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Abstract

In this thesis, we have studied few-photon scattering in waveguide quantum
electrodynamics (waveguide QED), where photons propagate through a one-
dimensional medium interacting with some scatterers, such as two-level atoms.

The methods we use to tackle these problems are explained in Chap. 2.
We have applied for the first time the numerical technique of matrix-product
states (MPS) to this field. Besides, we have used previously known analytical
methods, such as the input-output formalism.

We have characterized the spectrum of archetypical models of waveguide
QED in Chap. 3, both in the rotating-wave approximation (RWA) and in the
ultrastrong-coupling regime. These models support bound states, in which
photonic excitations are confined around the scatterers. These states are es-
sential for understanding some dynamical properties. We illustrate this by
studying the spontaneous decay of a two-level atom in the RWA.

We have determined some analytical properties of the scattering matrix in
Chap. 4, the most important mathematical object in this field. In particular,
we have shown that the cluster-decomposition principle for the scattering am-
plitudes, which arises in quantum field theories because those are relativistic,
also holds in our case, even though we are dealing with nonrelativistic models.
We have generalized the cluster principle to scatterers with memory, finding the
structure of the scattering matrix compatible with this principle. We have also
considered scattering in linear systems, that is, systems in which the Heisen-
berg equations of motions are linear in the operators. We have shown that
this scattering matrix induces no correlations and neither annihilation nor cre-
ation of photons are allowed. We support our mathematical results with some
simulations using MPS. We are able to control how nonlinear the scatterers
are, finding a suppression of the nonlinear features of the scattering when the
scatterers are linear.

We have studied several instances of few-photon scattering in Chap. 5
using the methods introduced in Chap. 2. We have fully characterized the
one-photon scattering from a two-level atom in the ultrastrong regime, where



2 Abstract

deterministic inelastic scattering is possible. We have found also deterministic
two-photon generation in the one-photon scattering from a cyclic three-level
atom. The one- and two-photon scattering from a generalized V atom has been
studied, where we can have perfect transmission both for one and two photons;
besides, we can switch on and off the generation of photon-photon correlations
in the two-photon scattering. We propose an implementation of a two-qubit
quantum phase gate. In order to do so, we have considered two-photon scatter-
ing with nonmonochromatic wave packets from different instances of point-like
scatterers. Unfortunately, even though the process is feasible, the efficiency
is too low. Finally, we have studied the effects of interqubit distance in two-
photon scattering.



Resumen

En esta tesis hemos estudiado scattering de pocos fotones en electrodinamica
cuéntica en guias de onda, donde los fotones se propagan a través de un medio
unidimensional interaccionando con algunos scatterers, tales como atomos de
dos niveles.

Los métodos utlizados para tratar estos problemas se explican en el capitulo
2. Por primera vez, hemos aplicado la técnica numérica estados producto de
matriz (MPS, por sus siglas en inglés) a este campo. Ademas, hemos utilizado
métodos analiticos ya conocidos, tales como el formalismo input-output.

Hemos caracterizado el espectro de estos modelos en el capitulo 3, tanto
en la aproximacion de onda rotatoria (RWA, por sus siglas en inglés) como en
el régimen de acoplo ultrafuerte. Estos espectros contienen estados ligados,
en los cuales algunas excitaciones foténicas estan confinadas en torno a los
scatterers. Estos estados son esenciales para comprender algunas propiedades
dindmicas. Tlustramos esto estudiando el decaimiento espontédneo de un 4tomo
de dos niveles en la RWA.

Hemos determinado algunas propiedades analiticas de la matriz de scatter-
ing en el capitulo 4, la cual es el objeto matematico més importante de este
campo. En particular, hemos demostrado que el principio de descomposicién
de cluster para las amplitudes de scattering, el cual se da en teoria cuantica de
campos al ser esta una teoria relativista, también se da en nuestro caso, pese
a estar tratando con modelos no relativistas. Hemos generalizado el principio
de cluster a scatterers con memoria, encontrando la estructura de la matriz
de scattering compatible con esta generalizacién. También hemos estudiado
scattering en sistemas lineales, es decir, sistemas en los que las ecuaciones
de Heisenberg son lineales en los operadores. Hemos demostrado que la ma-
triz de scattering en estos sistemas no induce correlaciones y que ni creaciéon
ni aniquilacién de particulas estan permitidas. Confirmamos estos resultados
matematicos con varias simulaciones usando MPS. Al ser capaces de contro-
lar cuan no lineales son los scatterers, hemos encontrado una supresion de los
efectos no lineales del scattering cuando los scatterers tienden a ser lineales.



4 Resumen

Hemos estudiado varios problemas de scattering de pocos fotones en el
capitulo 5 utilizando los métodos introducidos en el capitulo 2. Hemos car-
acterizado por completo el scattering de un fotén a través de un atomo de
dos niveles en el régimen de acoplo ultrafuerte, donde hemos encontrado que
scattering inelastico determinista es posible. Hemos hallado generaciéon de dos
fotones también determinista en el scattering de un fotén a través de un atomo
ciclico de tres niveles. El scattering de uno y dos fotones a través de un atomo
V generalizado ha sido tratado, donde podemos tener transmision perfecta en
ambos casos; ademés, podemos suprimir la generacién de correlaciones entre
fotones en el scattering de dos fotones. La posibilidad de implementar una
puerta cuéntica de fase de dos qubits se ha considerado usando scattering
de dos fotones con paquetes de onda no monocromaticas a través de varios
scatterers puntuales; desafortunadamente, pese a que el proceso es posible, la
eficiencia es demasiado baja. Finalmente, hemos estudiado los efectos de la
distancia entre qubits en el scattering de dos fotones.



Chapter 1

Introduction

The good thing about science is that it’s true whether or not you believe in it.

Neil deGrasse Tyson in an interview with Bill Maher [1].

Light-matter interaction is one of the most relevant interactions in
physics. It dominates a lot of phenomena for a broad energy scale, from atomic
physics to solid-state systems, making the other fundamental interactions neg-
ligible in many situations.

Quantum description of light-matter interaction is one of the most success-
ful scientific theories to date. In the early times of quantum mechanics, it was
able to explain the discrete atomic spectra [2], to say an example. Quantum
electrodynamics (QED), where both the atomic degrees of freedom and the
electromagnetic field are quantized [3], is the most accurate theory so far. For
instance, it is able to predict the anomalous magnetic dipole moment of the
electron with more than 10 significant figures.

Genuine quantum effects, such as quantum superposition or entanglement,
are routinely measured in the laboratory. Together with the fact that it is
possible to deal with few photons interacting with atoms experimentally, sig-
nals that we are living a revolution in the study of light-matter interaction at
the quantum level. This kind of physics, first developed in cavity-QED, where
atoms interact with confined modes of the electromagnetic field [4], is nowadays
realized in several platforms. Some instances are superconducting qubits [5—
7], quantum dots [8-10], or nitrogen-vacancy (NV) centers [11]. These studies
have potential applications in quantum technologies [12] to do computation,
simulations, cryptography, or metrology [13—24].

Typical photonic implementations for quantum technologies consist of a
network, in which flying photons introduced with single-photon sources [25—
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29| carry the information between the artificial atoms, which are the nodes
of the network [12, 20, 30-33|. Photonic networks are promising candidates
for quantum technologies since photons are highly robust information carriers
both in the optical [34, 35| and microwave regime |36, 37| and artificial atoms
are easy to manipulate in order to implement quantum gates [17].

A particularly simple instance of a quantum network is a one-dimensional
photonic medium coupled to a few atomic systems. This is the field of waveg-
uide QED (wQED) [38]. As in cavity QED, photons interact with localized
impurities, being the main difference that now photons propagate. Experi-
mentally, there is a whole zoo of different platforms in which wQED can be
implemented, such as photonic crystals [39-46|, superconducting transmission
lines |7, 47-55|, nanofibers [56-58], plasmonic waveguides [59-68], dielectric
waveguides [69, 70|, diamond structures |71, 72|, cold atoms |73, 74|, surface
acoustic waves [75-80] or coupled cavities [81], to say a few. The reduced
dimensionality drastically enhances the interference effects between the flying
photons. This allows bringing nonlinear optics to the quantum regime [82-84].
A goal of this field is to perform tasks at the minimum power, such as paramet-
ric down conversion, router, lasing, etc. We can also generate photon-photon
interactions mediated by the atomic systems (or vice versa) in a controlled way
in order to do quantum gates or generate entangled states. Another objective
of the field is to perform quantum simulations, since these systems can model
many-body Hamiltonians in condensed-matter physics [18|. For instance, a
lattice formed by coupled cavities interacting with two-level atoms mimics a
spin chain [85, 86]. Even though we are not focused on quantum simulations
in this thesis, inspired by this we can solve wQED problems by means of tools
typically used in many-body physics. We will illustrate this with the particular
example of matrix-product states (MPS) [87-94] in Chap. 2.

In this thesis, we have studied several problems in waveguide QED, focus-
ing on scattering of few photons interacting with few atoms with different level
structures. We have employed several methods, both numerical and analyti-
cal. We have adapted MPS to this field for the first time, as well as we have
adapted previously known methods to solve new problems, such as the input-
output formalism [95, 96]. The methods are introduced in Chapter 2. We have
characterized the eigenstates of a linear array of cavities coupled to a two-level
atom for different ranges of coupling, as well as the influence of the bound
states on a spontaneous-decay situation (see Chapter 3). We have determined
the structure of the N-photon scattering matrix in general (see Chapter 4),
generalizing the already known result in quantum-field theories to the nonrel-
ativistic framework of wQED (see Sect. 4.1), as well as we have studied how
linear scattering emerges with several nonlinear scatterers (see Sect. 4.2). In
Chapter 5 we solve several scattering problems, finding nonlinear phenomena
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with potential applications: one-photon scattering in the ultrastrong coupling
regime (which allows us to deterministically convert the frequency of the input
photon, see Sect. 5.1), also deterministic two-photon generation with a single
input photon (see Sect. 5.2), one- and two-photon scattering from a general-
ized V-atom, with perfect two-photon transmission (see Sect. 5.3), we propose
a protocol to perform a quantum phase gate with waveguide QED (see Sect.
5.4), and we study the interqubit distance in two-photon scattering (see Sect.
5.5). We end up with the conclusions, both in English (Chapter 6) and Spanish
(Chapter. 7).

In this first chapter, apart from this introduction to motivate the topic, we
introduce the kind of models we solve in Sect. 1.1 and expose some generalities
on scattering theory in Sect. 1.2.

1.1 Waveguide-QED model

Through this thesis, we consider a one-dimensional photonic medium interact-

ing with some few-level systems. The Hamiltonian reads (we work in units
such that i =1)

H = /dk wka,t,ak + Hye + Hing, (1.1)

where ay, (a,:) destroys (creates) a photon with momentum % ([ag, GL] =d(k—
k') and [ag,ar] = 0), wy is the photonic dispersion relation, Hy. describes the
scatterer, that is, some few-level systems interacting with the photons, and
Hiy¢ is the light-matter interaction Hamiltonian. We show a sketch of this
kind of systems in Fig. 1.1.

H

SC

H h Hint

Figure 1.1: Sketch of the system described by the Hamiltonian (1.1), formed by a
photonic one-dimensional waveguide (blue), some scatterers (red), and some light-
matter interaction (black).

Solving the Hamiltonian (1.1) is usually a hard task, since in general is a
many-body problem. The ground state can be nontrivial, scattering of photons
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can result in photon generation, highly correlated states, etc. In this work, we
consider several instances of (1.1) and solve it by means of a bunch of numerical
and analytical techniques, which will be presented in the following chapter.

For the photonic part of (1.1), Hyy, we consider different models. A re-
alization well suited for our numerical simulations is a cavity array (see Fig.
1.2) with tight-binding interactions

Hpn =€) abaz —J Y (alaz4 +He), (1.2)
x X

being a, (aL) the annihilation (creation) operator at position x ([a,, al,] = Oyt

and [ag,a,] = 0), € the bare frequency of each cavity, and J the hopping
constant. Taking the Fourier transform

1 ikx
Ay = —= E eag, 1.3

we get the dispersion relation, wy = ¢ — 2J cosk. This lattice Hamiltonian
is either an auxiliary description or it can model bona fide coupled cavities
with frequency e and coupling J. We show a sketch of this system and the
dispersion relation in Fig. 1.2.

Another important example is a nondispersive medium: wy = c|k|, with
¢ the light speed in the medium. This models, for instance, superconducting
transmission lines. This will be useful in our analytical calculations, since it
allows us to Fourier transform between time and energy spaces easily.

The interaction Hamiltonian between the photons and each scatterer is
dipolar [3]

Hing / (xGlay + giGal)dk, (1.4)

where g; is the coupling strength between the scatterer and the modes with
momentum k and G is some operator of the Hilbert space of the scatterer. In
order to be more precise, let us consider the case of a two-level system placed
at © = xg, whose Hamiltonian is given by Hg. = A1) (1|, being A the level
splitting of the qubit and |1) the excited state of the qubit; its ground state is
|0). We take point-like coupling: gz o< e*¥sc. Choosing G' = o 4 ¢~, which is
the dipole operator for the two-level system, with o™ = |1) (0| and o~ = |0) (1
1 the interaction Hamiltonian reads

Hine = g(0~ +0")(as, +al), (1.5)

'Even though ¢ and ¢~ act on the two-level-system Hilbert space, we consider from
now on they are extended operators, e.g., o = |1) (0| ® Ipn, with I, the identity operator
in the photonic space. In the same way, the bosonic operators also belong to the extended
Hilbert space.
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T N2 0 /2
k

Figure 1.2: a) Sketch of the system described by the Hamiltonian (1.1), when the
photonic part is given by Eq. (1.2). b) Dispersion relation wy, = € — 2.J cosk of (1.2)
as a function of k.

where the bosonic operators are now in position space and ¢ is the coupling.
This Hamiltonian can be split

Hiyt = Hrw + Hcr, (1.6)

with,
Hpw = g(ofalsc +otag,), (1.7)
Heg = g(a+a;’csc +0 ag,). (1.8)

The first one, Eq. (1.7), is the so-called Jaynes-Cummings Hamiltonian in
cavity QED and the second one, Eq. (1.8), consists of the so-called counter-
rotating terms. When the coupling constant g is small enough compared to
the other energies of the whole system, the counter-rotating Hamiltonian Hcr
(1.8) can be neglected. This is the rotating-wave approximation (RWA) (97, 98].
In this case, the interaction Hamiltonian preserves the number of excitations,
[Hint, N] = 0, with

N = /dka};ak +oto™. (1.9)

This presents a great simplification. In particular, the ground state of the
model is |¢pg) = |0) [vac), with |0) the ground state of the two-level system and
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ay |[vac) = 0 Vk. We can split the Hilbert space in subspaces with different
number of particles. Thus, we can restrict our computations to the subspace
in which we are interested. The RWA is omnipresent in quantum optics. In
particular, it is very common in scattering in waveguide QED [38, 96, 99-105].
However, there are certain systems, such as superconducting circuits [53, 106—
108] or some molecular systems [109, 110|, where this picture breaks down and
we need the full interaction Hamiltonian, including the counter-rotating terms
(1.8). In such a case, the number of excitations is not a conserved quantity
anymore, [Hiy, N] # 0. This regime of parameters is known as ultrastrong
[111-119]. In this text, we will consider both the RWA and the ultrastrong
regime, depending on the problem we are dealing with.

1.2 Scattering theory

In this work, we solve scattering problems of few photons interacting with
few-level systems, described by the Hamiltonian (1.1). In a typical scattering
geometry, one usually assume that far away from the interaction region the
state is asymptotically a linear combination of free-particle states (generated
via creation operators on the noninteracting vacuum) even in the presence of
the scatterer-waveguide interaction.

The free-particle states |¥) must satisfy the asymptotic condition [120]:
t
1T ()W) = Uph () Win o) | = 0, (1.10)

where U(t) is the evolution operator of the full Hamiltonian (1.1) and Upy(t) =
e~ Hpnt ig the free-evolution operator. We illustrate these states in Fig. 1.3.

. > W, >
—_— —_—

Figure 1.3: A free state |U;,) defined in the far past turns into |¥,,) in the far future
after interacting with the scatterer.

The scattering operator S relates the amplitude of the output and input
fields through
[Wout) = S |Pin) , (1.11)
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which, using (1.10), has the formal expression:

= lim Ul(toutatin) . (112)

tin——00

Here, Ur(tous, tin) = gtHotin o—iH (four—tin) g—iHotout jg the evolution operator in
the interaction picture. Using again Eq. (1.10) leads to

|\Ijin/0ut> = U;h(tin/out)U(tin/out)‘\I’> = |‘11(tin/0ut)>fu (113)

which shows that the input and output states, as defined by Eq. (1.10), are in
the interaction picture. These states can be defined as flying photons created
on the ground state of the model, or even in excited localized states, as we
show in Sect. 4.1.






Chapter 2

Methods

It is like being lost in a jungle and trying to use all the knowledge that you can
gather to come up with some new tricks — and with some luck you might find a

way out.

