mass mode, and n, is its thermal occupation. Thus,
if the detuning is large enough, and the crystal is laser-cooled to sufficiently low
temperatures (g/8;)%(fix + 1/2) < 1, the residual terms can be neglected. We
thus obtain the effective transverse-field Ising model

FiF;
Heff: Ji'O'izO'?—F hO’f, Jz = — M 8.16
; J J Z J Z o, ( )
1#] % n
For the transverse modes, where 3 = e3/mw?d3 < 1, it is possible to show
that the leading-order term for the spin-spin couplings decays algebraically with
distance. In particular, if § < 26; /wy, we obtain the following a dipolar law

JO 1 g 2
Jii = 50 — FOP3’ Jo= 16 o b (8.17)
i J

At this point, it is important to remark that the force is constrained to (g/d;)? <
1, which follows from the need to neglect residual spin-boson couplings in the evo-
lution . Therefore, the spin couplings Jy < fw; are much smaller than the
tunneling of phonons, which is consistent with the fact that the interactions are
carried by the phonons via perturbative virtual exchange. Although in this work
we have focused on the regime of dipolar decaying interactions f < 20, Jwy, let us
also note that if Sw; & 28, other algebraic decays can be found (e.g. Coulomb-
like, monopole-dipole, etc). To achieve this regime, one may either reduce the
detunings 0; [BSK¥12], or change the vibrational bandwidth Sw; modifying the
axial trap frequency [ISCT13]. The latter method does not compromise the spin
couplings, since the residual error O((g/d;)?) can be fixed without decreasing the
forces.

In the dipolar regime, we can thus derive a LRB for the spin model following
similar steps as in Chapter [7] that is finding a Dyson-type recursion for the
LR commutator, bounding its norm, and resuming the expressions to infinite
order. This derivation depends on the bound of the spin-spin couplings, and
since they share the same distance-dependence with the oscillator couplings );;
(see Eq. (8.9))), we require analogous bounds on the supremum norms

8Jy ) )
L YiAS (818)

il <S=1, |Jiyll,=dij < 77—
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where d;; is again the Euclidian distance of a perfect Bravais lattice that shares
the geometry with the ion crystal. We can then establish the following LRB for
the effective spin model

2 al L : we ) ~
e 50, = G (8 -1) a0
where ag is again defined by the maximisation of the convolution (8.12). We note
that this bound coincides with the formal result of [NOS06] applied to our case.
Let us emphasise that the parameter dependence of this spin-LRB resembles the
spin-boson-LRB found in Eq. . There are, however, two main differences:
(i) As the bosons have been traced out by a sort of adiabatic elimination, their
propagation (i.e. first exponential in Eq. (8.11))) does not appear in the spin-LRB.
(i) The term in brackets, which accounts for the spin-spin coupling by virtual

boson exchange, scales with (¢/0;)? as opposed to (g/Bw;)? for the spin-boson-
LRB (8.11). Let us now discuss realistic values for different setups.

Ion chain in a linear Paul trap

We consider 2?Mg™ ions confined in a trap with the same parameters as dis-
cussed for the spin-boson LRB. The only parameter that we have to modify is
the strength of the state-dependent force to fulfil the far-detuned-regime condi-
tion, such that the effective spin model is an accurate description. Let us first fix
alarge detuning & /27 ~ 0.5 MHz, which fulfils 6; < wy. To reach the far-detuned
regime g < d;, we choose g/2m ~ 50kHz. By substituting the previously-found
value ag = 2.9, and considering again a chain of N = 30 ions, the correspond-
ing spin-LRB leads to the correlation transport displayed in Fig. (b)
In contrast to the speed of correlations predicted by the spin-boson LRB (see
Fig. [8.4)(a)), we find that the LR bound for the effective spin model predicts a
much slower spread of correlations in the 0.1 ms range.

Triangular lattice in a Penning or surface trap

Let us now discuss the orders of magnitude for the propagation speed in the far-
detuned regime of Penning traps and surface traps. For °Be™ ions in Penning
traps, we fix again the detuning /27w =~ 80 kHz. For the weak forces attained in
the experiment ¢g/27 ~ 0.6kHz [BSK™12|, and recalling that Sw;/27 =~ 60kHz,
the LRB predicts a propagation of spin correlations in the milliseconds range. By
allowing for larger incident angles of the laser beams responsible for the force, it
is expected to achieve stronger forces g/2m ~4kHz [BSKT12| that would allow
for LRB in the 0.1 ms range. Achieving such propagation speeds is important,
as other sources of noise (e.g. magnetic field fluctuations) lead to decoherence
times in 1-10 ms timescales. Let us now address a surface trap loaded with *Be™
(*"'Yb* ) ions forming a triangular lattice. Let us recall that the ion spacing
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in this case was much larger, such that Sw;/27 ~ 0.6 kHz (Sw; /27 ~ 0.03kHz).
Considering the same detunings and forces as for the Penning trap, this leads to
a propagation in 0.1-1s (1-10s), far too slow with respect to existing sources of
noise. According to this discussion, we can conclude that the transport of spin
correlations in the far-detuned regime can be sometimes hindered by existing
sources of noise in the experiment. From a pragmatic point of view, it would
be very interesting to study how to approach the faster spin-boson LRB ({8.11])
experimentally.

Bounds for impulsive spin-boson models

The above evaluation of the bounds has shown that the speed of propagation of
spin correlations in the far-detuned regime is at least two orders of magnitude
slower than the prediction of the spin-boson LRB (compare Figs.|8.4|(a) and (b)).
Interestingly, by abandoning the far-detuned regime such that bosons cannot be
eliminated from the dynamics, our new LRB predicts that there is plenty
of room for enhancement of the propagation speed. In fact, it seems possible that
the spin correlations approach the optimal prediction of the LRB and spread with
the maximum possible speed: the speed of the bare bosons propagating in the
lattice. However, the LR theory does not tell us how to achieve this bound in
practice, that is, it does not specify the particular spin-boson coupling or the
time-modulation of the Hamiltonian parameters that would allow us to reach
the aforementioned LRB (8.11)). Finding the optimal regime of the spin-boson
lattice model poses a many-body problem much more difficult to tackle, even
numerically, than the effective spin model (see e.g. [HT13, [SLRDI3]). Hence,
the possibility of exploring the LRB experimentally would be an instance of a
quantum simulator that overcomes the power of the most sophisticated algorithms
with classical computers.

As a guiding principle, we now study a simplified scenario that suggests that
the optimal propagation speed could also be achieved in the truly many-
body problem . Let us consider the trapped-ion Hamiltonian for
h = 0. In this limit, o7 (t) = 07(to) is a conserved quantity, and the dynamics of
the spin-boson lattice model can be integrated exactly. By using the free boson
propagator W;;(7, 72) in Eq. , it is possible to find the following bound for
the LR commutator

llo2(te), o%(t)]]|. < 8sin ( / dr, / drsF. i(m WP(Tl,Tz)FZ,j(TZ)), (8.20)

which involves the state-dependent forces acting on the two ions F, ;(1y), F, ;(72)
at different time-ordered instants 71 > 75. Let us remark that this expression does
not require summing the Dyson series to infinite order as we did for the spin-boson
LRB . It rather follows from the exact integrability of the dynamics, and
thus serves as a test-bed for the validity of Eq. . We will focus on the
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8.2. Lieb-Robinson bounds for spin correlations in trapped-ion crystals

impulsive regime, where the forces act locally on the distant ions for a very short
interval of time §t ~ 1/g, such that 6t < (Bw;)~*. Under this constraint, the
phonons do not propagate during the time where the pulsed forces are active,
and we can approximate the forces as Dirac delta functions

ty

Fz,i(Tl) = 92'5(7'1 — tf), FZJ'(TQ) == ej(S(Tg — to), 01 = / dTFzJ(T). (821)

to

Here, the pulse area 6, is related to the number of local vibrational excitations
created by each force (i.e. n; = |6)]* ~ (gdt)?). In this impulsive regime, we
obtain

||[O';:E(tf>, O-;U<t0)]Hoo S 8 sin (W;p(tf, t(])QzQJ) S 8|W£p(tf, t0>| X |€919]| (822)

We have thus obtained that the propagation of correlations in this impulsive
regime is given by two contributions: the bare propagation of the phonons, and
a term that depends on the efficiency of the spin-phonon coupling in correlating
spins and phonons. This is exactly the form of the more general spin-boson
LRB (8.11)). This result is also intuitively correct, as we are (i) using a fast force
to excite the phonons correlating them to the spin state at ¢t = ¢y, (i) letting
the bosons evolve under no additional force for t € (¢, t¢), and (4ii) performing
another fast force to correlate the propagated phonons to a distant ion at ¢t = t;.