Maryam Mirzakhani [121].

Solving the dynamics under the Hamiltonian (1.1) is not trivial. In this
chapter, we discuss the different methods we have used. Our analytical tech-
niques are based on the input-output formalism [95]. In Sect. 2.1, we introduce
the formalism and derive the S matrix. In Sect. 2.2, we set a connection be-
tween the quantum-optics master equation and the input-output formalism,
which enables to compute scattering coefficients from the former. In our nu-
merical studies, we use two methods: matrix-product states (MPS) in Sect.
2.3 and exact diagonalization in Sect. 2.4.

2.1 Input-output formalism

In a scattering experiment, both the input and the output excitations evolve
freely in the far past and far future, respectively. This allows us to solve
scattering problems by means of the so-called input-output theory. It was
introduced in [95] in a context of an atom in a cavity interacting with a an
electromagnetic bath and was extended to waveguide QED with a point-like
scatterer in |96] for one and two photons and in [122] for more photons. In
this thesis, we have applied this method to one- and two-photon scattering.
For the sake of clarity, as in [96], in this section we choose a two-level system
as scatterer in order to illustrate the method. In Sect. 5.3, we will apply the

(N)

method to the one- and two-photon scattering from a V%) atom.
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2.1.1 Model: approximations and chirality

We use some typical approximations and assumptions. First, we consider that
the qubit-waveguide interaction is point-like, happening at x = 0. Second,
the interaction Hamiltonian between the photon and the two-level system is
treated within the rotating-wave approximation (RWA), already introduced in
Sect. 1.1 (see Egs. (1.6) and (1.7)). The coupling between the two-level atom
and the photon field is momentum independent. The Hamiltonian (1.1) reads

oo 0
H= / dk wka:_ 3Ok +/ dk wkaT_ wO— K (2.1)
0 ’ —00 ’
[e%S) 0
+Acto + g+/ dk (o ayk + J_alk) +g- / dk (cTa_ + J_aT_’k).
0 —00

Here o are the ladder operators of the qubit, already introduced in Sect. 1.1
(o7 =11)(0] and o~ = |0) (1]), and as is the bosonic annihilation operator
for a photon with momentum & and direction s = + for right- and left-moving
photons respectively. The excitation energy of the two-level system is denoted
as A and gs is the coupling strength to the s modes. As said, g; does not
depend on the momentum of the photon modes. As we will justify in Sect.
2.1.3, this approximation is Markovian |95].

We linearize the dispersion relation around the energy of the incoming
photons wy, wy ~ wo+ve|kF ko for right- and left-moving photons respectively.
The momentum ko is such that wip, = wo and v, is the group velocity at
k = tkgy. The zero of energy is at wg. In addition, we refer the momenta to +kg
for right- and left-moving photons respectively. Therefore, we can rewrite the
dispersion relation as wy, = vy|k|. We can extend the integration range (0, +00)
to (—o0, +00), which is valid if the energies of the incident photons are close
enough to the linearization point wq [123]. With all this, the Hamiltonian (2.1)
can be approximated by

o
H = / dk (ai KO+ — ai )0— k) Vgk
—0o

+Acto™ + Z gs/ dk (cTasy + a*a;k). (2.2)

s=% -

Unless we explicitly claim the opposite, we will assume all the integrals go from
—0o0 to 400 in this section, so we will drop the integration limits.

Notice that this Hamiltonian contemplates the possibility of dissimilar cou-
plings, g4+ # g—, from the emitter to left- and right-moving photons. This is
interesting in its own right, as the waveguide could be chiral and allow the
propagation in only one direction. This case has been thoroughly studied in
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the literature [45], both theoretically [44, 124-126] and experimentally, using
platforms such as photonic crystals interacting with quantum dots [43, 44|, or
nanofibers coupled to nanoparticles or atoms [57, 58|. Besides, chirality is inter-
esting as a tool, as the scattering properties in the nonchiral case (g— = g+ = g)
can be related to those of the fully chiral one (g— = 0, g+ = g) [96], which are
easier to compute because the latter involves a single branch of photons. We
will follow this approach, deriving first the scattering matrix for a chiral waveg-
uide and explicitly providing the steps to generalize the result to the nonchiral
case later on. As we consider just one kind of photons, we have one set of
bosonic operators; therefore, we drop the subindex related to the direction:
ay. Besides, if we take length units such that v, = 1, the dispersion relation
is wr = k. In consequence, we can use either w or k without distinction. We
write all the expressions in terms of k.

2.1.2 Scattering matrix and input-output operators

We introduce the matrix elements of the scattering operators (1.12), as well
as some operators that we will need. The N-photon scattering matrix in
momentum space is defined as

S onkiky = P11 DN[SClk1 . kN (2.3)

This is nothing but the probability amplitude of going from an input state with
N photons, with momenta k1, ..., ky, to an output state with N photons and
momenta pi,...,py. The number of input and output photons is the same,
since the model (2.2) is number conserving. The superscript “c” refers to the
chiral case (g = 0). The states |k1...kn) and |p;...pn) denote the input
and output states with frequencies or momenta ki,...,ky and pi,...,pnN,
respectively. These states are free in the interaction picture and exist long
before (ti;, — —o0) and long after (t,y,s — 400) the interaction takes place
(see Sect. 1.2). From now on, we will not write explicitly the limits and
assume that the times ¢;, and ¢,y are in the far past and future, respectively.
We define the following auxiliary states

‘(kl - kN)+> = €thi“€_inhtin ‘k‘l - kN> = Q+ ‘]{1 A k‘N> s (24)
|(Fy ... kn)") = eftoutg=Hpntoue | ey = Q |k .. En) .

The second equality of each equation defines the so-called Mgller isometries
Q4. From this and the definition of S, Eq. (1.12), the scattering matrix (2.3)
can be written as

Sy ondrkn = (1 pN) (k.. kn) ™). (2.6)



16 Chapter 2. Methods

We define the input-output operators
ain(k) = Qa0 (2.7)
ot (k) = Q_ap L. (2.8)

These are bosonic operators, [ain(k:),a;rn(p)] = [aout(k),aiut(p)] = §(k — p).
They fulfill

af (k1) ...al, (kn) [¢o) = (k1 ... kn)™), (2.9)
abu(p1) .. ab (o) |60) = [(p1...pN)7), (2.10)

where |¢g) = |vac) |0) is the ground state of the full model (2.2), being |vac)
the photonic vacuum state (ay [vac) = 0 Vk) and |0) the ground state of the
qubit (¢~ |0) = 0). Using this and Eq. (2.6), we rewrite the scattering matrix

S;L..pN,kL..kN = <¢0|aout(p1) aout(pN) (kl) n(k’N)‘Qb0> . (211)

Therefore, we can compute the scattering matrix by finding the relation be-
tween the output and the input operators. As we will see, we will need these
operators in the time domain, ain(t) = 1/v27 [ dk ain(k)e™** and aou(t) =
1/V27 [ dk aout(k)e . They fulfill [95, 96]

ain(t) / dk aj(tiy)e Rt tn) (2.12)
\ﬁ
out (t) = —— [ dk ag(tout)e FEtout), 2.13
out( ) \/ﬂ/ k( out) ( )
where a(t) ity o=t ig g, in the Heisenberg picture at time ¢. Egs.

=e
(2.12) and (2.13) will be useful later.

2.1.3 Equations of motion

We work in the Heisenberg picture, so we need to find the Heisenberg equations,

do(t)
o = ilH,0(), (2.14)

for the atom and photon operators with the chiral model, Eq. (2.2) with g1 = ¢
and g_ = 0. They read

Z.dak( )

= kay(t) + go~ (1), (2.15)

4@ _ g/dk: o (t)ay(t (2.16)

dt
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where o, = |1) (1| — [0) (0]. We multiply Eq. (2.15) by e’ and formally
integrate it from t;, to ¢

. t . /
() = ap(tin)e— M0t _ g / it o (1')e= k1), (2.17)

tin

We define the following operator

B(t) = \/12?/dk: an(t) (2.18)

Integrating Eq. (2.17) with respect to k and using Eq. (2.12)

B(t) = am(t) — i\/Za(t), (2.19)

where v = g%, Multiplying again Eq. (2.15) by ¢**, but integrating now from
t to tout’,

. tout . ,
() = a(tout)eF o) 4 g / dt’ o= (#)e~ ikt (2.20)
t

Integrating this in & and using Egs. (2.13) and (2.18)

P(t) = aout(t) + i\/ZG_(t). (2.21)
From Egs. (2.19) and (2.21)

aout (t) = ain(t) — i\/ga_ (t). (2.22)

This equation is Markovian, in the sense that the output photon field does
not depend on the state of the scatterer at previous times. However, if we
had consider g dependent on k, the second term would be an integral in time,
breaking this picture. This is the reason why we called Markov approximation
to the case in which g does not depend on k, as we anticipated in Sect. 2.1.1.

We need to know the dynamics of o~ (¢). It is given by Eq. (2.16), but it
is convenient to rewrite it in terms of the input-output operators. Using the
definition of ®(t), Eq. (2.18), and the relation between ®(t) and ai,(t), Eq.
(2.19), we can rewrite Eq. (2.16) as

do~(t)
dt

= —(iA+ 7)o (t) + iy/270.(H)a(t) (2:23)

With this, we already have the necessary dynamical equations to compute the
scattering matrix by means of the input-output formalism.
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We can generalize this method to other scatterers. In such a case, Eq.
(2.22) would change depending on the nature of the scatterer, and we would
have to find a system of equations of motion analogous to Eq. (2.23) for other
operators. FE.g., this method has been extended to two collocated two-level
systems in [127]. As said in the introduction of the section, we applied the
formalism to a generalized V atom [128] (see Sect. 5.3).

In what follows, we make use of Egs. (2.22) and (2.23) to find the scattering-
matrix elements.

2.1.4 One-photon scattering

The amplitude for the transition from an input state with momentum k into

an outgoing state with momentum p, S7,, is given by Eq. (2.11) for N =1

S = (@0laout(p)al, (k)|do) - (2.24)
Using Eq. (2.22)
ok = 0(p — k) —iv/2y (golo™ () IKF) (2.25)
with
(polo~(p)|ET) = r<¢oya t)|kT) . (2.26)

The dynamics of the matrix elements of o~ (¢) is obtained by sandwiching Eq.
(2.23) between (¢g| and |kT)

d _ .
=7 (Bolo™ (OIET) = —(IA +7) (dolo™ (1) k™) +iv/2y {olo=(H)am (D) [KT)
(2.27)
Let us compute the second term of the right hand side

(@olo=(D)ain(t)|[kT) = (dole™ M oame ™ |kT)
= (¢ol ((|1) < ! = 10) (0]) ® Ipn) aine™* kT, (2.28)

where I}, is the identity operator in the photon space. Obviously, (¢o] (]1) (1|®
]Iph) =0 and <(f)0| (’0) <O’ & th) = <¢)0’ Thus

(bolo=(t)ain (t)|kT) = — (dolam(t)[KT). (2.29)

Using Eq. (2.9) and the facts that ai, () is the Fourier transform of ai, (k) and
that ain(k) is a bosonic operator

(dolo=(t)aim(t)|kT) = — (Polaim(t) |k ) = — (2.30)
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Introducing this in (2.27)

& ol OIFY) =~ ) (oo () + iy Te . (23

This equation can be integrated

e*ikt
o (t)|kT) = Sk, 2.32
(Golo™ (B)|KT) Nori (2.32)
with
V2y
=\ 2.33
TR AT iy (2:33)
Introducing this in Eq. (2.25),
8% = 1560k — p), (2.34)
with N
tp=—. 2.35
FT k- A+iy (2:35)

This is the transmission amplitude, so its square modulus gives the transmis-
sion probability. In this case, |t5|?
chiral model. Notice that the scattering matrix is proportional to a Dirac delta,

= 1, since we are dealing with a lossless

which ensures energy conservation.

As mentioned at the end of the previous section, Eqgs. (2.22) and (2.23)
would be different for another kind of scatterer. In such a case, in order to
compute the scattering matrix we would just have to sandwich another set
of equations of motion analogous to Eq. (2.23) and solve the corresponding
algebraic system of equations.

2.1.5 Two-photon scattering

We can also compute the two-photon chiral-scattering matrix

S;1p2k1k2 = <¢0‘aout(pl)aout(pZ)ajn(kl)a;rn(kg)’(]50) . (236)

Introducing the identity [ dk ajn(k) |p0) {(¢o| ain(k) between agyt(p1) and agut (p2)
and using Egs. (2.22), (2.24), and (2.34), we obtain

Ic71p2k1k‘2 = tgl (6(p1 — k1)d(p2 — ka) + 6(p1 — ka2)d(p2 — k1))
— ity /27 (p{ o™ (p2)|(k1ka) ™) . (2:37)

Let us compute (p] |0~ (p2)|(k1ks)T). We can rewrite it in terms of a Fourier
transform

engt

N (@olain(pr)o™ (t)al, (k1)af, (ko) |vac) .

(oo (p2)|(k1ka) ) = dt
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We find the equations for the integrand from Eq. (2.23)

% (pf o™ (0)|(k1k2) ") = —(iA +7) (pf o™ (8)|(k1ka) T) (2.38)
+ /29 (pf o= (D) ai (1)l (k1k2) ).

We have to compute the second term of the right-hand side of the equality,
which is inhomogeneous. Using the fact that the input operators are bosonic
and Eq. (2.30), this term can be written as a transition amplitude between

single-photon states
e—ik‘gt

ezd

In order to compute (p™|o,(t)|kT), we rewrite o, as 2070~ — 1. Then

(Y lo=(t)ain (1) (kik2) ") = (o] |o= () |k)) + (k1 < ka). (2.39)
(")) =2 (pFlo" (t)o™ (t)[ET) — 6(k —p). (2.40)

We introduce the identity between o7 (¢) and o~ (¢). The only contribution
comes from |¢g) (¢o|. Using Egs. (2.32) and (2.33)

1 .
ptlo,(t)kt) = —e 7 k—Plgrg — §(k — p). 2.41
»
T
Introducing this in Eq. (2.39)
1ol gy s
Wl an(Ol(ka)*) = e B (4, 4s)  (242)
- \/T—We_ikﬁ‘;(k‘l —p1) — \/T—We_ikltfs(kz - p1)-
Using this in Eq. (2.38), we can integrate that equation, obtaining
_ 11 “ i _
{pi'lo™ ()|(k1ka2) ") = — E;Sk1+k2*m‘9p1(5kl + sy, e TR (2.43)
1 —ik1t 1 —1kot
+ Ed(k@ —pl)skle + E(S(kl — p1)8k26 .
Coming back to the energy domain
_ 1 .
(pi 1o (p2)l(kaka) ™) = = —6(ky + ko — p1 = p2)spo 53, (Sks + 52) (2.44)

+ 51, 0(k2 — p1)0(k1 — p2) + sk, 0(k1 — p1)d (k2 — p2).

Introducing this in Eq. (2.37) and using the relation t{s; = s, which can be
easily derived from Egs. (2.33) and (2.35),

S;1P2k1k‘2 = %1 22 (6(k1 - pl)é(kQ - p2) + 5(1{31 — p2)5(k‘2 — pl))
+ 0T pakaks 0(R1 + k2 — 1 — p2), (2.45)
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with
1
pclpzklkz = ;\/ﬂsplsm (Skl + Skg) (2.46)

The first row of Eq. (2.45) describes the independent scattering of each photon.
This term conserves the energy of each photon independently due to the Dirac
deltas. The other term preserves the total energy, but it does not conserve
the energy of both photons individually. It gives the effective photon-photon
interaction induced by the scatterer, in this case a two-level system. As before,
if we had considered another scatterer, we would have had to solve a different
system of equations.

2.1.6 Scattering matrix in the nonchiral case

In this section, we explain how to compute the nonchiral scattering matrix
from the fully chiral one. We define the following transformation

Gy k + a—

by = 2.47
+ 7 (2.47)
Introducing this in the Hamiltonian (2.2)
H= / dk k(b by + b1 b ) (2.48)
+ActoT +V2g / dk (0by g + afb:_’k) (2.49)

The set of operators {b_ ;} is decoupled, whereas the others {b; ;} are cou-
pled with the two-level atom with coupling ¢ = v/2¢g. This implies that the
scattering matrix for b, j is that of the chiral model, by changing g by ¢’, and
that for b_ j is given by the free evolution.

To compute the scattering matrix, we introduce input and output operators
for bk, bs in/out (K), fully analogously to what we did for ay (see Eqs. (2.7) and

((52.86)(). The)y fulfill the bosonic commutation relations, [b i (out) (), bi,m(out) (k)] =
ss’ k — p)-

As we said above, the b_ j, modes are decoupled, so its scattering matrix is
trivial, that is

(@0l b—out(P1) - - - b out(p )BT, (K1) .. BT 4 (k) o)
=0d(p1 — k1) ...0(pn — kn) + permutations. (2.50)

However, by ) does interact as if we had a chiral model by replacing g by
g = /2g, so its scattering matrix is the chiral one

<¢0‘ b+,out(p1) st b+,0ut(pN)bT|»7in(kl) A bi,in(k‘N) |¢0> = S}SL..ka‘l...k‘N‘ (251)
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However, we are interested in the scattering matrix for the az; modes. We
need to write a,j in terms of b, i, Eq. (2.47),

by +b_

at k= %> (2.52)
by p—b_ _

a_p = W (2.53)

We also define input-output operators for a, i, @ n/out(k). We compute now
the single-photon S matrix. Without loss of generality, the input photon will be
right moving, a)_ m( ) |¢o). The outgoing photon can be right- or left-moving.
We first consider the right-moving case

Sy = {00l ou (P)al, 1, () 60)
= 2 (60l(bona(p) + b ow () B4 () T, (K)o}
= 2 ((60lb- w1y (R 160} + (Dol one (DI04, ()
= (S5 + 60k~ ). (2.54)

We have applied the transformation given by Egs. (2.52) and (2.53) (second
line), the fact that b, /out (k) are bosonic (third line), and Egs. (2.50) and
(2.51) in the last line. Notice this result does not depend on the kind of
scatterer. Particularizing for the two-level system (Eqgs. (2.34) and (2.35))

Sy = txd(k — p), (2.55)

being t; the nonchiral-transmission amplitude

£4+1 k—A
2 kE—A+iy

ty = (2.56)

In this expression, and in any other S-matrix element of the full model, v =
7(g")? = 2mg®. Analogously, the scattering matrix for a left-moving output
photon reads

S_pk = (dola ous(p)al ;, (k)|do) = ( —0(k—p)) =red(k —p), (2.57)

with rj the reflection amplitude

ti—lz —1ry
2 k—A+ivy

rp = (2.58)
Comparing this to the transmission amplitude, Eq. (2.56), we see that rp+1 =
t. It is well known that this system has full reflection, |ry|? = 1, if the energy
of the input photon matches the energy of the qubit, &k = A [99, 100, 102, 129].
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We now apply this program to the two-photon scattering matrix. In par-
ticular, we compute the two-photon S matrix for right-moving incident and
outgoing photons (p1, p2, k1, ko > 0):

Sprpatiks = {00/ 00t (P1)atous(p2)al 1 (k1)al, i, (2)|bo)
1
1 (601600t (91)b ot (p2) 1 (k0L 5, () 0)

HMMM%WM%Mw%W(@%

1, . . .
=7 (Spipataks + Spu 0 (k2 — p2) + 55,1, 6(k1 — o)

+ S;2k25(k1 - pl) + S;leé(ka — pl)

+ 0(k1 — p1)d(ka — p2) + 6(ky — p1)6(ka — p2)), (2.59)

where we have used the transformation relating as; and by, see Eq. (2.47),
and Egs. (2.50) and (2.51). As before, we have shown that we can write the
two-photon nonchiral scattering matrix in terms of the chiral one. Particular-
izing for the two-level system (Eqgs. (2.34), (2.45), and (2.56))

Spipokiks = thythy (6(k1 — p1)d(k2 — p2) + (k1 — p2)d(k2 — p1))

11
+ Z;\/ﬂsmsm(skl + 8k, )0 (k1 4 k2 — p1 — p2). (2.60)

This result is very similar to the chiral case (Eq. (2.45)): the first row describes
the independent scattering of each photon and the second one gives the effective
photon-photon interaction induced by the qubit. Notice that the interaction
term is identical to the chiral one up to a constant factor 1/4. Following an
analogous process, we find S matrix for the other output channels

S—pi—pakiks = Thi Tk (6(k1 + p1)d(k2 + p2) + 6(k1 + p2)d(k2 + p1))
+ 3%@571,13,]32 (Sky + Sky)0(k1 + k2 + p1 + p2), (2.61)
S _pipokike = Tkt 0(Kk1 + p1)d(k2 — p2) + tg, 7, 0(k1 — p2)d (k2 + p1)
+ ——\Fs_plspz (8ky + Sk )0 (K1 + k2 + p1 — p2), (2.62)
Spr—pakiky = tkl?”kﬁ(kl — p1)0(ka + p2) + 7k try 6 (k1 + p2)d (k2 — p1)
)

Jr A \/ VSpy S—py (Sky + Sky)0(k1 + k2 — p1 + p2). (2.63)
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In particular, we can write the nonlinear term in general as

1
Torpakike = 3 Ty fipaliia el (2.64)

In conclusion, we can compute the nonchiral S matrix provided we know the
chiral one, which is easier to find.

2.2 Master equation

The input-output formalism needs the dynamics of the scatterer (o~ (¢) in the
example given above, see Eq. (2.22)). Considering we have a small system
(the scatterer) coupled to a reservoir (the photonic media), we can apply the
master-equation formalism [130] as an alternative to the Heisenberg equations
explained in the previous section. This method, first developed by Belavin et
al [131] and later explored by Kossakowski, Lindblad, Gorini, and others [132—
134], allows us to derive an equation of motion for the reduced density matrix of
the system p (the scatterer in our case). Assuming the Markov approximation
and imposing complete positivity to the evolution, p evolves according to

dp . 1
E = —Z[Hsc,p] + Z'n (WPVET - Q{X/ZTVLP}) ) (265)
l

where Hg. is the Hamiltonian of the scatterer, v; > 0 VI, and {V;} is a set of op-
erators. Both ~; and V; depend on the whole system (scatterer+environment).

This formalism is useful when the external driving is classical. Besides, one
can easily include both temperature and losses with this method.

In particular, we will derive the master equation for an external driving
at fixed frequency w, which allows us to solve the dynamics of the scatterer
and find the scattering coefficients. In order to find the equation, we need to
assume that the light-matter coupling is perturbative up to second order.

2.2.1 Transmission amplitude as a coherent expected value

We start by showing an intermediate result. We find an expression for the
one-photon transmission amplitude ¢; in terms of the input-output equations
provided the system is excited by a coherent state with amplitude o and input
frequency w and momentum k

T — C.
o) = e FITHe g0y (2.66)

being |¢p) the ground state of the whole system.
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Let us compute the following expected value

(aglat out(t)]ak) = elol/2 Z % (k| ay out (t)(alin(k;))" |po)

= [ Gl (Kl ()00} + Ola?), (267
Using Eq. (2.55)
—ikt
(agalat out(t)|og) = ﬁtk + O(a?). (2.68)
By means of an analogous computation
aefik:t
(eslasim(Blon) = 2= +0(a?) (2.69)

The limit o — 0 of the quotient between both expected values is

i (Cklaou®ow) . ae”™M/V2m + O(a?)
a=0 (ag|ayin(t)|ok)  a=0 e~ /21 + O(a?)

= 1. (2.70)

We have shown that the one-photon transmission amplitude can be written in
terms of expected value of a coherent state |ay) when a@ — 0. From now on
in this section, we assume that all the expectation values are in |ay): for any
operator A, (A) = (ax|A|ag).

2.2.2 Linear-response theory and input-output formalism

We write down an input-output relation analogous to (2.22) for a coherent
driving. Eq. (2.22) can be generalized [95]

. dw s 4
vt out (t) = a4 in(t) —Z/m dt’ g(w)e *1G(H)), (2.71)
where g(w) now depends on w, and G(t) is the operator that couples the
scatterer to the waveguide in the Heisenberg picture.

As shown in Eq. (2.70), tx can be computed using a coherent driving at
frequency w in the limit of zero amplitude. Thus, we can use linear-response
theory to compute (G(t))

(G(t)) = aZ(w)e™! + c.c. (2.72)

where Z(w) is the so-called linear susceptibility. Taking the expected value of
Eq. (2.71), replacing the latter in that equation, and taking the limit @ — 0

lim (a4 o (1)) = lim ({a4,n() — iV2rg()aZ@)e ™) . (2.73)

a—r
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From this and Eq. (2.70)
ty =1 —i2ng(k)=(k). (2.74)

Therefore, in order to compute the transmission amplitude we need to obtain
the linear susceptibility.

2.2.3 Quantum-optics master equation

We here explicitly write the master equation (2.65) for our system. Let {|i)} be
the set of eigenstates of the scatterer, with |0) its ground state. We define I';;
as the decay rate between i) and |j) due to the coupling to the environment.
We can split this coupling as I';; = F?j + 7ij, being F% the decay rate into the
waveguide and 7;; the contribution of other external modes, such as phonons,
nonguided electromagnetic modes, etc. We assume the scatterer is under a
coherent driving (2.66). Then, the quantum-optics master equation reads

do _

o =~ Hse, pl — iag(w)2 cos(w)[G(?), ]

1
+2 Z I'yj (Lz'jPLsz - §{LL~Lij7 P}>a (2.75)
ij

where L;; = |j) (i| causes the transitions between |i) and |j) and the operator
D is a diagonal matrix that induces dephasing.

As we will show, we can compute the susceptibility =(w) (2.72) and the
transmission amplitude, using this equation.

2.2.4 Calculation of the susceptibility
In order to compute Z(w) we split the master equation (2.75) as

d
d—? = ,Cop + a2 COS(CUt) .C1p (276)

with the unperturbed

. 1 1
Lo = =ilHue,pl+2 Y Ty (LijpLl; = 5{L};Lis. p}) +DpD— Z{D? p} (277)
]
and perturbed part
L1p = —ig(@)[G(1), o] (2.78)

In absence of perturbation, £; = 0 (o = 0) the solution of the master equation
can be written as

pij(t) = pig(0)e™ (BTN, (2.79)
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where A;; is the energy gap between |i) and |j). With this at hand, we can
use the linear-response theory and write, (see Ref. [135, Chap. 6]),

E(w) = Z,(0) + iw / dt Z,.(t) !
0

= Z Gijpji(()) (1 + 1w / dt ei(rjiJri(Ajifw))t)
ij 0

T+ il
= 3" Giypji(0) 2L
%: J j( )Fji—i—Z(Aji—OJ)

L +iAy;
ijPji . 2.

~
Aji:w

Here, G;; = (i|G|j). The function =,(¢) stands for the unperturbed evolution
when the initial conditions are those computed with the stationary solution
for the master equation: Ly + aL1, i.e. the total master equation (2.75) with
a constant perturbation (without the cosine modulation). The approximation
in the last equality considers that the main contribution comes from the terms
with frequencies Aj; closer to the driving frequency w.

Finding the nondiagonal elements of p from the the quantum-optical master
equation (2.75) with a constant perturbation instead of the cosine term, we
can evaluate Z(w), so the transmission amplitude t; from Eq. (2.74).

We will use this method in Sect. 5.2, where we solve the single-photon
scattering through a three-level system with cyclic level structure.

2.3 Matrix-Product States

Our model (1.1) can be thought as a many-body system in one dimension. One
of the most powerful tools to deal with these systems is matrix-product states
(MPS) [87-94]. In this section, we briefly review this technique. We apply this
in Sections 3.2, 4.2, 5.1, 5.2, and 5.5.

A general many-body quantum state with N bodies in one dimension can
be written as

di,....dN
) = > iy i, in), (2.81)
i1yenin=1

where {¢;, iy} is aset of complex numbers, {|iy)} is an orthonormal b asis of
the Hilbert space of the n-th site, and d,, is the Hilbert-space dimension of the
corresponding site. The set of coefficients ¢;, .. ;, can be stored in a matrix
C;

1(i2sin)- Every matrix n x m admits a singular-value decomposition (SVD)
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[136], that is, a matrix M can be written as
M=UxVT, (2.82)

where U is a nXn unitary matrix, 3 is a nxm diagonal matrix with nonnegative
entries, called singular values o;, and V' is unitary m x m. Applying this on C

Do
Cil,(ig,...,ZN Z Ull,n20n2‘/(12 ) ng? (283)

no=1

with Dy = min{d;, dads ...dn}. Now, we define (A1 J1,ns = Uiy ny and ¢, =

N2,02,..,IN

Ony V(”ZQ’MJN)M. Then, the state can be written as

di,..dn Do

@)= > > (A 1y iy lits i), (2.84)

i1, in=1no=1

As before, we store the set of coefficients ¢/, ;, ; in a matrix Cén NV
2,12),(3,--,iN )
and we take the SVD of C’
/ 1%
C(nz,w (i3, Z U(nwz ):n3 n3 (i3,--iN),m3? (2.85)
nz=1

with D3 = min{ngQ,d3d4...dN}. We define (A% )nyns = Upnyiin)ms and
ng,ig,...,m = o), V(’Z"‘3 in)ms Therefore,

di,...dy D2,D3

)= > > (A1 (AR noimsCg i i1 -5 E). (2.86)

11,...,in=1n2,n3=1
Iterating this procedure

di,..,dy Da,...,.Dy
: N-1) .
|\I]> - Z Z (A111>17n2 <A§</V 11)711\7 177’LNC7(1N iN ’Z 71N>~

i1yt N=1n2,....,ny=1

o) (2.87)
NNLIN

Defining (A’]A\’}’)nml =c

di,...dy Da2,....Dn . .
W= > (AN A (AR D (AR Dy

11y.-. ,iN>.
i1, N=1n2,....,nN=1

(2.88)
Notice that the sums in ng,...,ny are in fact products of the matrices A7,
A% etc., so we can rewrite the state as
di,...dN
W)= > AP AW, i), (2.89)

i1,ein=1
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We have shown that every ¢;, . can be written as a product of matrices

iN
Dy x Do,...,Dn x Dny1, with D; = Dy41. This is a matrix-product state
[90]. In the example, D1 = 1, but it can take other values; e.g., when working
with periodic boundary conditions. Taking this into account, the general form

of an MPS reads

di,...,dN
T) = Y (AP LAY in). (2.90)
i1yt N=1

In other words, every coefficient ¢;, . can be expressed as

N
Cil,...,’iN = Tr(Azll tee Ai}\]fv) = (Ail)nlynQ (A;Q)n%nli tte (Aé\lfv)nN:nl’ (291)

where the repeated indices are summed. Generally, we take this convention
from now on; otherwise, we will explicitly state it.

Let us discuss the meaning of the indices of (A7), n,..,. First, iy, is the
physical index, since it gives the state of the m-th site. The others, n,, and
Nm+1, are the so-called virtual indices, since they do not have a physical origin.
However, as we will see in the following, they have a clear meaning.

2.3.1 MPS as an efficient description of one-dimensional many-
body states

Now, we justify why the representation of many-body states in terms of MPS
is efficient. For simplicity, let d,,, = d and D,;, = D, Vm. Therefore, Eq. (2.90)
has dD?N numbers to encode dV coefficients. This means that, if we want to
describe exactly the original state, D has to be exponentially large. However,
as we will argue, we can truncate the bond dimensions D,, to x,, < D,, under
certain circumstances, such that the new state

di,....dN X1,X25--sXN

Ty = > > ADnms - Ay i, in). (2.92)

i1, iN=1n1,n2,. ., ny=1

is arbitrarily close to the original one, Eq. (2.90). In order to justify this,
we need to discuss a couple of concepts: the corner of the Hilbert space and
entanglement.

It is widely accepted that the physical states live on a tiny subspace or
corner of the Hilbert space. This can be justified: if we consider time evolution
of a general state up to time ¢, with ¢ polynomial in the number of bodies N,
the evolved state samples an exponentially small volume in Hilbert space [137].
It is our task to figure out the corner of our problem. As we will see now, these
states share a property: they are slightly entangled.
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Hilbert space

Area-law states

Figure 2.1: Graphical representation of the whole Hilbert space and the tiny subspace
of states obeying the area law.

But, what is entanglement? A system consisting of two subsystems A and

B is entangled if the state of the whole system is not a tensor product of two

states belonging to each subsystem, i.e., if it cannot be written in the following
way

U) = [D.4)[€n). (2.93)

This implies that each subsystem is not described by a pure state, but they
are in mixed states, that is, density matrices. Entanglement is one of the
most genuine quantum characteristics, since there does not exist an analogous
concept in classical physics.

One of the most celebrated quantities to quantify entanglement is the Von
Neumann entropy [138]

Syn = —Tr(plogp), (2.94)

where p is the reduced density matrix corresponding to one of the subsystems
(Svn does not depend on the chosen subsystem provided the whole system is
in a pure state). Let us consider a system living on a D-dimensional physical
space. We do a bipartition of the system into two subsystems A and B, with
Hilbert spaces Hx and Hp. Let us define L as some typical length of the “sur-
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1. The entanglement entropy Sy between

face” separating both subsystems
H, and Hp for an arbitrary state |¥) scales with L. However, ground states
of gapped local Hamiltonians follow the so-called area law, which states that
Sy scales with LP~1. We show this graphically in Fig. 2.1. This law arose
in the context of black holes [139], but it turned out to be a general law for

quantum-field theories and condensed-matter physics [140].

Therefore, the ground state belongs to the subset of states with low entan-
glement. In this work, we consider few-photon states on the ground state, so
we expect them to be slightly entangled. In other words, the low-energy sector
is equivalent to the low-entanglement sector and this is our corner.