Let us now go back to the state-dependent force of strength g = /20y
in Eq. (8.5), and address the possibility of reaching the impulsive regime g ~
(6t)~' > Buw; in ion-trap experiments. As argued below this equation, to achieve
this force, the frequency of the radiation must be tuned 7 ~ w, and its strength
constrained to < w; as we want to make the gradient of the radiation dominant
with respect to other sidebands. For Lamb-Dicke parameters v ~ 0.1, this poses
a constraint on the achievable forces g < 10~2w;. Moreover, considering the stiff-
ness parameters of the above experimental realizations 3(**Mg™", Linear) ~ 0.09,
B(°Be’, Penning) ~ 0.08, B(°Bet,Surface) ~ 0.06 - 1073, it is clear that the
impulsive regime g > [w; could only be attained for surface traps using this
implementation of the forces. We now discuss two possible alternatives to reach
the impulsive regime:

(i) By concatenating pairs of short resonant laser pulses coming from different
directions, it is possible to implement much stronger state-dependent forces in
the o,-basis without the requirement of resolving the sidebands [GRZC03]. As
shown in recent experiments [MSN™T13|, this allows for very fast state-dependent
forces 0t ~ 3ns that create n ~ 10 phonons. Therefore, one would obtain very
strong and fast forces g ~ /n/dt ~ 2w x 170 MHz, which would clearly fulfil
the impulsive-regime constraint for any of the above realizations. However, one
should also note the technical overhead of this method, as it requires the use of
pulsed trains of ultrafast picosecond laser pulses [MSN™13].
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(i) We now discuss an alternative without these experimental requirements
which, although not allowing for such strong forces, can still reach the impulsive
regime for Bet in Penning traps. The main message is that one can alleviate
the condition of the resolution of the sidebands Q < w; to Q’y < 4wy. Under
this condition, in addition to the gradient (8.14)), we should also consider the
homogeneous terms as they can no longer be neglected. On the contrary, all the
higher sidebands of the spin-phonon coupling can be neglected, and for h = 0
and 7 = wy, we obtain

Q . . <
= Z Eofe_”’t + Z Finoial e + Hee.. (8.23)

Another factor that typically limits the strength of the state-dependent forces in
experiments is the compensation of ac-Stark shifts whereby photons are absorbed
and reemitted into the same laser beam [BSK™12|. It is important to compensate
such shifts when the forces are applied for a long period of time, as fluctuations
in the laser intensities would lead to decoherence. However, for the short pulses
required in the impulsive regime, these ac-Stark shifts need not be compensated
as they can be refocused by a simple spin echo provided that the laser intensities
do not fluctuate during 6t ~ g~'. We thus incorporate possible ac-Stark shifts to
the spin-boson Hamiltonian

Z —Aw,aeo; + Z —ofe "V 4 Z]:ma a et He.. (8.24)

The problem can still be integrated exactly, leading to an evolution operator
U@st) = e Z:a Awacdt-+ sin(@51)) 7 UsgL (6t), where USBL(t) is the evolution oper-
ator leading to the LRB in the impulsive regime (8.22)). We first impose that
vot = 2mn, where n € Z. Additionally, at the mlddle of the evolution we ap-
ply a spin-echo pulse consisting of a m-pulse 07 — —o7, and Q — —Q. The
m-pulse is routinely achieved in trapped-ion experiments by driving the carrier
transition [HRBOS|, whereas the inversion of the Rabi frequency can be achieved
by controlling the laser phase [TGBT13|. In this way, U(dt) = Ugpr(0t), and we
can overcome the effects of the spurious terms. In this new regime, taking into
account the parameters of “Be™t, and the larger incident angles planned in the
experiment [BSK™12|, we find that the forces can be as large as g/27 ~ 0.3 MHz,
such that fwi/g ~ 0.2 and we achieve the desired impulsive. Note that the pulsed
forces are applied for time intervals of 6t ~0.1-1 us, which is considerably shorter
in comparison to the propagation of the spin correlations.

Let us close this section by reminding that this impulsive regime should serve
as a guiding principle to test experimentally how the LRB can be attained.
However, we should keep in mind that the interesting many-body problem would
be the one where the forces are non-perturbative and also non-impulsive.

118



8.3. Probing Lieb-Robinson bounds through fluorescence measurements

8.3 Probing Lieb-Robinson bounds through
fluorescence measurements

We discuss how to exploit the high accuracies in controlling and measuring the
quantum state of a collection of trapped ions [HRBOS] to probe LRBs. Note that
single-time observables, (o¢(t)), <af‘(t)af (t)), are already being measured with
trapped ions [RLRT04] or atoms in optical lattices [ECET11, [KKG™13]. Our
aim is to measure retarded correlation functions (af‘(t)af (0)). Let us emphasise
that the experimental scheme, which has been depicted in Fig. [8.6] consists of
a sequence of operations that are standard in several trapped-ion laboratories
dedicated to quantum-information processing. This sequence can be divided in
three steps: initialization, evolution and measurement that we will explore in the

following subsections.

Initialization

The first step is the initialization, namely to prepare a localized spin excita-
tion in a certain region of the ion crystal at t = ¢5. Considering the trapped-
ion realization of the spin-boson coupling (B.0), and the effective Ising interac-
tion in the perturbative limit (8.16]), we will study the following initial state
p(to) = |ts) (| ® pen, where py, is the thermal state of the vibrational exci-
tations after laser cooling, and [i¢s) = U, |} ---|) is obtained by optical pump-
ing P to a state where all spins pointing down || --- ]), and subsequently im-
plementing a 7/2-pulse at a certain ion j, namely U; = exp{ijoj}. Ideally,
lbs) = |4 - b 45 4 L), where |[+;) = (|1;) + [4;))/V/2 is the spin excitation.
However, we remark that the LRB would also apply if the initial perturbation is
delocalised around j, as far as it does not have an overlap with the distant lattice
site ¢« where the measurement takes place. Therefore, the experiment does not
require individual addressability. Moreover, we also emphasise that laser cooling
to the vibrational ground-state is not required, as the general LRB is valid
for any temperature of the ions (provided that the crystal is stable, and only small
excursions from the equilibrium positions take place). This is a clear advantage
with respect to the effective spin models (8.16]), which are obtained by tracing
out the vibrational excitations, and whose validity relies on minimising resid-
ual spin-phonon couplings. This requires either cooling closer to the vibrational
ground-state, or using larger detunings such that the couplings become weaker,
and other sources of noise may start contributing. In our case, Doppler cooling
to modest temperatures (e.g. 7; = Tr{ala;pm} ~10-20) will suffice to test the
validity of the LRB. Finally, note also that unitaries analogous to U; correspond
to single-qubit gates for quantum computation, which have been accomplished
with very high fidelities [HRBO0S8]. Due to all these properties, the initialisation
step can be achieved with accuracies above 99%.
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Evolution

After state preparation, the following step in Figs. [8.6/(a) and (b) would be the
evolution for t € [to, t;), where we switch on the spin-boson lattice Hamiltonian
Hsg (t) (8.7) continuously (Fig.[8.6(a)) or in a couple of short uses (Fig. [8.6/(b)).
We let the spin excitation propagate in time p(tr) = Usora(tr, to) p(to) UL . (s, to),
where Uyoral(t,to) = UspL(ts,to) in the continuous regime of Fig. (a), and
Utota|(tf,t0) = USBL(tf, %(tf — tO))USEUSBL(%(tf — to),to) in the pulsed regime of
Fig. (b) Here, we have introduced the evolution operator under the spin-
boson lattice model , namely

Use (tr, to) = T {7 i oo ] (8.25)

and the corresponding spin echo Usg that acts at the middle of the evolution.
Let us note that the use of state-dependent dipole forces, such as the force in the
z-basis or in x,y-bases, has become a frequent tool in different laborato-
ries [SM10]. Such forces underlie a wide variety of quantum-information experi-
ments, such as the creation of Schrodinger cat states with single ions, conditional
phase gates for quantum computing with two ions, or quantum simulations of
magnetic interactions with several ions. Therefore, we expect that the evolution
step can also be conducted with very high accuracies.

Measurement

Once the state of the system has evolved in time p(ty) — p(t¢), the measurement
step of the protocol starts (Fig. [8.6]). In order to test the LRB (8.11)), we need to

measure the retarded correlation function
Cor oz (te — to) = ([07 (1), 07 (to)]) (8.26)

However, the usual trapped-ion measurements M based on state-selective fluores-
cence only allow for measurements of single-time observables ((o7(t)), (o7 (t)o73(t)))
[HRBO§|. In the following, we describe a modification of these schemes for the
measurement of the above retarded correlation function. The main idea is to
encode the information of the retarded correlator in the measurement of a single-
time observable by means of a certain perturbation applied during the evolu-
tion step (i.e. a linear-response-type scheme [BF04]). To maintain the gen-
erality, let A; be the single-spin observable that can be measured at t = t;. At
t = tg, we let the system evolve under a perturbed spin-boson lattice Hamiltonian
H(t) = HsgL(t)+V (t), where V (t) = AgB;0(t—to) with A\g < 1 is a dimensionless
perturbative parameter, B; is a certain operator localised around j, and 6(t —t¢)
is the Dirac delta function. At t = ¢, we switch off the perturbed spin-boson lat-
tice Hamiltonian, and perform an additional unitary operator U; localised around
the site i (see Fig.[8.6)), consisting of single-spin rotations (i.e. single-qubit gates).
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Figure 8.6: Experimental sequence to test the LRB: (a) Always-on
and (b) pulsed spin-phonon forces. We represent the initialization step in blue,
which consists of laser cooling followed by optical pumping P and leads to
L) (4o} ® pen, where py, is a thermal state of the phonons after Doppler
cooling. We then apply a 7/2-pulse U; = exp{ifo}} by driving the carrier tran-
sition [HRBOS]. In the measurement step in red, one collects the state-dependent
fluorescence M during a continuous driving of the cycling transition [HRBOSg].
At the beginning of the evolution step t = ty, we apply the unitary Uy associated
to the impulsive perturbation V() described in the main text. This is followed
by the actual evolution under the state-dependent forces: (a) in the always-on
regime, the forces should be switched on continuously during the evolution, or
(b) in the impulsive regime, we apply two pulsed forces. Additionally, at the
middle of the evolution, we apply the spin-echo sequence Usg 07 — —o7 and
Q — —Q to refocus uncompensated ac-Stark shifts. Before measuring, we apply
another 7/2-pulse U; = exp{—iZo!}.

Using the interaction-picture formalism, the total time-evolution operator can be
thus written as follows

U = UiUsoa (1, to) Uy (tr, to), Uy (tr, o) = T{e_ifttof dTV(T)} ; (8.27)

where V(1) = UL, (7, )V (T)Uiotal (7, to). Due to the impulsive and perturbative

nature of the perturbation, we can approximate this evolution operator as U ~
UiUtotal (tt, t0) (11 — iV (t0)).