Let us argue why MPS are efficient to describe this corner. The coeffi-
cient D,, is the rank of the reduced density matrices corresponding to the sites
{1,...,m}and {m +1,..., N} [90]. It gives a measurement of the entangle-
ment: if it is one, the state is not entangled since both reduced density matrix
are pure states, whereas if D > 1, the subsystems are not described by pure
states and the system is entangled. It can be rigorously shown that D is a
good entanglement measure, since it sets an upper bound for the Von Neu-
mann entropy [90]. In consequence, we can efficiently parametrize states with
low entanglement using MPS. This is formalized in [93], where the authors
show that the distance between the most optimal MPS and the real ground
state is exponentially small with the number of bodies N if D increases poly-
nomially with N. In consequence, we can solve the problem with a polynomial
complexity, instead of exponential.

There are previous methods related to MPS, such as the numerical renor-
malization group (NRG) [141] and the density-matrix renormalization group
(DMRG) [142]. In fact, DMRG gives an MPS as ground state [88, 89]. DMRG
studies reinforce our previous discussion, since they showed that the ground
or even slightly excited states of 1D gapped Hamiltonians are slightly entan-
gled [142]; in particular, given one of these states and a bipartition of the
system, the singular values of the corresponding density matrices, which are
good measures for entanglement, decay exponentially.

It is important to remark that MPS is best suited to 1D systems. This
is related to the area law, since it means that entanglement is smaller when
the spatial dimension decreases. In addition, notice that the construction of
an MPS is adapted to the 1D geometry, since D,,, measures the entanglement
between the piece of the chain at the left of m (including m) and the rest.
If we tried to apply this program to a higher-dimensional system, D,, would
not have the same meaning and we could not truncate it drastically. Anyway,

!By surface we mean a D — 1-dimensional space contained in the whole D-dimensional
space.
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there are similar methods suited to higher dimensions [93, 94|, such as projected
entangled-pair states (PEPS).

2.3.2 Diagrammatic representation:
Norm and expected values

When one considers different operations with MPS, it is much easier to do
diagrammatic representations. They are helpful to develop a deeper intuition
on MPS and tensor networks in general. We will use both the diagrammatic
representation and explicit formulas in this section.

e e —

Figure 2.2: Diagrammatic representation of a state |¥). Each red leg corresponds to
a physical index ,,.

A general coefficient ¢;, . can be graphically expressed as seen in Fig.

AN
2.2. Besides, when written in terms of tensors (A7), n...., see Eq. (2.91),
Ciy,....ix can be represented as a network, as seen in Fig. 2.3. There, the circles
are the tensors A,,, the legs pointing up correspond to the physical indices 4,
and the others are the virtual ones, ny,, nm+1. We contract the joined indices,
which in this case are n,,,nm4+1. We will follow this convention in all the

graphical representations of MPS.

= - -9-0-0-0-0-0-0-0-9-

Figure 2.3: MPS diagrammatic representation of a state |¥). Each tensor is rep-
resented as a green circle with three legs: two horizontal (virtual) and one vertical
(physical). The virtual legs (horizontal black lines) are contracted, since they are
joined, whereas the physical ones (vertical red lines) are not.

We can compute the square of the norm

(W) =¢i, i Cin,min
:(A,Lll);kll,'nz (AZZQ):LQ,TL:; ctt (A%V);N’nl
(Ail)lhlz (Aéz)lz,h s (A%V)lzv,h' (2~95)

Here we also have to contract the physical indices, which we show graphically in
Fig. (2.4). Notice that we can get (¥|¥) without computing all the coefficients

Ciyoin .
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<Y[¥>=

Figure 2.4: Diagrammatic representation of (¥|¥). Now, the physical indices are also
contracted.

We also calculate expected values. Every operator can be written as a sum
of products of local operators, that is, a sum of operators like

O0=012®02:®---®O0, (2.96)
where Oy, is an operator acting on the m-th site. If O™ = (i, |Opnjim) and
(Em)ijks = (Alm):, Ogm?™(Af) 1, where m is not summed, the expected

value of such a product of local operators is

(0) = (AP )3,y O (A )ty 12 (A5 )1 1y, 057 (AR Dt

n1,n2 ng,ng
o (AR ) ON Y (AR )i
= (El)nl,ll,mh (E2)n2,l2,N3,l3 s (EN)nN,lN,m,lr (2-97)

As before, it is possible to compute the expected value of an operator with-
out previously computing the coefficients ¢;, .. ;,, just via the tensors. The
graphical representation is in Fig. 2.5. Note that each blue box corresponds to
one of the O,, and has two physical indices, which are contracted with those
of |¥) and (¥|. For some complicated operators, this scheme can be quite
inefficient. In such a case, as we will explain later, we can write an operator in
its matrix-product-operator representation, which we shall introduce later, so
that the expected value can be obtained directly without writing the operator
in a sum of operators like (2.96).

<VY|OI¥>=

Figure 2.5: Graphical representation of (¥|O|¥). Each blue box represents the local
operators Oy, Os, etc.
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2.3.3 Truncation procedure

One of the keys of the MPS technique is the truncation process. Given a
state |U) written as an MPS, given by Eq. (2.90), with bond dimensions x,,,
the truncation procedure consists of finding a new set of tensors with smaller
values of the virtual indices x}, < xm. Mathematically, we have to minimize
the distance between the initial state |¥) (with tensors A,,) and another MPS
|®) with smaller tensors B,,. That is, we want to minimize

F([0),[@) = (U] = (@) (|¥) = [)) = 1+ (B[®) — 2Re((¥[P)).  (2.98)

One has to compute (®|®) and (¥|®), which can be done by standard MPS
techniques, as explained in the previous section. Once we have these quantities,
we can minimize the distance in an iterative way, i.e. we minimize the distance
with respect to By, with all the tensors constant, after that, the tensors Bj,
Bs, By, etc. remain constant and the function is minimized with respect to B,
and so on. Let us define v;i(B) as the vectorization of the tensor A,,(By,). As
shown in App. A, minimizing F' with respect to B,, is equivalent to minimize
the following quadratic form

Fn( A, Br) = 1+ (04 MyvP — 2Re ((UQ)TMWEL) , (2.99)

where M7 and My are matrices introduced in App. A, which depend on the

rest of the tensors. Notice that f,, is equal to F, but its variables are just the

A

2 and

tensors linked to the m-th site. It achieves its minimum value when v
vB fulfill the following system of linear equations, which is obtained after some

tedious but straightforward algebra:
Myv2 = MJvE. (2.100)

By iterating this process, we find optimal tensors for every site. It is possible
to sweep the lattice several times until some convergence criteria is fulfilled,
e.g., when the distance is smaller than a preset tolerance.

2.3.4 Time evolution: real and imaginary time

We explain here how to do time evolution with MPS. We restrict ourselves
to time-independent Hamiltonians. The time-evolution operator relating the
state at different times, U(t) |¥) = |¥(¢)), reads (remember that we are taking
h=1):

U(t) = exp(—iHt). (2.101)
In many-body physics, the Hamiltonians are usually sums of local terms, that
is

H=> h, (2.102)
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where h; encapsulates the local Hamiltonian of the i-th site and the interactions
between this site and a finite set of neighbors around it. Here, we just consider
nearest-neighbor interaction, so h; encodes the interaction between the sites ¢
and i + 1 2.

Computing U(t) exactly and applying it on an MPS is not convenient,
because the result is not an MPS anymore. We need to take some approxima-
tions. First, we split the Hamiltonian: H = Hpo+ Hp, with Hp = h1+hs+. ..,
i.e. the Hamiltonian corresponding to the odd links and Hg = ho + hq + ...
that corresponding to the even ones. Both of them are sums of commuting
Hamiltonians, [hy, hyy2] = 0. Assuming N even

exp(—tHopt) = exp(—ihit) exp(—ihst) ...exp(—ihy_1t), (2.103)
exp(—iHpt) = exp(—ihat) exp(—ihgt) . .. exp(—ihnt). (2.104)

We have to express exp(—i(Hg + Hp)t) in terms of exponentials of Hg and
Hp. We use the Suzuki-Trotter decompositions [143]. The second-order one is

exp (—i(Hg + Ho)At) = exp(—iHpAt) exp(—iHoAt) + O(At?).  (2.105)

There are improved versions [92], such as the third-order one, which is the one
that we have used in this thesis

exp (—i(Hg + Ho)At)
= exp(—iHpAt/2) exp(—iHoAt) exp(—iHpAt/2) + O(At3).  (2.106)

We compute |U(t)) = U(t) |¥) by applying n times U(At) on |¥), with At
such that nAt = ¢t. We plot the diagrammatic representation of a single step,
U(At)|¥), in Fig. 2.6. We see that the algorithm consists of acting sequentially
with a set of one- and two-body operators.

Applying u,,(t) = e~hmt 4 one- or two-body operator, on an MPS is a
trivial task [90]. If u,,(¢) is a one-body operator, once applied on an MPS,
the result is trivially an MPS. If u,,(¢) is a two-body operator (Fig. 2.7), the
new state is not an MPS anymore, since it mixes the tensors corresponding to
the sites m and m + 1, and the new state has a tensor linked to the couple of
sites (m,m + 1) (Bpm,m+1 in Fig. 2.7). Iterating this process, we would get a
state without a tensor-product structure, with an exponentially large amount
of parameters. However, we recover the MPS structure after one step by doing
a singular value decomposition (SVD) of the tensor B, .,+1, getting a new

couple of tensors A;, and A ;. The drawback is that x;,, the dimension of

2hn considers the interaction between N and 1 if periodic boundary conditions (pbc) are
implemented, whereas it is just a free Hamiltonian for the site N if we consider free boundary
conditions (fbc).
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o-iHEAV2_

o-iHoAL

o-iHpAV2_

P>=

Figure 2.6: A single step of time evolution, applying the third-order Suzuki-Trotter
expansion: U(t) = e *Hpie/2g—iHoA o=iHEA /2 Notice that each term e~ (pur-
ple boxes) is a four-leg tensor, since it acts on two sites.

the link connecting m and m + 1, increases. In order to control the value of
Xm, We apply the truncation procedure explained in the previous section after
each step.

contraction of

the inner indices SVD of B, 41
H -/ i / PN
m m+1 A' A'm+1

Am Am+1

Figure 2.7: Steps of time evolution under MPS for two-body gates: (i) we apply .,
(purple box) on |¥), affecting just A,, and A,,;+1 (green circles), (ii) we contract the
corresponding internal indices and get a new tensor By, ,,+1 associated to the sites m
and m + 1 (orange box), and (iii) we split By, m+1 by means of a SVD to get a new
pair of tensors A;, and A, (blurred green circles).

As a final remark, there exist other ways to implement the time evolution,
e.g., Runge Kutta and Arnoldi-like methods [92].

Imaginary evolution: computing the low-energy eigenstates

Evolution with imaginary time (with negative imaginary part) sends the initial
state to the ground state, provided they are not orthogonal. Let us prove this.
First, any state can be written as a sum of eigenstates of the Hamiltonian
{|#n)}, whose eigenvalues {F, } are such that Ey < Fy < Ey < F3 < ... (we
consider that there can be degenerate states, but the ground and the first-
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excited state are unique)

[T(0)) = cnldn). (2.107)

n

Applying time evolution

(1)) = e HW(0)) =) ene™Fn ). (2.108)

If t = —ir, with 7 € RT:

(T(T) = ene” "7 6n). (2.109)

Since the time evolution is not unitary in this case, we define |¢(7)) by nor-
malizing |¥(7))

7)) = ’\II(T» — Zn Cne_EnT|¢n> 2110
AN = )~ Vo fenPe T (2:110)

Taking the limit 7 — oo
lim [p(7)) = %w, (2.111)

which is equal to the ground state. Once we know the ground state, we can
compute excited states. For instance, the first-excited state can be found as
the minimum-energy state orthogonal to the ground state. In other words,
given the seed state (2.107), we have to substitute it by

[W(0)) = [T(0)) — (¢0|¥(0)) |¢o) - (2.112)

Applying imaginary-time evolution on |¥’(0)), defining |¢'(7)) analogously to
lo(7)) (Eq. (2.110)) and taking the long-time limit

C1

Jm () = £ o). (2.113)
which is the first-excited state. We can iterate this process to find other excited
states. In order to compute these states there are alternative routes, but they
depend on the symmetries of the considered problem. We will illustrate this
with a particular example in Sect. 3.2. These methods (both the orthogonal-
ization one and the alternative routes we will introduce later) work if the gap
between |¢y,) and |¢,11) is finite. Therefore, they are not valid for computing

scattering states, since they belong to a continuum, to say an example.

In our case, our system will be initially (before generating the input pho-
tons) in the ground state, since experimental realizations of few-photon scat-
tering problems usually work at low temperatures. However, as we will see,
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the knowledge of the low-energy states provides useful information on the scat-
tering properties.

Finally, let us note that there are other methods to find the ground state.
For instance, it is possible to minimize the expected value of the Hamiltonian

[93)].

2.3.5 Matrix-Product Operators (MPO)

We introduce here a representation of operators analogous to MPS. We can
always write a general operator O as a product of tensors [144, 145]

O = Te(CP C7 O IN)iyia ... in)(jia - - - N |- (2.114)

This is the so-called matrix-product-operator (MPO) representation. We show
it graphically in Fig. 2.8.

O= ...

Figure 2.8: Diagram of an MPO. The blue squares represent the local tensors

(Clmsdm )y sy - There are two vertical lines per site, one for each physical index,

i and Jp,.

We can apply an operator written as an MPO on an MPS and the result
is still an MPS. Let us show this by applying O on a general MPS |¥) (2.90)

O1%) = (C Yy (AT s s - (CR Y D (AL g i - i)
N | (2.115)
We define (B(Zza)[na,ma},[na+1,ma+1] = (Céa’]a)na,nwrl(Agba)ma,maJrl' Considering
[1a, me] and [ng4+1, ma+1] as single indices

OV) = (BY)n1 ), [nz,me) (B2 ) namal,fngsma)] -+ - (B ) g ], ma 192 - - - 0L),
(2.116)
we see O |U) is an MPS. We illustrate this pictorially in Fig. 2.9. This result has
several applications. For instance, we can compute an expected value (U|O|0),
since O |V) is also an MPS and the expected value turns out to be a scalar
product between two MPS. We can also do time evolution. Let us integrate
the Schrédinger equation by means of the Euler algorithm, |U(t+ At)) =
—iAtH |V (t)). If we know the MPO representation of H, |¥(t + At)) can be
easily computed. This can be generalized to finer methods mentioned in the
previous section, such as a Runge-Kutta or Arnoldi-like algorithms [92].
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Ol>=

Figure 2.9: An operator O acting on a state |¥), using their MPO and MPS repre-
sentations, respectively. Contracting the internal physical indices, we get a new MPS
(turquoise circles).

We finally explain how to find the MPO representation of an operator O.
In general, it is not trivial at all. It is feasible for some simple cases. For
instance, a sum of one-body operators

N
O1=> X, (2.117)
m=1

has a simple MPO representation. Defining (X.)i,jm = (im|Xm|jm), it is
straightforward to show that the following matrices are valid [144]

o S 0
C;Lﬁnﬂm — ( Tm,Jm
(X )imjm  Oi

whereas C1'7' = ((X1)iy g1+ 9y,5,) and CEL’jL = (Sipjns (X0)ip )T We can
also find the tensors for a particular case of a sum of two-body operators

) m=2,3,...,L—1, (2.118)

msJm

N
O2 =Y XpYimi1. (2.119)
m=1
The following matrices represent this state [144]
O sjm 0 0
C:;Ln’]m = (Ym>im,jm 0 0 n=23...,N—1,
0 (X’m)imajm 5iM7jm

(2.120)
C1H = (0,(X1)iy j1» 6ir.1) and CPVIN = (855 ins (YN)in.jns0)T. As before,
(Yn)i,.j. are the matrix elements of Y;,. In the following section, we will in-
troduce an important application of this to write some instances of quantum
states as MPS.

2.3.6 Writing states as MPS

We need to write the initial state as an MPS. Doing this for a general state
is complicated, or even computationally impossible, since one has to take the
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SVD of exponentially huge matrices. Luckily, there are some tools to write
a state as an MPS in some simple cases. In this section, we consider some
instances.

Product states

Let us consider first the simplest case, that is, product states, in which the
n-th body is in the state

dn
|¢n> = Z C?n ’Zn>7 (2.121)
in=1

SO
d1,dz,....dN

)= > cich e lini,. i) (2.122)
i1,i2,in=1
Comparing this with (2.89), we see that this already is a MPS with D = 1 for
all the matrices and A7» = ¢ . This allows us to use product states as seeds
for imaginary-time evolution.