Finally, the measurement of the observable gives us

<Ai(tf)>pert (828)
= Tr{(U;Ucotal(ts, to) (1 — iAgB;(t0))) A UiUsorar (e, to) (1 — iAp B;(to)) p(to) }
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Using linear-response theory, we find that to linear order in the perturbation
strength

<Ai(tf)>pert = <Ai<tf)>unpert - i)‘B<[Ai<tf)> Bj (tO)Dunpert’ (8-29)

where we have defined /L = UJAJZ-, and the subindex (-)unpert refers to the
expectation value for the time-evolved state with respect to the unperturbed
Hamiltonian, namely the spin-boson lattice model Uyotai(tt, to) in the continuous
or pulsed regimes. Therefore, by letting the system evolve with and without the
perturbation, we can measure

FAs) = (Ailte))pert = (Ailte) unpert (8.30)

and thus estimate the retarded correlator. To be more precise, df/dAg|xz=0 =
—i([Ai(t;), Bj(to)], so we would need to modify the perturbative parameter g,
such that we can estimate its derivative for very weak couplings. We note that
the use of measurement unitaries U; has been already demonstrated in the mea-
surement of single-time observables in different basis (e.g. (o,%(t)), <Ji°‘(t)a§-3 (t)))
for state tomography [RLRT08|, or to recover the position operator of a trapped
ion |[GKZ710]. By including a perturbation at ¢t = ¢, we get access to two-time
observables, and in particular to the desired information about the Lieb-Robinson
commutator.

Application of the scheme to the dynamics under study

In this case, the state-dependent fluorescence allows us to measure A; = 7. Typ-
ical fidelities for this type of measurements are above 99% for photon-collection
times on the millisecond range [HRBO0S]. Although the spin correlation transport
occurs on a much faster time-scale, the fact that we switch off the spin-phonon
coupling at t = t; (Fig. implies that the spin-populations will be frozen for
t > t¢. Thus, this scheme allows for the required photon-collection times without
compromising the information about the transport of correlations. The pertur-
bation that must be applied to recover the desired correlator is B; = o7, which
can be achieved by driving the so-called carrier transition of the ions, such that
Ap = Qdt/2. We can reach the perturbative regime by simply driving the carrier
with a sufficiently small intensity. Therefore, the Rabi frequency 2 must be much
smaller than any other coupling strength in the problem Q < {g, Sw;}. Moreover,
the impulsive regime will be a good approximation when the time during which
the perturbation is applied, ¢, is much smaller than any other time-scale of the
problem 6t < {g~ !, (Bw;)~'}. Finally, the measurement unitary corresponds to
Ui = ¢ 159} , which leads to the desired correlator C(ffﬂf (ty — to) encoded in the
resonance fluorescence of the ion

(07 (t))pert = (07 (t6) Junpert. — 1A ([0 (t1), 05 (o)) unper- (8.31)

As announced previously, by measuring a single-time observable in the presence
of a perturbation, we can recover the retarded correlator and test the validity of
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the LRB. At this point, it is worth commenting on the following points. First,
let us note that the unitary U; could also be delocalised around the site j, such
that individual addressability is not required. Second, we remark that other
choices of Bj,[ji, which are equally accessible in an experiment, would allow
us to estimate any other correlator ([o(t), af (to)]), which might be important
when the state-dependent forces act in a different basis, or if we combine them
to produce Heisenberg-type Hamiltonians. Moreover, the use of state-dependent
forces in UZ can also allow for measurements of the LR commutators for the free

bosonic lattice to test the harmonic LRB (7.24).

8.4 Conclusions and outlook

In this chapter, we have applied the Lieb-Robinson bounds for spin-boson lattice
models to crystals of trapped ions. In these LRB the spread of spin correlations
depends on the propagation speed of the phonons of the crystal as well as on
the the efficiency with which the ions emit and reabsorb correlations from the
phonons. We have also found that the speed for the spread of correlations given
by our bounds can be faster than the time scales in the experimental regimes
currently considered.

Since many experiments for the simulation of quantum magnetism are imple-
mented in the perturbative regime with slower correlation speeds, we have derived
the Lieb-Robinson bounds in this regime and we have found that the speed of
propagation for the spin correlation is at least two orders of magnitude slower
than in the non-perturbative case.

We have also studied the bounds in the impulsive regime, where the forces
act locally on the distant ions for a short interval of time and the propagation
of correlations only depends on the bare propagation of the phonons and on the
efficiency of the spin-boson coupling in correlating spins and bosons. We have
obtained the optimal propagation spread in this regime when the original Lieb-
Robinson bound is saturated.

In the following table, we recall the orders of magnitude of the speed of prop-
agation for spin correlations for the different regimes and two trapped-ion setups:

Paul trap Penning trap / surface trap
Impulsive regime 1 s 10 ps
Non-perturbative regime 1pus 10 ps
Perturbative regime 0.1ms 0.1ms

Finally, we have proposed an experimental scheme to measure retarded cor-
relation functions via the crystal fluorescence, which allows to test the Lieb-
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Robinson bounds that we have derived in the impulsive regime. This scheme
can be modified using state-dependent forces to test the harmonic Lieb-Robinson
bound (7.24) that we have proposed in Section . As a further investigation,
it would be interesting to find other experimental schemes that could test the
Lieb-Robinson bounds in other regimes. The most interesting regime would be
the non-perturbative and non-impulsive (8.11)), although we would also like to
explore the perturbative regime, where the spread of correlations is slower.

While we have applied the LRB to trapped ion crystals, our results imme-
diately extend to a variety of fields, such as superconducting quantum circuits
and quantum dots or NV-centers interacting with coupled cavities or photonic
crystals.
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Quantum algorithms for
quantum metrology

9.1 Introduction

Quantum metrology and quantum sensing are some of the fields which have
benefited greatly from the incresing progress in the control and observation of
individual quantum systems, with accurate atomic clocks assisted by quantum
gates [SRLT05, (CHK™10] or the use of atomic squeezing for enhanced magne-
tometry [WJK*10, NKD"11]. The basic problem in quantum metrology is the
estimation of an unknown parameter using quantum strategies to improve pre-
cision over classical methods [GLMO06 [GLM11], [Par09], such as entanglement
[CEBT05, HMM16] or the interaction with a quantum system [NKD™11]. The
measurement of a parameter has three differents parts: first, the probe must be
prepared, secondly, the probe interacts with the system and finally the probe must
be measured in order to obtain the parameter estimate. The possible errors that
arise in this process may be minimized classically by computing the average of
several independent measurements of the parameter. In this case, the error scales
as O(N~1/?), where N is the number of measurements, as a result of the central
limit theorem and giving rise to the “standard quantum limit” [GLMO6l (GLMTIT].
However, this scaling can improve using quantum effects to assist a certain step
of the measurement process until the limits in precision predicted by quantum
mechanics, or “Heisenberg bounds”, are reached [GLMO04].

In this chapter, we introduce the notion of “multi-pulse quantum interferom-
etry” (MPQI), where an atom acts as a nonlinear, fast-response detector that
efficiently measures the differences between ultrashort laser pulses. Modelling
the atom-pulse interaction as a sequence of unitaries, {U;}Y,, through a suitable
reordering of the pulses, additional gates and measurements, we build quantum
algorithms to accurately determine the differences among the pulses, or the prop-
erties of individual pulses themselves. Compared with continuous wave (CW)
laser interferometry, this approach provides a polynomial enhancement of the
sensitivity because a single atom accumulates many interferometric events. We
propose as a direct application of this idea the characterization and stabilization
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of a frequency comb [UHHO02, [YC05].

9.2 The frequency comb. Classical
stabilization.

A frequency comb is a device that produces a train of laser pulses with a fixed
duration, 7, and a regular spacing, T (see Figure . Stabilizing a comb
is ensuring that the offset frequency, vy, remains a constant and well-known
value, and that the spectrum is a collection of regularly spaced teeth with fre-
quencies f, = n/T + vy (see Figure . Haensch and Hall solved this prob-
lem [RHUH99, JDRT00] in frequency space, interferometrically comparing dif-
ferent teeth in the limit of many pulses, which requires a comb whose spec-
trum spans at least an octave, or broadening the light with a nonlinear fiber.
This stabilization enables direct frequency comb spectroscopy, accurately reveal-
ing the atomic level structure of neutral atoms [MSL™04, WZUT05] and ions
[WvdBUEQ9, WMK™11].

If instead of considering the frequency space, we study the time-domain image
of the pulse train, we observe that the effect of the offset frequency is to change
the relative phase between the electric field carrier wave and the peak of the pulse
envelope from pulse to pulse. This phase is also known as the carrier-envelope
offset phase (CEP) (see Figure [9.1)), which is related to the offset frequency vy as
follows

Ont1 — On = A¢p = 1T (91>

The first direct observation of CEP effects was reported in the spatial asym-
metry of above-threshold ionization from Kr gas [PGW™01] and in x-ray emission
from Ne [BUUT03]. The direction of photocurrents injected in semiconductors is
also controlled by the CEP phase [FRJT04, RLST05] and the absolute CEP of
single pulses was recently measured [WHHT09|. The study of the CEP has been
generally centered on its spectral components [WD09], while only a few reports
have addressed time-domain measurements of the relative phase of successive
pulses in a train [XSP796, OGGSQT].

9.3 Quantum protocols for stabilization.

To address the problem of comb stabilization we introduce multipulse quantum
interferometry (MPQI), designing protocols that detect the phase difference be-
tween pulses with the greatest accuracy possible. We begin by determining the
unitaries associated to the laser pulses emitted by the comb, which depend on
the carrier-envelope offset phase (CEP). We then use these unitaries to propose
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Figure 9.1: (a) Electric field amplitude (solid line) and envelope (dashed) of a
pulsed laser with period 7" and pulse-to-pulse phase difference A¢. (b) Associated
spectra: a broad peak for one pulse (dashed) and a modulated comb for a pulse
train with repetition rate f., (solid). The frequency offset 1 depends on the
pulse-to-pulse phase difference A¢.

several quantum algorithms, starting by a simple two-level protocol for consecu-
tive pulses in a low intensity regime and also in a 8 ~ 7 regime. We further this
study by introducing analogous protocols for delayed sequences of pulses which
display an enhanced sensitivity. Afterwards, we describe equivalent protocols us-
ing Raman schemes which minimize spontaneous emission. Finally, we present a
discussion of experimental errors and the achievable sensitivities in practical im-
plementations. The resulting methods do not require an octave-spanning comb,
broadening or frequency doubling. They are thus useful for a wide variety of
lasers, demand less power, and may profit from the ever-growing precision in
atomic interferometry:.

Single-pulse unitary

We start by determining the unitary transformation experienced by an atom sub-
ject to a laser pulse, and how this unitary depends on the CEP, ¢,,. Note that the
interaction of multilevel atoms with a frequency comb was studied previously in
the limit of many consecutive pulses [FL09|, while in this section we are interested
in the action of a single pulse. We model the atom interaction with a single laser
pulse in the semiclassical limit
Wat _

H = ~ 0= + s(t) cos(@t + ¢ )0 (9.2)
Here, m is the pulse index, s(t) > 0 is the pulse envelope, @ = 277 is the comb
carrier frequency, wy is the atomic transition frequency (A = 1 throughout),
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there is an unknown phase ¢,, for each pulse, and o, , . are the Pauli matrices.
The evolution under this Hamiltonian is described by a unitary operator that
satisfies the Schrodinger equation i 2 W (t) = H(t)W (). We are going to extract
the evolution with the spin operator o, as W(t) = exp(—iwo,t/2)U(t). In the
rotating frame, the remaining contribution to the unitary operator evolves now
according to

d Wt — W

T
Assuming that the Rotating Wave Approximation (RWA) is valid, in this Hamil-
tonian we can neglect the counter rotating terms, such as e?***#mg+ and keep
only those that are slowly varying. We obtain the Hamiltonian Hgrwa in the
Rotating Wave Approximation

o, + s(t) (@ 4 ce) (o™ + He.). (9.3)

Hrwa = 2 (wa — @)o. + s(t) (7m0t + Hee.). (9.4)

The RWA works for pulses which contain > 30 periods of the carrier frequency,
T > 30/, and allows us to explicitly write the pulse unitaries

0,, ) 0,, » .
Upn = cos (7> + isin <7> 04, = € o peom oz (9.5)
in terms of the total Rabi flip angle of a single pulse, 6,, = 2 f_Ti 32 s(t)dt, with
T4 = €OS(Pm )0, + sin(¢y,)o,. In the following sections, we assume that the

comb is almost resonant, @w =~ w,, and has uniform intensity, i.e. 6, = 6.
These assumptions imply that we only need to stabilize the pulse-to-pulse phase
difference A¢.

In order to study when the Rotating Wave Approximation is valid, we have
performed numerical simulations of the evolution of the qubit under Eq. ,
varying the duration of the pulse or number of oscillations it contains, as well as
the intensity and detuning. In Figure we show the fidelity, F', of a resonant
pulse, with a pulse area § = 7/2, and a variable pulse length, 7. The validity
of RWA is also challenged by the inaccuracy of the control parameters, and in
particular the driving frequency: as Figure shows, the unitary is affected by
the detuning, and the differences between the RWA and the full model increase
as the pulse length decreases. In practice this is not a problem, for we expect the
detuning of the comb to be smaller than 1%. The main message is that for pulses
above 30 oscillations, we are safe using the RWA Hamiltonian. On the other
hand, we can still develop the MPQI protocols using the numerical expressions
of the unitary operators when the RWA does not apply.

As a final check, we show in Figure that the phase of the unitary is indeed
proportional to the phase of the pulse. We obtain that ¢eg = ¢, + dac, Where
the carrier frequency appears in two different places: (i) determining the phase
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of the pulse, ¢,, ~ Wty + dg ~ 9 X m X T + ¢o [mod 27|, and (ii) in the AC
Stark shift phase, ¢ac, that depends on the detuning w,; — @ and which becomes
strictly zero for resonant pulses (see Figure ) In all other detuned cases, ¢ac
will either be the same for all pulses, in which case it will be eliminated by our
algorithms, which are based on phase differences, or we will be able to take it
into account with the error analysis methods, by studying the fluctuations of the
two-level frequency around the mean value wy;.

Multipulse unitaries and protocols

We need protocols that efficiently detect the difference between a sequence of
unequal pulses U,y = Hf\il U;, and the ideal case UlN . Let us first assume an ideal
qubit, seeking an ordering of pulses with which the fidelity [tr(U;Uto)| decreases
most rapidly with N. The simplest protocol (1A) applies N consecutive pulses
(see Figure[9.3h) with low intensity (§ < 1) on the qubit, and a uniform carrier-
envelope frequency mismatch, ¢,, = mA¢. The combination of the unitaries for
a sequence of pulses reads

N
U = T eiomo-e¥ametivne- (9.6)

m=1

0 N
_ -z . -z —ipNO [YANG Yo
= cos (2) + 7sin (2) m§:1e N g.e

~ 1+ z‘ge*“N +1)26SM(NAG)

5 Sn(A0) o +H.e + O(0%)

Note that in this context the pulse-to-pulse phase difference A¢ can be measured.
It has the effect of a detuning, suppressing any excitation probability induced by
the pulses of long trains and decreasing the amplitude of the Rabi oscillations.
However, as we show later on, the functional dependence on A¢ implies a low
sensitivity on the phase in practical implementations of the protocol.

We can do much better increasing the intensity to have a large pulse area
0 = m (protocol 1B), so that each comb pulse can flip the state of the atom.
Under these conditions, for an even set of pulses we get

N
Ut(oltB) = H ie_i¢m0'2 O'm€+i¢mgz (97)

m=1

If we assume that the number of pulses is even, we can use the anticommutation
rule 0,0, = —0,0, and

6_i¢maz J$€+i¢m02 e_i(ﬁmfla'z O-I‘e“!‘i(lsmfla'z

— 6_221(¢7n_¢'mfl)‘TZ7 (98)
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recovering the following expression

N/2

Uy = H Ui =exp | —2i Z(¢2k — ¢o—1)07 |, (9.9)

k=1

which for constant A¢ implies Ut(th) = exp (—iNA¢po?). Now A¢ can be interfer-
ometrically detected with an enhancement proportional to the number of pulses,
N.

It is obvious that the sensitivity for the protocol in Eq. increases by
maximizing the phase difference between consecutive pulses. To profit from this,
we design a set of protocols that extract a sequence of N/2 pulses from the original
pulse train, and delay them a time T; > T'. This sequence is then intercalated
with the original one, as seen in Figure [0.3p, so that ¢o, = kA¢ + A¢ Ty/T and
Por—1 = kA¢. Introducing this sequence in Eqgs. , we obtain respectively
the unitaries corresponding to protocols 2A (for § < 1) and 2B (0 ~ 7). In
particular, the unitary corresponding to protocol 2B is

UZP) = exp (—io"A¢p x NT,/T) | (9.10)

with an additional enhancement factor, N; = T,/T. This is optimal with respect
to any rearrangement of the pulses, using each pulse only once.

Some optimality considerations

We now prove that the sequence for protocol 2B (2 sequence of pulses split from
the original train with a time delay) is optimal when our only resource is the
comb laser. As seen before, if we work around 6 = 7 we obtain the analytical

formula
N/2

U = exp | —2i Z(Cbzk — ¢a-1)0° (9.11)

k=1

and our protocol accumulates phase quite fast, about O(NN,) for N pulses, where
N, depends on the delay. It is possible to prove that for any rearrangement of
the same set of pulses (that is, with the same phases and intensity as before) this
is the largest accumulation that can be detected.

If o is a permutation for a certain arrangement of initial pulses, we can use the
analytical expression for the arbitrary product of a train of pulses with different
phases to compute product of the unitaries after the permutation

M
H Uyis) = 2 Tl ()7 V00" ;M (9.12)
i=1
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It is possible to find all permutations ¢ such that they maximize

M
1> (=17 D) (9.13)
=1

Suppose the original pulses are ordered in terms of their carrier-envelope phase ¢,,,
then it is quite straightforward to see how to construct optimal rearrangements
of these pulses. Consider a a permutation of the first half of pulses and 3 a
permutation of the second half of pulses. Then, the optimal set of rearrangements
will be those formed by pulses labelled according to their carrier-envelope phase

as {@a(i), Pa(N/2+i) tie{1,...n/2} or of the form {@g(n/2+4)s Pa(i) Fieft,...N/2} -
In particular, our proposed protocol corresponds to a and 3 being the identity

permutation. This protocol accumulates the largest possible amount of phase
after the action of the pulses onto the ion.

The fastest phase-accumulation protocol: phase
referencing

If we allow for more gates, performing unitaries in between the pulses, we can
measure not only the phase difference, but also the total sum of the carrier-
envelope phases > . ¢;. In order to do so, the new set of gates and unitaries,
considered in order, would be {o,,U(¢1),...,0.,U(¢n)}, for which the overall

product is

M M
H 0.U(¢s()) = H gpe” 9%z g oiPi0: (9.14)
=1 =1
M M
— H €i¢¢oza2€i¢iaz — H eidnoz €i¢iaz
T

i=1 =1
M
— | | 62i¢i0'z — QQZZz ¢7L0'z

i—1
where we use both o,e7%: = e*:¢, and o2 = Id.

Note however this protocol demands o, gates in between the pulses. Since
the phase of these gates is stable, we can thus view this extra protocol as the
referencing of the comb to the device that implements the o, gates, which can
itself be a laser or a microwave beam, in the case of hyperfine qubits.

9.4 Analysis and performance of the protocols

We now transfer the information of the acquired phase to the measurable pop-
ulations of the atomic states. For this, we complete the previous unitaries with
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Implementation 0 <1 (A) 0~ (B)

2 levels, no delay (1) VM NVM

2 levels, with delay (2) Nov'M NNV/M
Raman, 1 delay (1) Nov'M -

Raman, 2 delays (2) |Ngy — Nt |V'M | N|Ng — Nat|vVM

Table 9.1: Sensitivities, 03;797 of a set of 2M two- or three-level atoms to the
protocols described in the text (1A, 1B, 2A, 2B). N is the number of pulses in
a sequence, which in the delayed cases are combined with N pulses from a later
time, Td = NdT

additional operations and measurements that enable estimating A¢ and 6. Out
of 2M atoms, M are subject to the following steps (see Figure [9.3k): (i) ini-
tialization to the ground state, |0), (ii) apply a /2 rotation (which could be
either exp(io,m/4) or a Hadamard gate) onto the ground state (iii) apply a ref-
erence phase £ onto the level |1), (iv) let the atom interact with the comb as
described before, (v) undo the 7/2 rotation of step (i) and measure the state of
the atom, s € {0,1}. The measurement outcome is described by the probability
distribution, Pj(s|f, A¢). For the remaining M atoms we skip (ii), obtaining the
distribution P»(s|f, A¢). We remark that we need no phase coherence between
the comb and the lasers that implement the 7/2 rotations. The reference phase,
¢, is computed a priori to maximize the sensitivity of P o to the Ag.