Case with several excitations

When working with scattering problems, the initial state is not generally a
product state. Usually, the system is initially in its ground state and then one
generates some input photons. In order to create a photon, it is necessary to
apply
A= cual, (2.123)
xX

on the ground state. Since A. is a sum of one-body operators, it accepts a
simple MPO representation (see Eq. (2.118)). If we know the MPS represen-
tation of the ground state, which can be found by imaginary-time evolution, we
can create a photon by applying the MPO representation of A. on the ground
state, and the new state is still an MPS, as discussed in Sect. 2.3.5 (see Fig.
2.9). If we want to simulate scattering with more photons, we just have to
apply operators like A. several times.

2.4 Exact diagonalization

If the dimension of the Hilbert space is not too large, we can exactly diagonalize
the Hamiltonian (1.1). E.g., if we consider an array with few cavities (less than
10, roughly) or if we can restrict ourselves to a tiny subspace of the Hilbert
space.
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This relies on finding a basis of the Hilbert space, {|¢,)}, computing the
matrix elements of the Hamiltonian, Hy,,,, = (¢n|H |¢pm), and ing such a matrix.
Here, ezact can be misleading, since we refer to some standard numerical
algorithm for diagonalizing a matrix, such as QR algorithm, power method,
etc.

In this work, generally, the complexity of the problems is too big, so we
usually employ the approximate methods shown in the previous sections. How-
ever, we can solve the Hamiltonian (1.1) with exact diagonalization for some
instances, e.g., the single-particle dynamics of a tight-binding chain coupled to
a two-level atom or impurity (see Sect. 3.3).






Chapter 3

Spectral Properties of H

The power of the new quantum mechanics in giving us a better understanding of
events on an atomic scale is becoming increasingly evident. The structure of the he-
lium atom, the existence of half-quantum numbers in band spectra, the continuous
spatial distribution of photo-electrons, and the phenomenon of radioactive disinte-
gration, to mention only a few examples, are achievements of the new theory which
had baffled the old.

Arthur Compton, Foreword to the English edition of The Physical Principles of
the Quantum Theory by W. Heisenberg (1930) [146].

Given a Hamiltonian H describing a physical system, its eigenstates {|¢y,)}
and energies (or frequencies, since we use a system of units where A= 1) {w, }
fully determine the physical properties of the system. For instance, if the
system is isolated, the time evolution of a state |¥(¢)) can be written in terms
of them

B0)) = 3 e 6, (3.1)

with ¢, being the projections of the initial state on the n-th eigenstate, ¢, =
(¢n|¥(0)). Besides, if the system is in thermal equilibrium at temperature T,
it is described by a density matrix p

1
p=7 2 ¢ (gn) (gnl, (32)

where kg ~ 1.38 x 1072 m? kgs 'K~ is the Boltzmann constant and Z =
dYon e~wn/kBT i the partition function.

Eigenvalues are also essential in scattering. For instance, the emission and
absorption spectra of an atomic ensemble display peaks and extinctions at the
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energies of the atoms. In a waveguide QED context, the scattering spectrum
can also reveal information on the energies of the scatterer. In particular, the
reflection spectrum of a photon interacting with a two-level system exhibits
a full-reflection resonance when the energy of the photon matches the energy
splitting of the two-level system (see [99, 100, 102] and Eq. (2.58)).

Apart from the eigenstates of the isolated scatterers, additional bound
states appear due to the interaction between the few-level systems and the
photonic media [147-149], with photonic excitations that are confined to the
vicinity of the scatterer. These bound states have been shown to be relevant,
for instance, in two-photon scattering [103], where the scatterer can end up
trapping one of the flying photons. They can also be applied to suppress the
decoherence [150], or to enhance the quantum correlations [151-153]. Recently,
the photonic bound states have been extended both to the multiparticle do-
main [154, 155] and to higher dimensional photonic media [156, 157]. They are
also relevant experimentally, since a bound state has been found [54] in a circuit
QED architecture [47-51|. There are other state-of-the-art technologies where
these states can be potentially detected, e.g., photonic crystals [40, 43, 45|,
cold atoms |73, 74|, and diamond structures with color centers |71, 72].

All these examples highlight the relevance of |¢,,) and w, in general and,
specifically, for few-photon scattering in 1D systems. In some simple cases,
computing the eigenstates and energies of a system can be easily done by
means of exact diagonalization (see Sect. 2.4) or even analytically. However,
it is usually a highly nontrivial task which can be performed using imaginary-
time evolution with MPS (see Sect. 2.3.4). For that, one can find the ground
state by considering any seed state that is not orthogonal to it (Eq. (2.107)),
and applying imaginary-time evolution in the long-time limit (Eq. (2.111)).
Doing the same with a properly chosen seed state orthogonal to all states with
lower energy (Eq. (2.112)), we can find low-energy excited states (Eq. (2.113)).

In this chapter we discuss the single-particle eigenstates of H (1.1) under
the RWA (analytically) (see Sect. 3.1) and the ground state and first excited
states in the ultrastrong coupling regime numerically by means of MPS (see
Sect. 3.2). After that, in Sect. 3.3 we study how the bound state influence the
spontaneous decay of the two-level atom under the RWA.

3.1 Rotating-Wave Approximation

For our photonic medium, we choose the discrete version of the nonchiral
waveguide (1.2) and for the scatterer we take a two-level system or qubit.
With this, we rewrite the Hamiltonian of waveguide QED within the RWA,
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introduced in the introduction (see (1.7))
H=¢ Z alag — JZ(&L%H +H.ec)+Acto™ + g(a*alsc +otag,.). (3.3)
x x
The parameters and the operators were already introduced in Sect. 1.1. We

fix the position of the scatterer at xzsc = 0. A scheme of the system and its
cosine-shaped dispersion relation are shown in Fig. 3.1.
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Figure 3.1: (a) Scheme of the system. In blue, the bosonic coupled-cavity array.
The qubit is represented as a blurred red circle. (b) Dispersion relation for the
bosonic array.

This Hamiltonian commutes with the number operator (1.9), [H,N] =0
(see Sect. 1.1). In consequence, the eigenstates of the Hamiltonian are also
eigenstates of N and we can diagonalize H at subspaces with a well-defined
number of excitations. We label the eigenstates and energies as |¢;") and w)’,
where m is the number of excitations. In this section, we restrict ourselves to
m=0and m = 1.

The space with zero excitations is trivial. It has one state: the vacuum
state of the photonic field |vac), with the qubit in its ground state |0)

|65) = |vac) |0). (34)
Applying the Hamiltonian (3.3) on |¢Q), we trivially show that w = 0.

In the one-excitation subspace, a complete basis is formed by the scattering
eigenstates [102], which we will discuss later, and the bound (localized) states
|pL) [103, 158], which we introduce now. They read

6r) = Ch, (Z e mnlelaf 4 dna+> |vac) |0) (3.5)
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The factor C), is a normalization constant, 1/|ky| is the localization length,
and d,, is the qubit amplitude.

First, we show that |¢.) is an eigenstate of H, that is, it fulfills

H |¢p) = wy |6n) - (3.6)

Applying H on |¢y,):

H ’(ﬁ?]%) — Cn <€Z e—f{n|ﬂf‘al _ JZ(e—Hn‘ﬁ"r].'aL + e-ﬁn|£‘al‘+1)
+Adyo " + g(dnal + a+)) Ivac) |0) . (3.7)

In order to show that |¢L) is an eigenstate, we project Eq. (3.6) on (vac| (0| o~
and (vac| (0| a, taking into account the expressions of |¢l) and H |¢)), Eqgs.
(3.5) and (3.7)

Ad, + g = dpw), (3.8)

ce kel J(e_””lxﬂ‘ + e_”"|x_1|) + gdpdz0 = e_“"mw,ll, (3.9)
with 0,y being the Kronecker delta. Evaluating (3.9) at « # 0

wh =e— J(e 4 efn), (3.10)

n

which shows that |¢l) is an eigenstate, provided we find solutions for &, ful-
filling Egs. (3.8) and (3.9) for x = 0. From (3.8)

(3.11)

Introducing this and the value of w; (3.10) into Eq. (3.9) for # = 0 and defining
T = e fin
—€ g A—c¢

A 2
4 3 2
+ 2 (2 -2y, —1=0, 12

which is a fourth-degree algebraic equation for n,. This equation has four
solutions. However, we have two constrains: (i) Re(k,) > 0, so that the
photonic population does not explode at z — +oo, and (ii) Im(k,) = 0,
since the energies w} = € — J(e ™" 4 ") are real. Numerical evidence shows
that there are only two solutions for 7, compatible with these restrictions, so
there are two bound states: |¢¢) and |¢}). Once we know 7, and thus k., we

can compute the energy w! (3.10) and d,, (3.11). Lastly, the normalization

1 —2Kn -1/2
Cp = <+6 + |dn]2) . (3.13)

factor C,, is

1 — e—2kn
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Figure 3.2: Bound-state energies. Bound-state energies (wiy — €)/J for two cases:
(A —e€)/J =0 (solid lines) and (A —¢)/J = —1 (dotted-dashed lines). The red curves
are for wy and the blue ones for w_. As a reference, the values of (A —¢€)/J =0
and (A —¢€)/J = —1 are represented by the solid and dotted-dashed black lines. The
photonic band is shown by the shaded region.

These bound states are ubiquitous to the kind of models we study. In fact,
as shown in [159], they exist if the band of states of the photonic model is
finite; in our case wy € (e — 2J, e+ 2J).

We plot the bound-state energies w! for n = 0,1 as a function of the
coupling constant g, as well as the band of propagating states in Fig. 3.2. We
plot these energies with respect to the bare frequencies of the cavities € and in
units of the hopping constant J. We show two cases: (i) when the qubit energy
A is at the middle of the band (A —e = 0, solid lines) and (ii) when A is closer
to the band bottom (A — e = —J, dotted-dashed lines). The energies of the
bound states lie outside of the band, thus they are localized (not propagating).
Notice that, if J — oo, then wy € (—00,00), so there cannot be bound states
in this case. As g — 0, wé(l) approaches the bottom (top) of the band. This
means that, as the qubit and the photons decouple, the lower (upper) bound
state become the photonic state with momentum k£ =0 (k = 7). If A is in the
middle of the band, the energies of the bound states are symmetrically located.
Otherwise, if the qubit energy is below the center, A — e < 0, the difference
between w4 and A is larger than that between A and w_ (jwy —A] > |w_—Al).
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Therefore, the position of the A with respect to the band center originates an
asymmetry between wi and wé.
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Figure 3.3: Bound-state populations in RWA. Bound-state photon population
(n;) plotted in red and blue lines for |¢}) and |¢1) respectively. The parameters are
(A—¢)/J=—-1and g/J =1.

We also plot the photon population of both bound states in Fig. 3.3,
for a representative case of the qubit energy below the middle of the band,
(A—¢€)/J=—1, for g/J = 1. As seen, they are strongly localized around the
qubit (in fact, exponentially localized; see Eq. (3.5)).

Let us now review the form of the single-particle scattering eigenstates of
(3.3) and their physical implications. They read [102]

| W) :[Z(eikx + rre” k) al 4 Ztkeimal + dib' | |0). (3.14)
<0 x>0
The coeflicients t; and 7 have a clear physical meaning: they are the transmis-
sion and reflection amplitudes for an incident plane wave, respectively. They
are given by,

B ivg(wgp — A)
Ty y (319)
T =tk — 1, (3.16)
dy = I (3.17)

wr — A
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As we saw in the continuous version (see Sect. 2.1 and Eq. (2.55)), this system
presents perfect reflection, Ry = |rx|? = 1, if the energy of the input photon
is equal to A, see Egs. (3.15) and (3.16). This is seen in Figs. 3.4(a) and (b),
where Ry, is plotted as a function of (wy — €)/J for several values of A and as
a function of (wy —€)/J and (A — €)/J, respectively. Considering the input

1t e
I\ —.— N-€=0

(A-€)/]

-1 0 1
(Wi—€)/]

Figure 3.4: Reflection probability. (a) Reflection Ry, as a function of (wy —¢)/J for
several values of A. (b) Reflection Ry, as a function of both (wy —€)/J and (A —¢€)/J
for g = J/2. The black line marks the condition A = wy, where Ry = 1 (maxima in

panel (a)). Notice that R = 1 also at the band edges (Eq. (3.15)) and that both
graphics share horizontal axis.

photon as a single-photon-spectroscopy probe, we could be tempted to argue
that, like in the scattering single-photon resonance, the average energy of the
emitted photon by the spontaneous emission of a qubit should be the qubit
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bare energy A. We will see in Sect. 3.3 that, due to the presence of bound
states, this is not the case.

3.2 Spectral properties in ultrastrong waveguide QED

In the ultrastrong coupling regime (1.5), the Hamiltonian of the previous sec-
tion (Eq. (3.3)) must be modified

H = eZaLam —szl%ﬂ +H.c.)+A0+a*—i—g(a*—i—af)(ag—i—ao). (3.18)
x xT

Due to the counter-rotating terms, g(a*aé + 0~ ap), the Hamiltonian does not
commute with the number operator, [H, N| # 0. This lack of symmetry makes
the problem not analytically solvable neither for the ground state nor for the
lowest excited states. We solve the problem of finding the bound states by
using MPS with imaginary time evolution. However, we cannot compute the
scattering ones, since the gap between them is 0 (see Sect. 2.3.4).

Even though this model does not preserve the number of excitations, it
changes the excitations in pairs so it must conserve the parity. That is to say,
the Hamiltonian commutes with the parity operator

] . t _
P — N _ 6m(Zz ataz+oto )7 (3.19)

Let us show that [H,P] = 0. The Hamiltonian in the rotating-wave approx-
imation, Eq. (3.3), commutes with N, so it also does with P. Therefore, we
just need to show that [oral,P] = 0, since [0~ap, P] = [P,o"aj]’. Notice
that

[oFal, P npn, 1) = 0, (3.20)

where |npn, m) is the state with npy in the central cavity and the qubit in the
m-the state. Taking now m =0

(o7 ad, P npn, 0) = (o afe™™ [ngi, 0) = P /mpn + T s +1,1))
= (e"men — ety Iy +1,1) = 0, (3.21)
which ends the proof. In consequence, we denote as |¢;) the eigenstates with
even/odd parity, with w their corresponding energies.
We use imaginary-time evolution with MPS (Sect. 2.3.4) to find these

eigenstates. We can write any state as

W) =) + V), (3.22)
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with P [Wy) = 4+ |¥4). These states fulfill
1
02) = (18 £ Plw). (3.23)

Therefore, we use |¥4) as the seed state for imaginary-time evolution in order
to find the ground state and the first excited states for the even/odd subspaces.

Numerical evidence shows that the ground state of the full Hilbert space
has even parity, |¢g ), which happens in the Rabi model [160, 161]. We also
compute the first excited state in the even subspace |¢]) taking |V ) as a seed
and looking for the minimum-energy state orthonormal to |q§6r).

In Fig. 3.5, we show our results for these eigenenergies. We see that war
now does depend on g, whereas it was constant in the RWA. Besides, w,
matches w} in the low-coupling limit (see Fig. 3.2). This means that |¢, ) has
one excitation for ¢ — 0. The first excited state in the even subspace, ]qﬁf),
has two excitations in the limit ¢ — 0. Multiphoton bound states have been
found in this system in the RWA [154, 155]. Notice that the gap wy — wg
decreases with g. We numerically find that this gap eventually vanishes as
g — 00. Similar behavior has been found for other systems, such as the Rabi
model, with a qubit coupled to an only cavity [161], or the Rabi-Hubbard
model [85, 86|, where the gap w, — wsr vanishes for finite g. Instead, the gap
wt —
eigenstates of the Rabi model (see again the inset of Fig. 3.5).

remains finite in the limit ¢ — co. We see all these features in the

We plot the number of photonic excitations of these states in Fig. 3.6. As
expected, they are sharply localized around the qubit (zr = 0). The ground
state now does have excitations, whereas the equivalent state in the RWA has
no particles.

As we will formally set in Sect. 4.1, by applying momentum creation op-
erators such as (2.123) on bound states, we can define a continuum or band of
propagating photonic states. That is, we can define bands on the states |¢),
whose energies are (wk)f = wf + wk, with wp = € — 2J cosk, the dispersion
relation of the model. We show two instances of these bands in Fig. 3.7. We
can extract valuable information from this. In the RWA, we found two bound
states in the one-particle sector, |$L), just under and over the one-photon band
defined on the ground state of the model (see Fig. 3.2). Whereas |@}) is the
RWA version of |¢, ), we show now that there is not a state analogous to |¢}) in
the ultrastrong coupling. The energy of this hypothetical state would emerge
from the top edge of the band defined on the ground state (around 1.6 in the
limit ¢ — 0 in Fig. 3.7). This energy would be embedded in a continuum
of energies: the one-photon band defined on |¢7) (blue-shaded region in Fig.
3.7). Besides, both this state and the states belonging to that band would
have odd parity. However, a bound state embedded in a continuum can exist
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Figure 3.5: Bound-state energies in the ultrastrong regime. Energies war ,

wy , and Wi in units of the qubit splitting A, as a function of g/J. The points are
numerical results with MPS. We join the points to guide the eye. We fix the bare
energies of the cavities ¢/A = 1 and the hopping constant J/A = 1/x. In the inset,
we plot the energies of the Rabi model for the same parameters. The legend for the
colors is the same as in the main figure. We also plot the first excited state in the
odd subspace (black curve) to illustrate the crossing.

if, and only if, the state has a symmetry different from the states belonging to
the continuum. In consequence, |¢1) does not exist in the ultrastrong regime.
It seems a paradox, since this state does exist in RWA. The puzzle is solved
by noting that in the ultrastrong regime this state becomes a resonance with
a long lifetime, that diverges in the RWA limit. Finally, notice that the first
excited state in the even space, |¢f), does exist in spite of being inside the
band (wy){. This is possible because this state is even, whereas this band has
odd parity.