The functions P; and P, convey all the information accessible in the lab: from
the measurements of s in P, and P, experiments, one should compute different
estimators and use them to infer the values of 8 and A¢, with uncertainties oy
and ope. Using error propagation and the Fisher information we obtain funda-
mental lower bounds and practical estimates of the sensitivities (J&; and o, ') of
each protocol. As summarized in Table [9.1] it is possible to build estimators of
minimal variance for # and A¢, which saturate the fundamental lower bounds.
Moreover, we observe that all protocols but 1A improve over the standard sta-
tistical sensitivity, /M, thanks to the large number of pulses or to the use of
pulses from well-separated times. In practice, both N and N, span several orders
of magnitude, providing a sensitivity comparable to the state of the art.

Fisher information and sensitivity

We are interested in estimating the sensitivity of the interferometric protocols that
we have developed with respect to changes in the parameters they depend on. A
measure of the information that one can extract about one or several parameters
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from a given probability distribution is the so-called Fisher Information [Hel76)
Holl1].

In our protocols, we want to estimate the intensity of each of the pulses 6
(considered constant throughout the whole experiment) and the pulse-to-pulse
phase difference A¢. They will be related to some physical observables which
measure the population of the excited state after applying certain protocols. The
precision of the parameters § and A¢ is determined by the fluctuations of these
observables and their variance can be obtained using standard error propagation
theory. The Fisher Information will yield a measure of the available precision
in the estimation of the parameters. Also, the variance of the estimation of a
given parameter will be limited by the Cramer-Rao bound [Cra99|, which sets
the ultimate limit for the precision that we can achieve.

Let us see how to compute both the Fisher Information and the Cramer-Rao
bound in the multivariate case [Raod5]. We consider X = (X1, Xo,...,X;)",
a sample vector of observations with joint probability density function given by
f()Z'\E), where k = (k1, ko, ..., k:i)T is a parameter vector. We also define h(/;),
a real valued function of & and E(-) denotes the expectation value. Then, under
suitable regularity conditions (see Refs. [Hel76l [Holll]) it holds that for any
unbiased estimator A(X) of h(k)

Var(h) > DI[I(k)] ' Dy, (9.15)
where I(k) is a matrix called the Fisher Information matriz
L;(k)=E 9 1 f()?|12)i1o P(X|k) (9.16)
== ok 08 ok, ° '
0? S
=—-E|——-1 X|k Nl
(50 tou F510)) 9.17)
and Dy, is the vector of derivatives of (k)
g - 0 - J -
Dy = =—h(k), =—h(k),..., =h(k) |. Nl
= (B gl b)) (0.18

We have used the standard error propagation theory and computed the Fisher
Information as explained before in order to get fundamental lower bounds and
practical estimates of each of the proposed protocols which, for A¢ and 6, as
shown in Table 9.1

9.5 Physical implementations

The protocols discussed admit many implementations. For concreteness, we focus
on a setup with trapped ions, because of recent progress in connection with
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ultrafast lasers [CMQ710, MSN™13|. The long coherence times of ions, ten ~
15 [OYM™07], allows to consider trains of up to teon/7 ~ 10® pulses from a typical
comb with fie, ~ 100 MHz ﬂ In the Raman schemes, with one ion and one delay
line, this allows to detect CEP fluctuations dA¢ ~ 107® rad and calibrate the
comb offset below dA¢/T ~ 1Hz, a remarkable precision for 1s interrogation
time. The numbers improve with a 2-delay Raman scheme, reaching §A¢ ~ 10715
where error sources become relevant. Precision decreases marginally, dA¢ ~
107° — 10719, using faster duty cycles with ~ 1ms of interrogation time.

Three-level Raman schemes

In real atoms, if the qubit states 0 and 1 are dipole-coupled by a comb, sponta-
neous emission may severely limit the total interrogation time. One solution is
to use dipole-forbidden transitions restricted in practice to the # < 1 regime.

An attractive alternative is the A-scheme in Figure [0.4] where two long-lived
states, |0, 1), talk via an intermediate level, |e). Applying combs or other lasers
with orthogonal polarizations on the legs of the A-scheme, we can create effective
Rabi oscillations between |0) and |1) while keeping a small population in |e) so
that spontaneous emission is negligible.

A simple way to minimize spontaneous emission is to turn the A- into a Raman
scheme, detuning the lasers that couple |0,1) with |e). Such Raman processes
mix well with our algorithms. Most easily, if we have already stabilized the phase
of a CW laser, we can combine it with the pulses from the comb (see Figure[9.4h).
This process enables an accurate determination of the CEP with respect to the cw
source. The result is a sequence of effective unitaries with an average Rabi angle,
@', and a pulse phase ¢/, = ¢, — drer, Where ¢ is the phase of the stabilized
source. The identifications § — 6" and ¢, — ¢/, directly translate all protocols
above to this new setup. Likewise, one may combine the FC with a stabilized one
(see Figure [9.4p) and use our protocols to reconcile them.

A more interesting use of Raman transitions is to achieve self-referencing of the
comb. For this, we use the scheme from Figure [9.4b, combining two pulses from
the same comb, but with a relative delay, Ty, as in Figure |9.3b. This amounts
to a self-referenced interferometric scheme based on time shifts, not requiring
frequency shifting nor shearing [WD09]. The phases of both pulses effectively
combine in a nontrivial way in the unitary associated to the Raman process,
& = Om — dm—n, = NaA¢p. We can apply a sequence of N pulse pairs with an
effective angle 0" that should optimally lie around N¢' ~ 7/2,

» N oy
{7 (1A, Raman) _ ,~iNgAo: [iN G ox iNaAo- (9.19)

'We discuss the maximum number of phase-coherent consecutive pulses in.
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and use Ramsey interferometry to measure both 6 and A¢. A generalization
of protocols 2A and 2B is also possible using a linear optics circuit with two
delay lines, so that each atom is hit by pairs of pulses with alternating phases
(Dms Pm—n,,) and (Pm, Pm—n,,). This leads to the sensitivities shown in the lower
half of Table [0.11

Note that using Raman schemes demands the setup to be interferometrically
stable up to a fraction of a wavelength. When a single pulse interacts with a two-
level atom it does not matter whether the delay is a multiple of the comb period,
or fails by a small amount, 67" = T, — N4T" (|6T'| < T). This is so because only the
CEP enters the unitary and this only contains information on 1y N,7T. However,
in Raman schemes, where two pulses overlap in time, their relative delay is a
new parameter that influences the effective Rabi angle as well as the phase. In
particular, the phase difference reads A¢’ = A¢ + wdT, with a contribution due
to the interferometric path cd7T, which must be separately stabilized.

To remove the need for interferometric stability, we can use a different ap-
proach in which the comb only interacts with one transition, |1) — |e), perform-
ing m rotations, while |0) is a dark state. The unperturbed and delayed pulses
arrive closely in pairs, but without temporal overlap, implementing the sequence
1) — —€@n=9m-na) |1). Due to the lack of overlap, the delay errors drop from
the equations and the effective operation is a phase gate in the qubit space. Spon-
taneous emission lowers the visibility and it is small because |e) is populated only
a time T, = O(7). Denoting by ~ the spontaneous decay rate of |e), we may
afford N = —log(e)/~T. pulses before the visibility decreases by e. For a typical
value 1/ = 8 ns and a safe T, = 100 ps, visibility decreases just 10% for 200
pulses, sufficient to implement the last protocol in Table [9.1]

Raman transitions

Our Raman protocols are developed assuming that we can use ultrashort pulses
to implement Raman transitions between two states, a and b, mediated by a
third one, ¢, which remains unpopulated at the end of the pulse. (Due to the
very short duration of the interrogation sequence, it is not necessary that ¢ be
unpopulated at all times, as is usual in STIRAP processes.) In particular, we
need that such operations implement the same quantum gates and carry the
same phase information as the original designs based on two-level systems. We
are going to discuss both requirements and how they are achieved.

Note that Raman transitions with very short pulses have been demonstrated
experimentally by the group of C. Monroe et al. in a series of works that imple-
ment quantum gates with trapped ions and pulsed lasers [HMM™10, MMM™06].
In these references, an interpretation based on Raman transitions induced by all
the comb teeth is provided, but here we discuss a different one.
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For us the key aspect of a Raman transition is the fact that the intermediate
state, ¢, is completely depopulated at the end of the process. In order for this
to happen, we need that the energy of the final state is similar to the energy of
the original one. Intuitively, this implies that the inverse of the duration of the
process has to be smaller than § = w, — w, the detuning of the laser from the
atomic transitions {a, b} <> ¢, but larger than the difference |wye. — wpe|. As shown
in Figure this qualitative appreciation remains true even for rather extreme
cases. In those exaggerated plots, we see that pulses with a detuning ¢ ~ 0.2wg;
work fine even when they only contain 10 — 20 oscillations of the laser. In this
regime the excited state c is significantly populated during the pulse, but it has
a population of less than 1072 at the end.

The other aspect we demand from these pulses is the fact that they must carry
information on the phase of the laser. To check this, we analyze the interaction
between the three-level atom and the light using a simple Hamiltonian,

H = s(t) cos(wt + ¢1) |¢) (a] + H.c. (9.20)
+ 5(t) cos(wt + ¢2) |c) (b| + H.c
+ wat |¢) (|,
which under the RWA becomes
Hpwa(é1, d2) = s(t)e™* |¢) {a| + H.c. (9.21)

+ 5(t)e™ |c) (b| + H.c
+ (war —w) ) (]

Note how Hpgw a(¢1, ¢2) is related to Hrw4(0,0) through a unitary transforma-
tion exp(—i¢;0Z,) in the {a,b} subspace, with the relative phase ¢, = ¢ — ¢.
In other words, according to the RWA the phase of the laser is mapped onto the
relative phase between the states. The question is whether this behavior also
follows from the original Eq. (9.20)). We have performed numerical simulations
of the three level system in Eq. and the conclusions are: (i) There is al-
ways a small deviation between the real phase and the RWA approximation. (ii)
This deviation decreases with decreasing detuning, as in the two-level system,
an indication that it is due to the AC Stark shift effect. (iii) The actual phase
experienced by the atom is a monotonic function of the laser phase, that is ¢s(¢;)
grows with ¢;. These properties are exemplified in Figure for a case with
2% detuning, where the deviations from the RWA are small, below 1%, but the
nonlinear behavior is clear in the inset.

It would seem that, since we are striving for large accuracies in the stabiliza-
tion protocol, errors of 1% would be enough to discard the protocols. However, we
have to remember that we are not actually measuring the absolute phase, but the
phase difference between pulses. Hence, stabilizing ¢,, which is a smooth, mono-
tonic function of the laser phase, is equivalent to (and as accurate as) stabilizing

-

136



9.6. Experimental errors

9.6 Experimental errors

We can also account for AC Stark and Zeeman shifts in experiments. In both
cases, the effect can be modelled as a random term in the Hamiltonian, €(t)o,,
that makes the atomic levels fluctuate on timescales much longer than 7. This
induces an uncertainty in A¢ of order o, X (¢,,41 — t,n), where o, is the standard
deviation of €(t) from its (zero) average, and t,, the arrival time of each pulse.
This error is cancelled using spin-echo techniques [KAHG4] or, more directly, in
protocols 2A and 2B, by calibrating the delays so that consecutive pulses arrive
closely spaced but without overlap, say 10 ps apart. A pessimistic AC Stark shift
0. ~ 100 Hz then induces an error < 107 rad in A¢.

In all cases the effect is similar: a random term €(t)o, makes the atomic levels
fluctuate on a time scale much longer than 7. This induces a time-dependent
uncertainty in A¢ of order o, X (41 — ti), where o, is the standard deviation
of €(t) from its (zero) average, and t,, the arrival time of each pulse. This error
is cancelled using spin-echo techniques [KAHG64] or, more directly, in protocols
2A and 2B, by calibrating the delays so that the alternating pulses arrive closely
spaced but without overlap, say 10 ps apart. A pessimistic AC Stark shift o. ~
100 Hz then induces an error < 107 rad in the determination of Ag.

Another source of error is temperature: when atoms shake between pulses,
they sample the laser’s spatial variations of phase and intensity. We can eliminate
such errors (i) working in a Raman configuration which transfers no net momen-
tum to the atom and (ii) ensuring the lasers are not tightly focused. These
techniques allow working with sympathetically Doppler cooled ions in fast exper-
iments (~ 1 — 10 ms from ion reset to detection).

Dephasing

In this subsection, we would like to clarify with greater detail our estimates of the
errors induced by small detunings and energy shifts. From the theoretical point
of view we consider a general situation in which we split the energy levels of the
atom into two contributions: the average spacing, wy;, and random fluctuation of
zero mean, €(t), on top of it:

| Wae €(t)
N 2

H o, + s(t) cos(@t + P )0 (9.22)
We assume that €(t) may be random but always smoothly varying, so that it
will not only remain constant within a single pulse, but it will also change slowly
between consecutive pulses, %e(t) L tymi1 — -

Evolution then splits into two consecutive operations. Before the arrival of
the pulse, s ~ 0, the atom evolves freely with fluctuating energy levels, while
during the pulse €(t) ~ ¢, and the external field is approximately constant. In
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other words, the evolution after the waiting period and the pulse may be written
as a product of two unitaries, U,, = UpuisenUneen- The free evolution is not
significantly affected by the random fluctuations

tm—7/2
Utree.n = €XP z/ [Wat + €(t)]dt | ~ exp(—iwaT). (9.23)
tm—1+7/2

During the laser pulse, however, the interaction between the atom and the light
is ruled by the equations [9.20] and [9.21] In previous sections we have seen that
the effect of any detuning is (i) an extremely small change of the excitation
probability, 6,,, and (ii) an equally small AC Stark shift that changes the effective
phase seen by the atom.

If these deviations in the rotation angles remain constant within consecutive
pulses, they will be taken into account and suppressed by our algorithms. In other
cases, they will contribute to the errors in the estimation of the CEO. Assuming
that we can bring the pulses close together, so that the time lapse between pulse
arrivals is comparable or smaller than the timescale of the fluctuations, we will
find that the difference between two consecutive Stark shifts is proportional to
the difference in arrival times and to the standard deviation of such external field
fluctuations, o, X (t;ya1 — tm)-

Temperature

Temperature can also induce dephasing: if the atom is not still enough and it
has time to move between pulses, it will see different phases of the pulse which
depend on the distance traveled as 2rAx/A. There are various ways to address
this issue. We can make a simple estimate for a free atom in space, assuming
that it is Doppler cooled. The temperature of the atom is

kT ~ AT, (9.24)

where I' is the natural linewidth of the cooling transition. Let us pessimistically
assume that all this energy goes to the kinetic part, %va, giving us an average

velocity
2kgT 2hI°
v~ \/ LRRpNRY piiay (9.25)
m m
From this we can estimate the phase errors as
27
0 ~ Tv(tm —tm_1). (9.26)

We will adopt a pessimistic estimate, I' ~ 200 MHz, and a light atom such as Be,
obtaining v ~ 5 m/s, which for a pulse separation of 10 ps gives 1073 (or actually
a bit larger if we consider the additional velocity due to the photon recoil).
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The situation is very much improved when we arrange the lasers to work
in a co-propagating Raman configuration such that there is no net momentum
transfer to the atom. This is indeed a solution to the previous problem because
the spatially dependent phase k% acquired from one laser pulse is cancelled by
that of the other laser —Eﬁ making the whole process independent on the position
of the atom. In this favorable circumstance, the only effect that temperature may
have is when the intensity of the laser varies spatially. However, by using a laser
beam which is not too tightly focused and confining the atoms to a small region,
the effect of this inhomogeneity may be safely neglected.

9.7 Applications

In practical applications, the phase differences between pulses may be large. To
avoid it wrapping around 27, the number of pulses must be dynamically adjusted
so that N < 1/A¢, increasing it only as the comb is better stabilized. Thus,
measurement times cannot be longer than the typical time for the random fluc-
tuations in 4. The precision limit is in practice set by the timescale at which we
can provide useful feedback to the comb and not by the interferometric protocol.

We identify two frequency ranges where our protocol appears particularly
useful. First, due to the technological and scientific interests of mid-infrared
(A = 2.5 — 25 pum) combs [SPHI2|, we propose to use Ba™ ions (that feature
several narrow transitions around 2 pum) to stabilize a visible or near-IR FC at
A¢p = 0 so that difference-frequency generation from two of its teeth can pro-
duce a stabilized mid-IR FC. Secondly, Mg™ presents various transitions around
280 nm which could be used to stabilize combs in the near-UV, with application
in high-harmonic generation and strong-field physics. We discuss in further de-
tails on current FC technologies, possible atom or ion stabilization systems, and
a comparison between typical drift rates of an unlocked comb’s frequency offset
and the timescale of the atomic experiment.

Experimental sensitivities with trapped ions

As mentioned earlier, trapped atomic ions [LBMWO3| constitute one of the most
mature systems in the implementation of Quantum Information Processing and
Communication (QIPC) protocols and technologies. Precision records have been
achieved in the realization of single-qubit [BWC™11] and two-qubit [BKRBOS)|
unitaries and measurements [MSWT08, BEOQ9], even reaching the threshold for
fault-tolerant quantum error correction protocols [CLST04]. In the last couple of
years, fantastic progress in the controlled interaction between trapped ions and
ultrafast lasers has been achieved by the group of C. Monroe at U. Maryland,
with the demonstration of two qubit entanglement in the weak-field (f < 1),
many-pulses regime [HMM™10], and also in the strong-field (0 ~ 7), few-pulses
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frep(MHZ> T (HS) T (pS) Td (pS)
100 10 10 10-100

Table 9.2: Typical parameters of a frequency comb [CMQ™10, MSN™13].

regime [MSN 13|, where logic gates faster than the trap oscillation period become
accessible [CMQ™10, [GRZC03]. Because of this, we think that the technology
required to implement the phase-stabilization protocol that we propose is already
available.

Typical parameters for the frequency comb are listed in Table[0.2] Pulses with
a duration < 1 ps are nowadays easily accessible. On the other hand, one has to
keep in mind that a pulse duration 7 effectively limits the possible pulse delay
times to T; > 7 in order to avoid an overlap of the electric fields corresponding
to different pulses: depending on their polarizations, this may lead to several
unwanted effects, from excitation of motional sidebands to total cancellation of
the Raman transition [CMQT10]; in either case, the action of a pulse pair on the
qubit would still be described by a unitary transformation U;, but not the ones
we have written down earlier, so that our model would break down. Therefore,
we will stick to a comb with pulses of 1-10 ps.

In the following subsections, we present details of our calculations to estimate
the achievable sensitivity enhancements for the protocols introduced in the main
text of the article. At the end, we present an estimation of the ultimate sensitivity
limit that can be reached with pulse shaping techniques.

Sensitivity enhancements with two-level protocols

Protocols 1A to 2B consider direct transitions induced only by the comb laser
that we want to study. In practice, there are two ways that this can be achieved:
dipole and quadrupole transitions. Dipole transitions are, for instance, the 2.5; /2~
2Py /232 lines in Yb* [MMM™06]. These transitions have a typical linewidth of a
few tens of MHz, which is comparable to fiep. This implies that the time between
consecutive pulses could be shorter than the lifetime of the excited state of the
ion. A possible solution to this problem will be presented later on in this chapter.