3.3 Example: Spontaneous decay under the presence
of bound states

We will study later the influence of the bound states in scattering problems
(see Sect. 5.1). Here, we study how they modify the spontaneous decay of
an excited qubit under the rotating-wave approximation (Eq. (3.3)), results
presented in [162].
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Figure 3.6: Bound-state populations in ultrastrong. Bound-state photon popu-
lation (n,) beyond the RWA plotted with red circles, green squares, and blue triangles
for |¢3), |97 ), and |¢]), respectively. The parameters are those of Fig. 3.5.
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Figure 3.7: One-photon bands on bound states. We show the one-photon bands
(wr)g and (wg)7 in the red and blue shaded regions, respectively. The purple-shaded
region renders the overlap between both bands. For completeness, we show again the
energies wi , wy , and wy .
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How the bound states modify the spontaneous decay has already been
treated in the literature in two cases: when the energy of the excited state of
the qubit is in the middle of the band [163| or when it is close to its inferior
limit, so the superior limit of the band can be neglected [164]|. Here, we solve
it for general values of the parameters, which are (i) A with respect to the the
band and (ii) the ratio between the qubit-photon coupling and the bandwidth.

In order to study the spontaneous decay, we consider that the two-level
atom is excited at ¢ = 0, |¥(0)) = o7|0), and compute the time evolution of
the state. Spanning this state at time ¢ in bound and scattering eigenstates,
Egs. (3.5) and (3.14), respectively, it reads

Tdk —iw —iw,
W (1) = / 5 ke HT) +ene o] e M gh),  (3.24)
with
* kg
=d} = 3.25
o ivk(wk — A) + 92’ ( )
_1
1 _|_e—2f€i 92 2 g
Cl 0= “on + . (326)
/ (16 2rd (wi/O—A)2 w%/O—A

In the following, we exploit these formulae to obtain our results.

3.3.1 Energy shift

The state given by Eq. (3.24) can be used to obtain the average value of the
Hamiltonian (3.3). As it is a conserved quantity, it must be equal to the value
at ¢ = 0, which is A:

" dk

(H)=A= 2

e [Pwr + |c1)?wi + |eol2ws - (3.27)

—T
The average energy for the propagating field is

o — JowrlerPdk/2m [T wlex|*dk/2m
T JelPdkj2e T (- Rig)

(3.28)

with Pig = |e1]?+|co|?. Using Eq. (3.27), we can write wp, in a more convenient

way

A — |er|Pwi — |eo|*wg
1- Plig ’

which shows that the energy of the emitted photon is typically different from

A because of the presence of the bound states. In short, the amount of energy

Wph = (3.29)
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going to the propagating states must compensate that going to the bound ones
so that the total energy is conserved. This is the physical origin of the energy
shift of the emitted photon.

This result confirms that the scattering and emission spectra are different,
since the scattering resonance always occurs when the input energy is exactly
A, see Eq. (3.15) and Fig. 3.4.

The energy of the emitted photon (wpn—e€)/J is plotted as a function of (A—
€)/J in Fig. 3.8(a) for several values of g. The closer A is to the band edges, the
more wp), departs from A. In fact, if A is close to the bottom of the band, where
the frequency shift is larger, the effect of the upper bound state is negligible
(Je1]? < |eol?), and vice versa. In conclusion, the frequency shift survives in
waveguides without an upper cutoff. The shift increases monotonically with g.
Eventually, as g/J — oo, the emitted energy coincides with the middle of the
band for all A. Notice that, when the qubit energy is in the middle of the band,
i.e. when A = ¢, the following relation holds: |c1|*(wi — A) = |eo]?(A — w}).
Inserting this in Eq. (3.29), we conclude that the emitted energy is equal to
the qubit one in this case, wpn, = A. This is related to the symmetry of the
energy of the bound states (see Fig. 3.2).

We also study the energy distribution of the emitted photon |cx|?. We plot
it as a function of (wy —€)/J and (A — €)/J for the representative cases of
g = J/5 and g = J/2 (Figs. 3.8(b) and (c), respectively). If the coupling
is small enough (left panel), the energy distribution is well peaked around
wr = A. However, as g increases (right panel), |cx|? reaches its maximum
for wp # A, being the difference larger the closer A is to one of the band
edges. This deviation of the maximum away from A implies a frequency shift
of the emitted photon, as already seen in Eq. (3.29) and Fig. 3.8(a). The
reason is simple. In the spontaneous emission some energy is released into the
bound states, with a mean energy that does not generally match the qubit
energy. Therefore, the coupling into flying photons must compensate for this
imbalance. However, due to the fact that bound and scattering states are
orthogonal, the former do not play any role in the latter. It is worthy to
emphasize that this mechanism is rather general. In any photonic system
supporting single-particle bound states, the frequency of the flying photon
arising from spontaneous emission will present a spectral shift with respect to
the bare frequency of the qubit A.

We also characterize the emission probability into propagating modes
Pemission =1 — Plig =1- |Cl|2 - |CO|2 (330)

in Fig. 3.9. Two effects are observed. First, the emission into bound states is
negligible (Pemission =~ 1) in the range g/J < 1. Increasing this ratio, Pemission



56 Chapter 3. Spectral Properties of H

— g=J5 -
ig ——-g=IR2 s
o i N IR
% 0.5t - — g=2] -
s O — =T
3-05
_1.0 .......
- 154 -2 (a)

215-1.0-05 0 05 1.0 15
(A-€)))

(A-€)/]

(©)
-1 0 1 -1 0 1
(wr-€)/] (wr-€)/]

Figure 3.8: Emitted energy. (a) Average energy of the emitted photon (wpn —€)/J
as a function of (A —€)/J for g = J/5,J/2,J,2J. For reference, the straight line
renders the diagonal wp, = A. In (b) and (c), we plot |cx|? as a function of both
(wp —€)/J and (A —¢)/J, for ¢ = J/5 and g = J/2, respectively. The black line
renders A = wy,. For each A, we normalize ¢ such that maxy(|cx|?) = 1.

decreases. Besides, the closer A is to the band gap, the smaller Papission 1S-
Anyway, the emission probability is appreciable for really large values of the
ratio g/J: for instance g/J ~ 2.5 yields Pemission =~ 0.25 for the values of A
considered in Fig. 3.9.
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Figure 3.9: Probability of photon emission. Probability of emitting a flying
photon, Pemission = 1 — Piig = 1 — |c1]? — |o|?, as a function of g/J for A — e =
—3J/2,—J,—J/2,0 from bottom to top (solid blue, dashed red, dotted green, and
dotted-dashed black, respectively).

3.3.2 Emitted field

We now study the spatial profile of the emitted field. We compute the am-
plitudes in position space, ¢5(t) = (0lay|¥(¢)) (see App. B.1). The photon
probability distribution |¢,(t)|? is shown in Fig. 3.10, at time ¢t = 75/J and
g = J/5, for two values of the detuning: A —e = 0 (blue solid) and A—e = —J
(red dashed). The vertical solid black lines represent & = +Xmax = FUmaxt,
defined in terms of the maximum group velocity Vmax = Vg—r/2 = 2J.

The probability |¢,|? is mostly confined for = such that || < Zyax. There-
fore, even though the original model is nonrelativistic, we can define a causal
cone from vpyax. For |z] > Zpax, this probability is not zero but it decays
exponentially, as expected for the free-field scalar propagator, see [165, Sect.
4.5] and [166, Sect. 2]. If A is in the middle of the band, the emitted pho-
ton has a momentum distribution peaked around k = 7/2, where vy = vVpax.
If A # ¢, the velocity of the emitted photon is not peaked around vpyax so
the maximum of |¢,|? is below Zpmax (see the dashed red curve of Fig. 3.10,
where A — e = —J). Lastly, notice that the emitted photon would be well
peaked around |zpyax| in position space if the dispersion relation were linear,
independently of the value of A.
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Figure 3.10: Field distribution. |[¢,|? as a function of z at time ¢t = 75/J for
A — e = 0 (solid blue) and A — e = —J (dashed red) for coupling g = J/5. The
black solid vertical lines render the propagation limit |z| = Zpmax = Umaxt, With
Umax = Vg=r/2 = 2J.

3.3.3 Qubit dynamics

We finish with a detailed study of the qubit dynamics. From Eq. (3.24), we
extract the time dependence of the amplitude of its excited state o*]0)

ce(t) = (0lo™[U(1)) = (1) + (1), (3.31)

with cb(t) = > a=01 lca|2e™™at and S(t) = J7_dk|cg|* e~ ™! /2 the contri-
butions from the bound and scattering states respectively, see Eqs. (3.5) and
(3.14).

First, we focus on ¢§(t):

S _ 7iet£ ! 12y Jt
c(t)=e 7 dy F(y)e , (3.32)
~1

with
V1 =2
F(y) = 5 5 T (3.33)
A1 =y?) (A =€)/ T +2y)" + (9/J)
The behavior of ¢(t) is determined by the kernel F'(y), which is related to the
density of photonic states as a function of the dimensionless energy y = cos k.

This kernel is plotted in Fig. 3.11(a). At sufficiently long times, the oscillating
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Figure 3.11: Integrand for ¢(t). (a) Kernel F(y) in logarithmic scale for g = J/5
(red, solid), Lorentzian approximation (blue, dashed), F(y) for g = 0 (black, dotted),
and G(y) (Eq. (B.12), black, dotted-dashed). We fix A = e. In (b), we zoom in
F(y) around y £ —1, with the same parameters as those used in (a). The kernel
F(y) reaches a maximum at y = y* and Ay_ = y* + 1. Notice that the scale is not
logarithmic in this case.

term in the integral (3.32), e2¥7¢, cancels out any smooth contribution of F(y).

Therefore, the asymptotic relaxation dynamics is governed by the sharpest
peaks and the singularities of F'(y). There are three main contributions: (i) a
Lorentzian peak, associated to a pole of F(y) in the complex plane, (ii) two
peaks appearing at y%, with y% close to £1 (see Fig. 3.11(b), where we zoom
in F(y) around y = —1), and (iii) the singular points at y = 41, where the
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first derivative of F(y) is discontinuous. All these features are clearly seen
Figs. 3.11(a) and (b).

The Lorentzian peak in F(y) gives an exponential decay ¢ (t) ~ e~ (@0 +1/270)t,
This is equivalent to an excited atom emitting photons into the free space.
This contribution is both the fastest and the main one for short-enough times,
t < 7p, since it comes from the widest peak in F(y), see Fig. 3.11(a). We
compare the (numerical) exact results for 79 and dp = ¢ — A, computed by
integrating Eq. (3.32), with those obtained with the Lorentzian approxima-
tion of F(y) in Fig. 3.12. We also compare the results to those obtained with
Fermi’s Golden Rule: TEGR = Jsinka/g?, with ka such that wr, = A, and
©FGR = A. Fermi’s Golden Rule describes accurately the exact results when
A is around the middle of the band, but corrections are necessary when A
gets closer to the band edges or when the coupling g increases. Notice that
the two-level-atom energy appears in the phase of the exponential up to a cor-
rection: ¢ = A + dp. This is reminiscent of the Lamb effect. However, this
energy shift is different from that of the emitted photon (compare Fig. 3.8 to
Figs. 3.12 (¢) and (d)), even though both converge to A in the limit g/J — 0.
In fact, as we have said, there is another characteristic energy of the system
with a different behavior: the single-photon reflection resonance, which occurs
precisely at A (see Fig. 3.4 and Eq. (3.16)).

At later times, ¢ > 79, the singular parts of F'(y) are relevant. Singularities
give nonexponential decays [159, 167|. In particular, the contribution of the
peaks of F'(y) at y%, with yi ~ %1, starts to dominate. Let us define the widths
of these peaks at y} as Ays = |yi F 1| (see Fig. 3.11(b)). For short-enough
times, when e?2/¥ can be considered to be constant for y € (=1, —1+Ay_) and
y € (1—Ay4,1), the kernel F(y) can be approximated by setting g = 0 (black
dotted curve in Fig. 3.11(a)). At g = 0, the kernel diverges as 1/4/1 — y?
when y — +1. This kind of singularity gives an algebraic decay ¢t~/2 for

S
(§]

have to consider the full kernel, with the actual value of g. Therefore, the

¢ (t). For long-enough times, when €2/ cannot be taken as a constant, we
mentioned divergences are rounded off and the algebraic decay is modified
by exponential factors. In other words, these peaks provide a contribution
cat) = t_1/2(a_e_i2‘]te_t/271f + a+e"2‘]te_t/271’+), with 71+ = (4JAyy)~ L

We show the values of the constants a1 and the details on the computation in
App. B.2.

Eventually, these exponential contributions vanish. The only surviving
contribution comes from the singularities at the band edges. There, F(y) is
not differentiable and gives a nonexponential (power-law) contribution for all
times to ¢(t), which dominates for ¢ > 79,7 +. We show in App. B.2 that
this contribution goes as ¢3(t) ~ t~3/2 cos(2Jt— 3w /4). This transition between
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t=1/2 and t73/2 decay was already discussed in [164], but they did not see the
oscillating factors, since they took the two-level-system energy really close to
the lower part of the band, neglecting the contribution of the upper bound

3/2 originates from a discontinuity in

state. As mentioned, this decay with ¢~
the derivative of the density of photonic states and is quite common in impurity
decay problems [168], both for continuous systems [169, 170] and for discrete

ones [171-173|.

b
e

oscillatory term which persists for infinitely long times:
le1[* + Jeo|* + 2]ereo|? cos((wh — wi)t), [159, 163].

The contribution of the bound states ¢g(¢) is much simpler: it gives an

PY(t) = |c2(t)]® =

e

g=J/5

g=3J/10

(@)

g (0
S
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Figure 3.12: Exponential decay. (a), (b) 7o/7¢ “®(A — e = 0) and (c), (d) d¢/J
as a function of the position of the qubit energy with respect to the band for e = A.
The coupling is g = J/5 (left panels) and g = 3J/10 (right panels). We divide
To by the decay time given by the Fermi’s Golden Rule at the middle of the band,
FSR(A — € = 0). The red solid curve and the black dashed one correspond to the
Fermi’s Golden Rule and to the single-pole approximation, respectively. The blue
points are computed numerically; we fit the exact dynamics computed with (3.32) to
an exponential for ¢ < 7.

We sum up all this information in Fig. 3.13, where we plot the qubit dy-
namics for A—e = 0 and g = J/5 (same parameters as in Fig. 3.11), using log-
arithmic scale. For the sake of clarity, we average the oscillations coming from
the different contributions: a_e~27/! + a e/t (arising from the peaks around
Yk ), cos(2Jt — 3m/4) (from the singularities at y = £1), and cos((w4+ — w_)t)
(from cP(t)). The population Pe(t) = |co(t)|? is drawn as a black, dotted curve.
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Figure 3.13: Qubit dynamics. P,(t) (black, dotted), P5(¢) (red, solid), and PP(¢)
(purple, dashed) for A — e = 0 and g = J/5 in logarithmic scale. In the inset we
show P3(t) in log-log scale with the three contributions: the exponential decay (blue,
dashed), the power-law with t=1 (green, dotted), and the decay with ¢t=3 (orange,
dotted-dashed). For the sake of clarity, we average the fast oscillations in the occu-
pations.

It first decays as e/ In addition, the bound-state term dominates over the
remaining contributions from the scattering states. Therefore, after a transient
period, P,(t) achieves the stationary regime of P°(t) (purple, dashed curve; re-
mind that we are not showing the oscillations). We also show P5(t) = |cS(t)|?
in the red solid curve. After the initial exponential decay with e t/™_ where
P5(t) ~ Ps(t), it decays sub-exponentially. In order to see the different con-
tributions to this sub-exponential decay more clearly, we plot it in the inset
in log-log scale. After the mentioned exponential decay with e=*/™ it follows
a decay with t~le ™™ for 7p < t ~ 7y (as A—e=0,71 =714 = T1,—; in
particular 7 o~ 2007 for the chosen parameters). Eventually, as ¢ > 71, Pg(t)
goes with 3. The agreement between the analytical predictions (blue dashed
curve for e t/7_ green dotted curve for ¢ te ¥/ and orange dotted-dashed
curve for +73) and the exact (numerical) integration is clear in the figure.

Finally, even though we have focused on the case with A in the middle of
the band, the mathematical analysis shown in App. B.2 is general, so another
choice of parameters will give the same qualitative behavior.