An alternative is to rely on quadrupole transitions, as provided by the Ca™ ion
using as qubit states the electronic states |S1/2) and |D5/2) [HRBOS|. The excited
level now has a radiative lifetime 7,,q ~ 1s which is favorable to implement our
ideas. The downside of quadrupole transitions is their lower coupling strength,
which demands a more powerful laser to excite them. In practice, depending on
the laser, this might imply that we have to work in the limit §# < 1 (protocols
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1A and 2A) but we will forget this in following discussion.

Following Table [9.2] let us consider a frequency comb composed of 10-ps
pulses with fiep = 100 MHz. This pulse duration is much shorter than the trap
oscillation period (1 ps for a typical wiyap = 27 x 1 MHz rf Paul trap) and allows
us to disregard the motional state of the ion in the trap (cf. Eq. as well as its
micromotion, which may affect the performance of coherent protocols at longer
times [MMMT™06]. Such a frequency comb, and a typical ion coherence time for
the electronic qubit states of °Ca™, 7, = 10 ms [HRBOS|, allow Teonfrep =

108 pulses to go through the ion before decoherence becomes relevant. We take
a conservative estimate of Tie, = 1ms for the time during which the ion is

accumulating information on A¢. Then, the number of pulses interrogated is
N = Tinterfrep = 10°5. Using protocol 1B, this leads to an enhancement of the
sensitivity by a factor y15 = N = 10°, which translates in a stabilization of the
frequency offset down to dvy ~ frep/N = 1/Tinter = 1 kHz.

This result can be improved by applying the protocols with two pulse se-
quences (2A,2B). To be specific, we can pair N = 5 x 10* pulses with delays
Ny = 5 x 10* and reach, with protocol 2B, a resolution vy = frep/(NNy) =
40mHz. Let us note that duty cycles (i.e., the time required for ion Doppler
cooling + probing A¢ + ion-state detection + ion-state reset) of ~ 1 ms have
been reported [HGWSI2], so assessing the precision using 1 ms for the interroga-
tion time can be considered a conservative estimate.

Again, we remark that the numerical estimates in this chapter take into con-
sideration only the coherence properties of trapped ions for the stabilization of
an “ideal frequency comb”, and technical issues inherent to currently available
combs are not included in the calculations.

Sensitivity enhancement with self-referenced Raman schemes

Use of a Raman scheme lifts the restrictions related to the excited-state lifetime
of the qubit as spontaneous decay is of no concern. Such a scheme has been
implemented with various systems, e.g., Yb™ with a qubit defined by the 25; /2
hyperfine states |F' = 1,mp = 0) = |1) and |F = 0,mp = 0) = |0), which are
split by w,; = 12.642815 GHz [CMQ™10, IMSN™13|. For these states, coherence
times larger than 1 second have been measured [OYM™07].

Let us consider a pulse train of 1ms, which provides 10° pulses at fiop =
100 MHz, and let us split this train on two lines. We seek to maximize the phase
difference between them. To this end, we consider the available 10° pulses into sets
of 10% and keep the first set, S; = {1,...,10%}, the set S = {107 +1,...,2x 10},
and the last set, S3 = {9x 101 +1,...,10°}. The first set, S;, will be further split
in two, so that half of the pulses are paired with those in Sy (N = 10%) and the
other half with S3 (Ng = 9 x 10%). Then, this optical setup yields a sensitivity
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enhancement of order x = N|Ng — Nyi| = 8 x 108 or dvg ~ 0.1 Hz. If we allow
ourselves a longer interrogation time of 1s, the figures would improve down to a
remarkable precision of 10~7 Hz.

We note that these high sensitivies are achievable almost independently of the
underlying physical system used for the qubit: taking into account the continuum
spectrum of each pulse, the only requirement is the proximity of w, and @, a
feature that can be engineered, and coherence times which are experimentally
available.

Recursive refinement for large pulse-to-pulse phase shifts

In our studies we have found that the sensitivity of our metrology protocols can
be written in the form o~ ~ x(N)v/M, where the enhancement factor x (V)
arises from a clever accumulation of the phase. In practice, for a non-stabilized
frequency comb with a large A¢ and an excessive number of pulses, the total
accumulated phase, x(NN)A¢, will wrap around the maximum measurable value,
7, precluding a unique determination of Ag.

The appropriate way to deal with this situation is to do an iterative refinement
of the phase measurement. As an example, let us consider a fiber-based frequency
comb: these devices have an intrinsic width of the offset frequency of about
200 kHz. This means that, for f,, = 100 MHz, the phase ¢, may wrap around
7 in about N = 500 pulses. Hence, on the first iteration, it is meaningless to
interrogate the laser for much longer than a few ps. This iteration allows us
already to achieve a precision in A¢ of order v M /500 with protocol 1B. This
initial value can be used to fed back to the laser setup, to lower A¢ and, on the
next iteration, use a larger number of pulses.

Continuing with this example, a similar iterative refinement using protocol
2B and a fixed interrogation time ~ 1 us, would lead to an accuracy in the comb
offset frequency of 61y = frep/(NNg) = frep/250> = 3Hz using only one ion.

Ultimate precision limits with advanced pulse-shaping
techniques

The protocols discussed so far achieve a great efficiency thanks to the number
of pulses in a given interrogation time and possible delays among them. Note
however, that the comb is mostly “empty”: between every two pulses of about
10 ps, there is a waiting time ~ 10 ns in which the ion is idle. It would seem that
this empty time, combined with the coherence rates of the ions, set the ultimate
limits for precision in our setup. However, if the laser has enough power, we
can engineer a clever scheme to fill these empty gaps, increasing the effective
repetition rate of the ion-laser interaction.
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The trick here will be to “compress” the pulses so that a minimal time elapses
between the end of one pulse and the beginning of the following one, but without
modifying the phase of any one pulse. Such “compression” could be realized with
an optical setup as depicted in Figure 0.6pb. The key ingredient in this setup is
an optical device which we call Beam Splitter and Delayer (BSD) that, given an
intense ultrashort pulse, extracts a train of n replica pulses separated by a very
short time At (see Figure ) An alternative BSD optical setup producing 8
replicas of an initial pulse has been recently implemented in [MSNT13].

We have analyzed these ideas in a particular application: doing metrology of
the comb with a dipole transition. In this case the qubit of choice will not satisfy
the condition 7., > T. Consider for example Ca™ ions using the dipole-coupled
|S1/2) and | Py /5) states for which 7,,q = 7 ns [ASCQ7]. In this setup we can still
reach high precisions taking a relatively long pulse train of duration > 7., as
long as we ensure that all the pulses pass through the ion within a short time
< Teon- On the other hand, we must still fulfill the requirement that different
pulses do not overlap in time, that is At > 27, which restricts us to use sets
of up to n < min{Tad, Teon}/(27) ~ 7 ns/20 ps = 350 replica pulses. To be
concrete, let us use the setup in Figure to pick up two pulses with a relative
delay of Ty; = N4T' = 10 us —this corresponds to pulses 1 and k = N; = 103
in the previous figure. The pulses will go through the BSD and be recombined,
alternating replica pulses from each line. For a conservative n = 4 (not to lose
too much power in each replica), At = 47, and N; ~ 1000, we obtain a phase
sensitivity enhancement by a factor nlNy; ~ 4 x 103.

The same ideas can be applied to the Raman scheme by ensuring that the
replica pulses from both lines arrive simultaneously to the ion. The result is an
enhancement of the sensitivity by an additional factor n on top of the formulae
derived in the main text of the paper.

We finally note that the very short probe times considered here, allow for the
recollection of a large set of statistical data in a very short time. Together with
the large sensitivity enhancements calculated, the presented schemes appear as
very competitive protocols to measure and stabilize the carrier-envelope offset
phase of frequency combs without the need for octave-spanning spectra.

Frequency comb technologies and candidate systems for
their stabilization

To conclude, let us discuss in some more detail a couple of contexts where present
frequency comb technology might benefit particularly from the protocol we pro-
pose.

The stabilization of frequency combs (FCs) in the optical frequency range (see
Table is nowadays quite well solved with several protocols, and there are also
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Table 9.3: Regions of the electromagnetic spectrum where the phase stabilization
protocol may be immediately applicable with the systems discussed.

Region Wavelength Energy Interest

Near-UV ~ 10-400 nm 3-124 eV HHG, strong fields
Visible 390-750 nm  430-790 THz Electronic transitions
Near-IR 0.8-2.5 um 120-430 THz Vibrational overtones
Mid-IR 2.5-25 pm  12-120 THz Rot-vib structure

various technologies that enable their optical and spectral manipulations. The
situation is not so advanced in other regions of the spectrum which nevertheless
are of high relevance for several scientific and technological applications. For ex-
ample, the mid-infrared (mid-IR) frequency range is where many characteristic
molecular vibrational and rotational lines lie, which makes it of biological, chem-
ical and physical interest for molecular detection and trace analysis. In addition,
the atmosphere is relatively transparent at these wavelengths, which makes them
valuable for astronomical studies. For these reasons, in the last years there is a
growing interest in developing combs in this spectral region [SPHI12|. Several tech-
nologies are being developed to realize these combs, such as mode-locked lasers,
difference-frequency generation (DFG), optical parametric oscillators (OPOs),
and microresonator-based Kerr combs [SPHI12J.

Let us focus on DFG, where one uses a nonlinear optical effect to transfer
energy from the visible or near-IR into the mid-IR. For example, one can take a
near-IR frequency comb with frequencies v, = n fiep + feeo and mix it with a CW
laser of frequency f.,. Then, a new comb with frequencies V,]?FG = |Un — feeo| 18
obtained. Achieving phase matching on all the desired bandwidth can be eased
by using either two stabilized frequency combs, or two teeth of a single comb. One

gets in the latter case vPYS = |n—m)| f,ep. It is clear that this approach can benefit

n,m

from the protocol that we propose if one has access to a probe ion sensitive to
mid-IR frequencies close to the desired range of VEI;;G. A good candidate for this
can be Ba™, whose lower electronic states we show in Figure (a). We see that the
transitions from the ground electronic state, S/o, to the long-lived, metastable

D3/25/2 states have wavelengths in the near-IR (A = 1760, 2052 nm).