3.3. Example: Spontaneous decay under the presence of bound states 63

Effect of losses

All the previous results in this chapter have considered a lossless system. Here
we incorporate losses to the model. We add an imaginary part both to the
qubit energy and the cavity energy, A = A — i, /2 and € = € — i7./2.
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Figure 3.14: Integrand for c¢i(¢) with an imaginary part in A. Kernel F(y) in
logarithmic scale for v, = 0 (red, solid), as well as its real and imaginary part for
~Ye = ¢g/10. The other parameters are those of Fig. 3.11.

The dynamics is still given by Eqgs. (3.32) and (3.33) by changing A and
e by A and €, respectively. We take Ve/c /g ~ 0 —0.15. Considering losses in
the qubit, the integrand F'(y) resembles the one for the lossless case (compare
Figs. 3.14 to 3.11), apart from the fact that now it is a complex function; the
same happens if instead we add losses to the cavities. Therefore, we can repeat
the analysis done for the lossless case.

We illustrate the modifications with v, # 0 in Fig. 3.15. Initially, the popu-
lation still decays exponentially, but the decay rate is a sum of the previous one,
1/70, and 7,: the amplitude reads ¢y (t) oc e~ (##H1/20+7%/2) (see Fig. 3.15(a)).
The power law with t=1, ¢3(t) = t71/2(a_e ?/te /2T~ 4 g ?Tte=t/2T14) s
preserved. The coefficients a4, whose expressions are shown in App. B.2, get
modified 107°% at most for the chosen values of 7.. Lastly, the asymptotic
decay with t=2 does not depend on A (see App. B.2). The robustness of the
power-law tails is seen in Fig. 3.15(b).
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If we instead consider lossy cavities, 7. # 0, there is a global factor e~7/2

multiplying cs(t) (see Eq. (3.32)). When integrating F'(y), the imaginary
part in € adds an increasing exponential e7%/2 to cse(t), contrarily to A (see
the denominator of F(y), Eq. (3.33); A and e have opposite signs). This
increasing exponential cancels out with the global factor e~ 72, Therefore,
no modifications are seen in the initial exponential regime (see Fig. 3.16(a)).
The global factor e~7*/2 suppresses the power laws in the long-time limit. If
the characteristic time of the losses 1/7. is larger than 7 +, we can see the
power-law tails for intermediate times (see Fig. 3.16(b)).

To finish, some features, such as the spectroscopic shifts in the sponta-
neously emitted photons, can be detectable by tuning up and down the fre-
quency of the qubit with respect to the band edge. For probing the dynamics,
we suggest using a more sophisticated protocol that (i) places the qubit energy
at the right frequency, (ii) then excites it, and after a finite time ¢ (iii) detunes
the qubit and probes dispersively its excited state population. All these ideas
can be implemented in state-of-the-art setups with superconducting cavities
and transmon qubits [54] and also with quantum dots in photonic crystals
[40, 43, 45].
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Figure 3.15: Qubit dynamics for 7. # 0. (a) PS(¢) in logarithmic scale for several
values of 7.. The thicker lines are the exact results, whereas the thinner ones are the
analytical prediction for the exponential regime: P3(t) oc e~ (1/70+%)t (b) The same
in log-log scale and in the long-time regime. The values of 7, are those of panel (a).
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Figure 3.16: Qubit dynamics for 7. # 0. (a) PS(¢) in logarithmic scale for several
values of v.. (b) The same in log-log scale and in the long-time regime. The values of
e are those of panel (a). The power laws survive for intermediate times for moderate

values of 7., but they disappear if 7. is too large (black curve).



Chapter 4

S Matrix: Analytical Properties

The scientist is also a composer... You could think of science as discovering one
particular thing - a supernova or whatever. You could also think of it as discovering

this whole new way of seeing the world.

Lisa Randall in an interview with Samuel P. Jacobs [174].

In scattering theory, the S operator (Eq. (1.12)) is the most relevant math-
ematical object, since it determines the output state given a general input (Eq.
(1.11)). Therefore, it is worthy to study the mathematical properties of S. In
fact, there are some recent papers in which several analytical characteristics of
S are determined [122, 175].

Besides the mathematical properties of S are interest per se, they can
give information on the allowed and forbidden scattering channels. E.g., if
Spips.k = 0 for all p1, p2, and k, the channel with two-photon generation from
one and only one input photon is forbidden. Besides, the scattering matrix
has to be compatible with the symmetries of the system. For instance, it has
to guarantee the energy conservation.

It is the goal of this chapter to find out the mathematical structure of
the S matrix in waveguide QED. In particular, in Sect. 4.1 we derive the
general structure for S imposed by causality, which in turn is not a fundamental
property, but it emerges from the Hamiltonian (1.1); besides, we consider there
can be inelastic one-photon scattering. We study the properties of S if the
scattering is linear in Sect. 4.2.
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4.1 Causality

Causality is expected to hold in every circumstance. The causality principle
states that two space-like-separated experiments, such that no signal traveling
at the speed of light can connect them, must provide uncorrelated results [176].
In quantum field theory (QFT), strict causality imposes that two operators
A(z,t) and B(y,t') acting on two space-like-separated points (z,t) and (y,t'),
must commute,

[A(z,t), B(y,t")] = 0if |x — y| — c|t — /| >0, (4.1)

where ¢ is the speed of light (we restrict ourselves to 141 dimensions). Another
consequence of causality in QFT appears in the study of scattering events or
collisions: scattering matrices describing causally disconnected events must
“cluster”, or decompose into a product of independent scattering matrices [177].
In fact, all acceptable QFT interactions must result in .S matrices fulfilling such
a decomposition [178|.

Nonrelativistic quantum mechanics is an effective theory which allows sig-
nals to propagate arbitrarily fast, but which may give rise to different forms of
emergent approximate causality. The typical examples are low-energy models
in solid state, where quasiparticle excitations have a maximum group veloc-
ity. In this case, there exists an approximate light cone, outside of which
the correlations between operators are exponentially suppressed. Lieb and
Robinson rigorously demonstrated this emergent causality for spin-models on
lattices with bounded interactions that decay rapidly with the distance [179].
Lieb-Robinson bounds not only imply causality in the information-theoretical
sense [180], but lead to important results in the static properties of many-body
Hamiltonians, such as the clustering of correlations, locality in the dynamics of
lattices of harmonic oscillators, and the area law in gapped models [181-183].

In this section, we demonstrate the existence and explore the consequences
of emergent causality in the nonrelativistic framework of waveguide QED.
These models do not satisfy Lorentz or translational invariance, they are typ-
ically dispersive, and the photon-matter interaction may become highly non-
perturbative. These results were published in [184].

The main result in this section is the structure of the N-photon S matrix
in waveguide QED, rigorously deduced from emergent causality constraints.
Our result builds on the general Hamiltonian of waveguide QED (1.1), when
the interaction Hamiltonian is given by (1.4). We do not take any approx-
imations such as the RWA or the Markovian limit. To derive the S-matrix
decomposition we are assisted by several intermediate and important results,
of which we remark (i) the freedom of wave packets far away from the scatterer,
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(ii) Lieb-Robinson-like independence relations and approximate light-cones for
propagating wave packets, (iii) a characterization of the ground-state proper-
ties, and (iv) a proper definition and derivation of scattering input and output
states.

We illustrate our results with two representative examples. The first one
is a numerical study of scattering in the ultrastrong coupling limit (see [118,
185] and Sect. 5.1), where we demonstrate the cluster decomposition and the
nature of the ground state predicted by our intermediate results. The second
is an analytical study of a nondispersive medium interacting with a general
scatterer, which admits exact calculations. Here we find the structure of the
S matrix from general principles, including the inelastic processes. We recover
the nontrivial form computed by Xu and Fan for a particular case in [175] and
find the natural generalization of the standard cluster decomposition.

4.1.1 Localized wave packets

In order to talk about causality, we introduce a set of localized wave packets,
that is, they have a well-defined position. As we will see below, approximate
localization becomes essential in the discussion, allowing us to distinguish the
order in which photons interact with the scatterer.

Let us introduce the creation operator 9z (t)T for a wave packet as
Yra(t —to) = / etkr=ion(t=t0) o0 (k)al dk. (4.2)

The wave function ¢y (k) € £2 is normalized and centered around the average

momentum k. The exponential factor e?** ensures the wave packet is centered

around Z in position space at time t = tg.

Our results are general but we will implement our calculations using wave
packets with either Gaussian

1
V21 /o

pr (k) = ﬁk — ]—j+ — (4.4)

These wave functions are only approximately localized in the sense that the
probability of finding a photon decays exponentially far away from the center
Z. The width o} in momentum space implies a localization length in position
space 0 « 1/0%.

(k) = exp [~ (k — k)*/407] (4.3)

or Lorentzian envelopes
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Figure 4.1: Two incoming photons with average momenta k1 and k», initially centered
around distant points Z; and Zs (I — 00), scatter against a general quantum object.
The whole system can have several bound states (localized and not propagating).
In the figure, the scatterer-field is initially in one of those bound states |2,) (gray
region). If the first incoming photon leaves the scattering region in another localized
eigenstate |{2y) the second photon meets the interaction region in a different state that
the found by the first wave packet. If this occurs (see main text of the section) the
scattering matrix cannot be just a product, it must differentiate the order in which
both events happen.
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Fig. 4.1 illustrates the collision of two localized wave packets against a
quantum impurity in a chiral medium. The average momentum of the wave
packets k; or ks determines the group velocity at which the photons move
vg(k) = Opwi. The wave packets may be distorted due both to the dispersive
nature of the medium and the interaction with the scatterer.

4.1.2 Sufficient conditions for having a well-defined scattering
theory

In the typical scattering geometry, the interaction occurs in a finite region.
Besides, one usually assume that asymptotically far away from that region
the field is a linear combination of free-particle states (generated via creation
operators on the noninteracting vacuum) even in the presence of the scatterer-
waveguide interaction.

A sufficient condition for this is that both the ground state and any non-
propagating excited state accessible by scattering |€2,) are indistinguishable
from the vacuum state |vac) far away from the scatterer. Mathematically this
occurs when

lim_(2,]0(z, A2)|Q,) = (vac|O(x, A)vac) (4.5)
where O(Z, Az) is an operator with compact support in the finite interval

T—Az/2 < x < T+ Ax/2 and the vacuum state |vac) is such that a |[vac) =0
Vk.

Given a general Hamiltonian (1.1), we do not generally know whether the
condition (4.5) is satisfied. Thus, we must assume the existence of scattering
states. In this work, we provide a further evidence of the validity of this
assumptions by demonstrating a limited version of Eq. (4.5) (see App. C.1)
for the ground state of Hamiltonian (1.1), which reads

(Qolvf ¥l 0) < O(IZ| ™), [2] = oo (4.6)

provided that (i) for all k, |gx /wk| < oo and (ii) that the correlators <Qo\azap\(lo>
are n-differentiable functions.

This result is insufficient for the most general case. As we saw in Chapter 3,
the waveguide-QED Hamiltonian (1.1) may support excited eigenstates which
are localized around the scattering center [103, 118, 154, 155] and which may
be visited during the scattering. In this section, we will refer to these states
as ground states. Besides, depending on its level structure, the scatterer can
support several ground states; e.g., a A atom has two stable states.
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We have been unable to find a general proof that (4.5) is satisfied (and thus
that input and output states can be defined) for nonpropagating excited states
that appear in these systems. To overcome this problem we assume a plausible
first condition: the Hamiltonian (1.1) has a finite set of ground states, {|€2,)},
which are localized in the sense of Eq. (4.5). Notice that with this assumption
(1.1) has a well defined scattering theory (see. App. C.2.3). This condition
allows the expression of the elements of S (see Eq. (1.12)) in the momentum
basis:

(Spic) i = (R H apiSHaL]- €0) . (4.7)
i J

Another useful quantity is the scattering amplitude. For example, the
single-photon amplitude is defined as:

A= ( Qo (£2) S (¢)T],) (48)

with ¢™(¢t_)T = ¢z (t_)" and an analogous definition for 1/°"(¢ ), where the
average position of the input wave packet Z is well separated from the scatterer.

In this section, we assume a second condition: the N-photon scattering pro-
cess conserves the number of flying photons in the input and output states. We
only provide results for the sector of the scattering matrix that conserves the
number of excitations, excluding us from considering other scattering channels,
such as downconversion processes. Notice, however, that a large number of sys-
tems fulfills this condition. For instance, the unbiased spin-boson model (where
Hy. x 0, and G = 0,) exactly conserves the number of excitations within the
rotating-wave approximation, which is valid when the coupling strength is
much smaller than the photon energy (see Chap. 1 and Eq. 1.7). As we will
see in Sect. 5.1, even in the ultrastrong coupling regime, the scattering process
conserves the number of flying excitations within numerical uncertainties (see
also Refs. [118, 119, 185]).

4.1.3 Approximate causality

We are describing waveguide QED using nonrelativistic models for which strict
causality (4.1) does not apply. However, as a foundational result we have been
able to prove that the waveguide-QED model (1.1) supports an approximate
form of causality. This form states that there exists an approximate light
cone, defined by the maximum group velocity, ¢ = max(Jywy). Two wave-
packet operators which are outside their respective cones and far away from
the scatterer approximately commute.



4.1. Causality 73

To be precise we define the distance d(x —y,t —t') = |T — y| — ¢|t — /| and
prove in App. C.2 that

ks 0 5?1 = O 5 ) + 0 (1t ) (19)

holds for the full model, with D = d(x — y,t — t) being the distance between
the packets and Dy = min{d(z,t), d(z,t9),d(y,t),d(y,to)} being the minimum
distance between them and the scatterer. The power n stands because we use
that the dispersion relation is n-times differentiable. A sketch of the proof is
as follows. First, we prove (4.9) for free fields, i.e. for wave packets moving
under the photonic part of the Hamiltonian. In the Heisenberg picture, the
phases ik(Z — ) — iwk(t — t') can be bounded by the distance d(z — y,t —t').
Using the Riemann-Lebesgue lemma ([ e** f(k) dk — 0, as z — 0o) we find
the power law decay, |D|™™. Causality is thereby linked to the cancellation
or averaging of fast oscillations in the unitary dynamics. Applying a similar
technique to the interaction term in (1.1) (see Eq. (1.4)) allows us to prove
that the wave packets evolve freely when they are sufficiently far away from the
influence of the scatterer, producing the second algebraic decay term |Do|! ™.
Next, we prove that the evolution of the wave packets for the full model is
equal to that for the free model, provided the packets are far away from the
scattering region. Therefore, the result for the commutator (4.9) also holds for
the full Hamiltonian.

This result is analogous to Lieb-Robinson-type bounds that were initially
developed for a lattice of locally interacting spins [179], and which were later
generalized to finite-dimensional models, harmonic and anharmonic oscillators,
master equations, and spin-boson lattices [181, 182, 186-190]. It is important
to remark that the approximate causality in Eq. (4.9) is not obtained for the
free theory, but for the full waveguide-QED model. As a consequence, we can
use this to derive important results on the photon-scatterer interaction.

4.1.4 Causality and the scattering matrix

Causality imposes restrictions on the S matrix [178]. E.g., the cluster decom-
position that we summarize here. For now, let us consider the case of a unique
ground state and split the S matrix into a free part S° and an interacting part
T, both in momentum space

Spk = Spi + I Tpk- (4.10)

The free part S is the component of S necessary to describe scattering pro-
cesses when the input photons are far away. The interacting part T accounts
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for processes in which two or more photons coincide and interact simultane-
ously with the scatterer. Causality is then invoked to argue that they can-
not influence each other if the input events are space-like separated. Thus,
T does not contribute to the scattering amplitude as wave packets fall apart
|Z; —Z ;] — oo. This, together with energy conservation, imposes the constraint
iTpx = iCpkd(Ep — Ex) [176]. In QFT (typically) momentum conservation is
fulfilled, which implies that the free part S° is

N
1
Sgk =N H Spnkn + Permutations[k,, <> kn,, pn < pm, (4.11)

n=1

with S, , o 0(wp, — w,) the one-photon S matrix. This is nothing but the
cluster decomposition. Fourier transforming Sgk, this structure also holds in

real space
1N
ng = N H Synzn T permutations|x, <> T, Yn <> Ym]. (4.12)
" n=1

This shall be relevant in the following section, where we will work in position
space.

4.1.5 Generalized cluster decomposition

Our goal is to explain how approximate causality (4.9) implies a cluster decom-
position for the S matrix. We will also show that S° do not have the structure
given by Eq. (4.11) if one-photon inelastic processes are allowed.