On the other side of the visible frequencies, there is also a growing num-
ber of laboratories working in the UV region of the spectrum, with research
on strong-field physics, high-harmonic generation (HHG), ultra-fast processes,
above-threshold ionization, and others. The well-known f-2f technique has prob-
lems in the UV due to the difficulty of frequency-doubling at such high energies,
for example because of the damage of the nonlinear material.
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9.8 Conclusions and outlook

Summing up, in this chapter we presented several quantum inteferometric algo-
rithms based on the idea that one atom may accumulate the effect of multiple
laser pulses, computing their differences through the appropriate pulse ordering,
intermediate gates and measurements. Multipulse quantum interferometry pro-
tocols provide a polynomial sensitivity enhancement with respect to conventional
atom or Ramsey interferometry. MPQI can be used to detect temporal changes
in the CEP of a frequency comb because the unitary implemented by a single
pulse is sensitive to both the intensity and the CEP, and not to the pulse arrival
time. The schemes presented are particularly suitable for non-octave spanning
combs with a low intrinsic phase noise, such as high-power Ti:Sapphire lasers
where significant phase noise is introduced by amplification stages.

A direct generalization our work would be extending our protocols beyond the
rotating wave approximation, as we have already mentioned in Section [9.3] In
addition to this, there are further properties of a frequency comb that could be
studied using our methods, such as intensity fluctuations. This could be done by
engineering different quantum algorithms that would help obtain other charac-
teristics of the comb. The most interesting property of such device is the absolute
phase or carrier-envelope phase (CEP). Characterizing the absolute phase would
allow to correct each pulse of the train on its own, instead of relying on the pulse-
to-pulse phase shift. This idea would give rise to stabilization methods which
would significantly lower the time scale considered.

In contrast with standard interferometry, our methods allow to interrogate the
probe several times and profit from the repetition, enhancing the measurement
process. Our methods can be applied to improve the precision of other interfer-
ometric processes, in particular, we would like to explore the possibility of using
MPQI to increase the precision of the LIGO experiment, which has been devised
to detect gravitational waves.

On the other hand, we have assumed that the fluctuations for the dephasing
are random but smoothly varying so we could also explore which are the weakest
hypothesis that are needed to apply our method experimentally. We anticipate
MPQI will enable new progress in fields as diverse as ultrafast science, frequency
metrology and direct frequency-comb spectroscopy, or coherent control of molec-
ular processes.
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Figure 9.2: (a) Fidelity, F’, between the unitary performed by the full model
and its description through the RWA (Hgwa), as a function of the pulse
duration, 7, for a resonant pulse @ = wy. (b) Qubit excitation probability for
detuned pulses with 7 = 30 x 27 /@ (black) and 10 x 27 /@ (blue), and comparable
Rabi frequencies. We show the exact solutions (solid) and the RWA (dashed).
(c) Effective phase, ¢g, of the unitary U, implemented by the full model (solid)
and the RWA (dashed), as a function of the pulse phase, ¢,,, for resonant pulses
(W = wWay-
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Figure 9.3: Comb phase measurement setups. A trapped atom interacts with (a)
one train of pulses or (b) two trains with a delay 7. (c) Additional gates and a
final state interrogation build up a generalized Ramsey interferometry protocol
to estimate A¢ and 6.
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Figure 9.4: The m-th comb pulse interacts in a Raman setup with either (a) a
CW laser signal or (b) another comb pulse. Controlling the polarization of the
light and using the selection rules in atomic transitions we can ensure that each
pulse or laser activates only one leg of the A scheme.

147



9. QUANTUM ALGORITHMS FOR QUANTUM METROLOGY

0

10

10

205 0 05
05 . | | | A
06 -04 -02 ¢19“ 02 04 06

Figure 9.5: (a) Intermediate state population, P,., and population of the state b,
Py, after a pulse of duration 7, for w = 0.8w,; and Rabi frequency Q = 0.033wg;.
(b) Evolution of the state populations during a pulse with Q@ = 0.076wg,
T = 407/w and w = 0.8w,. (c) Relative phase between states b and a
vs. the phase difference of the Raman pulse ¢, = ¢ — ¢; in Eq. for
2 =0.016w, w = 0.98w,; and 7 = 4007 /w. (Inset) Derivative % confirming the
monotonic behavior of ¢;.
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Figure 9.6: (a) A beam splitter and delayer (BSD) can be implemented by shining
the laser pulse train into a semitransparent mirror facing a perfect mirror (shaded
area). The incident angle of the beam determines the number, n, and delay,
At, between the outgoing replica pulses, which are focused by a lens (L) onto
the ion. (b) Optical setup with a delay line (dashed box) and two BSDs with
delay At = 47. This transforms the incident pulse train into a new train with
interleaved pulses with a fixed phase difference between them and a total duration

2(n — 1)7 < kT
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Conclusions and future work

In this chapter, we give a summary of the main conclusions and future lines of
work discussed in this Thesis, which have also been presented and discussed in
more detail in the last part of each chapter.

In Chapter[5], we have used matrix product states to quantify the entanglement
between two disjoint regions of a one-dimensional system, in particular, a spin
chain, in terms of the fractionalization in the magnetization of the chain. We
have proved that a large fractional magnetization in such state must imply a
large amount of entanglement in the system. In this line of work, it would be
interesting to extend this result to higher dimensions using PEPS, or to perform
numerical simulations to quantify the amount of entanglement in terms of the
fractionalization of the magnetization in particular examples of spin chains.

In Chapter [6] we have shown that, for the state of a quantum spin chain, the
impossibility of being well approximated by the ground state of a local Hamil-
tonian demands large entanglement. This backs up the physical intuition that
when a system presents long-range interactions, any region of the state should
be correlated to any other region and that this should imply a large amount of
entanglement in the system. Formally, we have derived a lower bound for the
entanglement entropy of a translationally invariant matrix product state which
is not the ground state of any short-range gapped and frustration-free Hamil-
tonian and such that it is sufficiently far away from any other state with this
property for any given interaction length. Furthermore, we show that the en-
tanglement entropy scales with the range of the interaction and we obtain new
bounds to approximate the reduced density matrix of the system using another
reduced density matrix whose matrices have a smaller bond dimension. Following
this line of research, it would be relevant to prove that a translational invariant
matrix product state with a certain bond dimension D may be approximated
using a translational invariant MPDO with a smaller bond dimension D < D
and such that the bound on the distance for the reduced density matrix for L
particles scales linearly with the range of the interaction. This would allow us to
give rigourous bounds on the accuracy of numerical algorithms for these types of
states, such as the TEBD or the iTEBD, which rely on truncating the outcome
of each infinitesimal evolution.
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There are other interesting questions related to the tensor network representa-
tion of quantum many-body systems that we would like to explore in the future,
such as whether it is possible to put forward efficient numerical methods to ob-
tain the purifications of a given matrix product density operator using the sum
of squares polynomial method.

In Chapters[7]and [§ we have derived new Lieb-Robinson bounds for a general
model of finite dimensional systems interacting through a bosonic field that sat-
isfies a Lieb-Robinson bound itself. We have applied these bounds to crystals of
trapped ions and we have found out that the spread of spin correlations depends
on the propagation speed of the phonons of the crystal as well as on the the
efficiency with which the ions emit and reabsorb correlations from the phonons.

We have derived further Lieb-Robinson bounds in different regimes, such as
the perturbative or the impulsive regime and we have obtained that the speed for
the spread of correlations given by our bounds can be faster than the time scales
in the experimental regimes currently considered. Finally, we have proposed
an experimental scheme to measure retarded correlation functions via the crystal
fluorescence, which allows to test the Lieb-Robinson bounds that we have derived
in the impulsive regime.

To continue with this line of work, we would like to study further theoretical
implications of these bounds, such as the efficiency of time-dependent density
matrix renormalization group methods or the clustering of correlations.

On the other hand, a fruitful generalization of this work would be to extend
these bounds to the continuous limit of the lattice and to prove whether the
light cone implied by the Lieb-Robinson bound in the continuous is exacty the
expected limit of the light cone obtained in the discrete case. This would allow
us to address the propagation of quantum correlations in quantum field theories
that are the uniform limit of discrete models of bosons interacting with fermions.

It would be also interesting to find other experimental schemes that could
test the Lieb-Robinson bounds in different regimes. The most interesting regime
would be the non-perturbative and non-impulsive , although we would also
like to explore the perturbative regime, where the spread of correlations is slower.

In Chapter [9] we have presented several quantum inteferometric algorithms
based on the idea that one atom may accumulate the effect of multiple laser
pulses, computing their differences through the appropriate pulse ordering, inter-
mediate gates and measurements. Multipulse quantum interferometry protocols
provide a polynomial sensitivity enhancement with respect to conventional atom
or Ramsey interferometry. MPQI can be used to detect temporal changes in the
CEP of a frequency comb because the unitary implemented by a single pulse is
sensitive to both the intensity and the CEP, and not to the pulse arrival time.
The schemes presented are particularly suitable for non-octave spanning combs

152



with a low intrinsic phase noise, such as high-power Ti:Sapphire lasers where
significant phase noise is introduced by amplification stages.

A direct generalization our work would be extending our protocols beyond
the rotating wave approximation. In addition to this, there are further properties
of a frequency comb that could be studied using our methods, such as intensity
fluctuations. This could be done by engineering different quantum algorithms
that would help obtain other characteristics of the comb such as the absolute
phase or carrier-envelope phase (CEP). This idea would give rise to stabilization
methods which would significantly lower the time scale considered.

In contrast with standard interferometry, our methods allow to interrogate the
probe several times and profit from the repetition, enhancing the measurement
process. Our methods can be applied to improve the precision of other interfer-
ometric processes, in particular, we would like to explore the possibility of using
MPQI to increase the precision of the LIGO experiment, which has been devised
to detect gravitational waves.
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