To understand how causality fixes the form of S° we refer to our Fig. 4.1
where two well separated wave packets interact with a scatterer. The scattering
amplitude is,

2 2
A= <Qu| H g:ltgm (t+) H ¢;’£Lfn (t—)T |Qu> .
m=1 n=1

Note that for a sufficiently large separation of the incident wave packets, the
output state of the first packet must be causally disconnected from that of the
second input. This implies that the input operator for the first wave packet
must commute with the output operator for the second packet (see Eq. (4.9)).
However, the second output and the first input will not commute in general.
Therefore, we can approximate, at any degree of accuracy, the above amplitude
as,

A (0, ()i ()T (L) (1) 1) (4.13)

P2Yy2 EQ@Q pP1T1 E1f1
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Let us know insert the identity between the operators w}-ﬁ;@( _)Fand 92 (t4).
Recalling the conditions discussed in Sect. 4.1.2, namely the localized nature
for the ground states together with the fact that there is not particle creation,

just {]) (13 ! will contribute to the identity. The final result is:

M—1
A=) Arpoadoa, (4.14)
A=0
with Ay 5 = (] 1/131“51 (t+)1/)k1w (t_)1]9Q,), that is, Aj ) is the probability

amplitude of generating the transition |2,) — |Q2,), while the wave packet
for the first photon goes from ;" (—) to ot (t4). The definition and
interpretation of Ay \_,, are fully analogous.

We can generalize this expression to N photons, with initial average posi-

tions T1 > Ty > ... > Ty and asymptotic ground states Ay := v and A\g := pu

M— N
A= Z H An7>\N+17n_>>\N7n’ (415)

)\1,...7/\]\7_1:0 n=1

with

Any)\N+1—n‘>AN7n = <Q)\N7n’ ;g:;jn( )wknﬁn( _>T ‘Q)\N+1—n> ° (416>

The sketched constructive demonstration (we give a complete demonstration
in App. C.3) has confirmed that causality imposes that the amplitude can
be built from single-photon events whenever these events are well separated.
Inelastic processes, which leave the scatterer in an excited state, yield the sum
over intermediate states. If the ground state of the scatterer is unique, the
amplitude is the product A = II,,A,. In this case, the S matrix in momen-
tum space recovers the typical structure in QFT (see Eq. (4.11)). However,
when inelastic-scattering events occur, the sum in (4.15) leads to a particular
structure for the free part of the scattering matrix SY that we discuss now.

We now find the structure for S° in position space compatible with the
amplitude (4.15). For the sake of simplicity, we work with chiral waveguides
and a monotonously growing group velocity, Oywy > 0. Therefore, we can order
the events using step functions, eliminating unphysical contributions (e.g., the
wave packet 1, arriving before than vy . , see Fig. 4.1). Some algebra (see
Appendix C.4) yields that S° has the following structure

(ng)/w = Z H Ynn ) An—1An H O(Yma1 — Ym)

)\1 )\Nlonl

+ permutations[z,, <> Tm, Yn <> Ym). (4.17)
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The sum over intermediate states and the Heaviside functions are a direct
consequence of causality, since they order the different wave packets and keep
track of the state of the scatterer for each arrival. Nevertheless, if the ground
state is unique (M = 1), the step functions cancel out and we recover the
structure described by (4.12). However, strikingly, for M > 1 this S matrix
cannot be written as a product of one-photon scattering matrices, up to per-
mutations, due to the Heaviside functions. In order to shed light on this, it is
convenient to move to momentum space. Although (Sgk) uv cannot be analyt-
ically calculated for a general dispersion relation, a mathematical expression
can be found for a linear one. This calculation will be presented in Sect. 4.1.6
The final result is that (Sgk) uv cannot be written as a product of one-photon
S-matrices. This has been recently pointed out in the particular example of a

A atom by Xu and Fan [175].

4.1.6 Applications

The set of previous theorems and conditions create a framework that describes
many useful problems and experiments in waveguide QED. We are now going
to illustrate two particular problems which are amenable to numerical and
analytical treatment, and which highlight the main features of all the results.

The first problem consists of a two-level system wultrastrongly coupled to a
photonic crystal. The scattering dynamics has to be computed numerically.
The simulations fully conform to our framework, showing the fast decay of
photon-qubit dressing with the distance, the independence of space-like sepa-
rated wave packets, and the decomposition of the two-photon scattering am-
plitude as a product (for the chosen parameters, the one-photon scattering is
elastic).

The second problem consists of a general scatterer with several ground
states that is coupled to a nondispersive medium and it serves to illustrate
the breakdown of the S matrix decomposition as a product of one-photon
scattering matrices in momentum space.

Ultrastrong scattering

Let us consider the Hamiltonian studied in Sect. 3.2 (see Eq. (3.18)): a sys-
tem described by the discrete photonic Hamiltonian (Eq. (1.2)) ultrastrongly
coupled to a two-level atom (Eq. (1.5)).

We computed the low-energy states of this model in Sect. 3.2 and saw
that they are confined in a small region around the qubit (see Fig. 3.6). This
result confirms our theoretical predictions from Eq. (4.6) and implies that the
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minimum-energy state Q) can be approximated by the vacuum far away from
the qubit.

According to the previous result, we can generate free wave packets, such
as input and output states of Egs. (C.33) and (C.34)) by inserting photons far
away from the scatterer. We study the evolution of input states which consist
of a pair of photons, see Eq. (C.33), with |Q,) = |Qp). Both wave packets will
be Gaussians, Eq. (4.3), with average momentum k and width in momentum
space 0.

We study the scattering dynamics using MPS (see Sect. 2.3). We will
provide more details on the simulations in Sect. 5.1, where we study the one-
photon scattering in this coupling regime. Here, we demonstrate numerically
that the correlations between the output photons vanish as the separation [
between the input wave packet (see Fig. 4.1) increases. We get the two-
photon wave function in momentum space ¢p, p,(t) = (Qo|ap,ap, [¥(t)) to
compute the fluorescence F' at the far future ¢, which is the number of output
photons whose energy and momentum differ from the input wave packets. More
precisely

F / dp1dps |6p, po(t4), (4.18)

with p; and py such that wy,, +wp, = 2(w; £0y,) and wy,, wp, € (Wi — 0w, Wi +
0w), being o, the width of the input wave packets in energy space.

Fig. 4.2(g) shows F' as function of the distance between the incident wave
packets. When the wave packets are close enough the fluorescence maximizes
and the output wave function shows a nontrivial structure, with ¢, ,,(t+) # 0
even though |p1| # k or |pa| # k (see panels (a) and (c)). The wave function
has also a rich structure in position space, with antibunching in the reflection
component and bunching in the transmission one (see panels (b) and (d)).
This structure was already found in the RWA [101]. For long distances, the
fluorescence F' vanishes (see panels (e) and (f)). In these cases, the output
state is clearly uncorrelated: in position space, it consists of two well-defined
wave packets and @, ,, (t+) goes to zero if [p1| # k or |pa| # k. All this is
a consequence of the cluster decomposition, see Eq. (4.15) and Theorem 6 in
App. C.3.
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Figure 4.2: Output wave function in momentum/position space, (a/b), (c¢/d), and
(e/f) for several values of the distance between the input photons and (g) fluorescence
F for the two-photon output state as a function of the distance [ between the two
input wave packets. The values of the distances of the panels (a)-(f) are indicated
in panel (g). We choose g/A = 0.3. The values for the other parameters coincide
with those of Fig. 3.6. Both incoming photons are on resonance with the qubit,
wr = A. The distance [ is in units of I, ~ 1.719/0y, with . such that we can resolve
the incident packets if and only if [ > [..

Inelastic scattering and linear dispersion relation: the cluster de-
composition revisited

We set wy, = c|k| in Hy. The scatterer and interaction are described by
M’ -1

M-—1
He= 3" B |00 Q)+ 3 By 10) (], (4.19)
v=0 J=0

M'—1M-1

Huo= > > gs() (lao+ He), (4.20)

J=0 v=0
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Figure 4.3: Level structure of the scatterer described by the Hamiltonian (4.19),
interacting with a waveguide via (4.20). The photons induce transitions between the
set of states {|J)} and the ground states {|2,)} with coupling strengths g, .

where {|2,)} and {|J)} are the ground and decaying states of the scatterer,
respectively, {E,} and {E;} are their energies, M and M’ is the number
of ground and excited states, respectively, and ¢, is the coupling strength
corresponding to the transition |2,) <> |.J) (see Fig. 4.3). This is a prototypical
situation in waveguide QED. F.g., if there are two ground states, M = 2, and
the decaying state is unique, M’ = 1, the scatterer is a A atom. From now
on, we work in units such that ¢ = 1. We assume chiral waveguides: the
scatterer only couples to k > 0, which simplifies the final expressions, so we
can start from Eq. (4.17). Before writing down the two-photon S° matrix in
momentum space, we need the one-photon scattering matrix. Imposing energy
conservation, it has to be

(Spk)ul/ = t/w(k')(s(p +E,—k— E,), (4.21)

with k& and p the incident and outgoing momenta, respectively, and [€2,) and
€2,,) the initial and final ground states. The factor t,, (k) is the so-called trans-
mission amplitude. The Dirac delta guarantees energy conservation. Then, the
two-photon S° matrix, Eq. (4.17), in momentum space is

e Py T2y g2y (4.22)

i kn )ty (knr)
= o Z > B T
27rnm LT Opm+E kn — E\+10

XO0(p1+p2+E,—ki—ko— E)).

(Spiu

Here, n’ # n, e.g., n’ = 2 if n = 1. The details on the computation are in
Appendix C.5. This structure has recently been found by Xu and Fan for a A
atom (M =2, M’ = 1) within the RWA and Markovian approximations [175].
At first sight (4.22) may look striking. The matrix S° is not the product of
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two Dirac-delta functions conserving the single-photon energy, as discussed in
Sect. 4.1.4. The mathematical origin of the structure can be traced back to
its form in position space, Eq. (4.17). The Heaviside functions set the order
in which the different wave packets impinge on the scatterer. The product of
Dirac-delta functions is recovered if M =1 (see App. C.5). Besides, Eq. (4.22)
is also remarkable because it presents the natural generalization of the cluster
decomposition for the S matrix (cf. Egs. (4.10) and (4.11)) when inelastic
processes occur in the scattering.

A consequence of (4.22) is that S° contributes to the fluorescence F, Eq.
(4.18). This seems to contradict our previous arguments, since S is built from
causally disconnected one-photon events (they do not overlap in the scatterer).
To solve the apparent paradox we recall that (4.22) is a matrix element in
momentum space (delocalized photons). For wave packets (4.2), the scattering
amplitude is the integral of these wave packets with (4.22). In doing so we find
that the fluorescence decays to zero as the separation grows, thus solving the
puzzle.

In what follows the fluorescence decay is discussed within the full S matrix,
i.e. we consider the contributions to F from S® and T (see Eq. (4.10)). Energy
conservation imposes that (T, pokiks ) = (Cprpakiks ) v 0(01 +p2 + £, — k1 —
ko—E,). Since the contribution of T" vanishes as the photon-photon separation
increases, C' must be sufficiently smooth, at least smoother than a Dirac delta
[176]. Then, we assume that (Cp,p,kik, ) has simple poles with imaginary
parts {7*'}. Similarly, we expect that divergences of tuwv (k) come from simple
poles with imaginary parts {7%}. As far as we know, this structure has been
found for all S matrices in waveguide QED [96, 127, 128, 175].

Let us write down the input state in momentum space
W) = / dkadks 1 (k) da(ka)e™laf, al, 10,) (4.23)

The functions ¢;(k) and ¢2(k) are localized far away the scattering region in

position space. The exponential factor e”2! ensures the separation between

both wave packets is [. The output state reads

[Wout) = S [Win) = Z/dpldPZ ¢zUt(p1,p2)a;1a;2 |Qu> (4.24)
m
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The two-photon wave function qbzut (p1,p2) reads

2 2 .

i tor (k) erw (1 + P2 + By — ki — B,

0" (pryp2) < Y > /dkn<g (k)b (P + P2 + B )
\

=1 m=1 2m pm + By — kn — Ey +1i0F
+i(ép1pzkn)w)
<¢1(kn)ei(pﬁpﬁE“7k"7E")l¢2 (p1+p2+ E,—kn— E,)
+ O1(p1 + P2+ By — ko — B)e ™ 6a(kn)) (4.25)

being (éplpzkn),uu = fdkﬁ(cmpzknkﬁ)uud(pl + p2 + Eu —ky — ki — El,), with
n # n. Even though this expression is cumbersome, we can clearly identify the
contribution of S and 7. We solve this integral by means of the residue
theorem. Each pole ! and ’yg , together with the exponentials ¢! and
eiPr+p2+Eu—kn—E\l  gives an exponentially decaying term, eIl or e=lw L,
We choose Lorentzian envelopes for the wave packets. They have a pole at
k —ioy (see Eq. (4.4)). In consequence, the wave packets will give a term
—ogl

proportional to e . Lastly, the imaginary part of the pole of the first term
vanishes, ~ 107, so it gives a nondecaying term, e 9"l = 1. The real part of this
denominator imposes the single-photon-energy conservation. Thus, it results
in the amplitude for the single-photon events, Yy A1 ,)A2 x—,u. Therefore,
both S® and T contain fluorescent terms that vanish as the separation between

the wave packets grows. The technical details are in App. C.6.

As a final application, our results show that the poles of the one- and
two-photon scattering matrices {v} and {y$'} can be found by measuring the
decay of F' with the distance.

These results represent a significant evolution beyond the field-theoretical
methods [38] that have been so successfully adapted to the study of waveguide
QED. Developing an extensive set of theorems shown in the appendices, we
have completed a program that derives the properties of the N-photon S ma-
trix from the emergent causal structure of a nonrelativistic photonic system.
This, together with the fact that the ground states of the Hamiltonian are triv-
ial far away from the scatterer and the asymptotic independence of input and
output wave packets, allows us to build a consistent scattering theory. Among
the consequences of this framework, we have explained how the existence of
Raman (inelastic) processes modifies the usual form of the cluster decomposi-
tion, producing a structure that includes the particular example developed in
[175].

Our formal results also provide insight in the outcome of simulations for
problems where no analytical derivation is possible, such as a qubit ultra-
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strongly coupled to a waveguide (see [118, 185] and Sect. 5.1). As a second
example, we have considered a nondispersive medium wy = c|k|, where we
found the general form for the scattering matrix in momentum space (inde-
pendent of the scatterer and the coupling to the waveguide), which has been
recently calculated for a A atom [175] as a particular case. On top of that, we
have clarified how fluorescence decays in a general scattering experiment.

Throughout the previous discussion we have focused our attention on scat-
tering processes which conserves the number of photons (see Sect. 4.1.2).
However, this is just a convenient restriction that can be lifted. One may
incorporate more scattering channels for the photons using extra indices to
keep track of the photon-annihilation and creation processes, which results in
a slightly more involved version of Theorem 6. In particular, we can incor-
porate photon-creation events (see [191] and Sect. 5.2). Finally, our program
can be extended to treat other systems, deriving a cluster decomposition for
the scattering of spin waves in quantum-magnetism models or for fermionic
excitations in many-body systems.

4.2 Linear vs nonlinear scattering

Once we have determined the structure of the scattering matrix in general,
we analyze now the particular structure of S in linear systems, as well as the
physical implications. Besides, we study how this linear behavior emerges in
nonlinear systems, as they tend to be linear. The results exposed in this section
were published in [185].

In quantum physics, linear systems are those whose Heisenberg equations
form a linear set in the operators which describe the problem. In waveguide
QED (see Hamiltonian (1.1)) this happens whenever the scatterers are har-
monic oscillators (the waveguide itself is linear), both within the RWA and
the non-RWA coupling regimes. In this case, Hy. in (1.1) is

M
Hye =" Aiblb;, (4.26)
=1

where M is the number of scatterers (in this case, oscillators), {b;} is a set of
bosonic operators

[bi, b1] = 03, (4.27)

and A; is the frequency of each oscillator. The interaction term may be the
dipole-field Hamiltonian, even beyond the RWA,

M
Hine = > gi(bi + b)) (ag, + al,). (4.28)
=1
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Here, g; is the coupling strength of the i-th oscillator and z; is its position in
the waveguide.

4.2.1 Analytical properties of the S matrix with harmonic os-
cillators as scatterers

Once we have defined linear scattering, we present the first result of the section.

Theorem 1 If the system is linear, that is, if the Heisenberg equations form a
linear set, the only nonvanishing elements of the one-photon scattering matrix
are

Spk = tkOp ks + TrOp —k - (4.29)

The theorem is expressed for systems with discrete values for the momenta.
For continuous versions, the Kronecker deltas must be replaced by Dirac deltas.

The apparent simplicity of Theorem 1 requires some discussion. First, it
implies that neither photon creation nor annihilation are possible. Second, Eq.
(4.29) fixes the actual form for the output states,

[Wour) = > A (traf + rial ) [do) | (4.30)
k>0

with |@g) being the ground state. Therefore, in models with linear scattering,
the only processes for one incoming photon are the reflection and transmission
of the photon without changing its input energy (momentum). Notice that this
is a nontrivial feature, since the Hamiltonian (1.1) is not number conserving:
[H,N] # 0 if Hsc and Hiy are given by (4.26) and (4.28) respectively, so the
ground state |¢o) has not got a well-defined number of excitations. However,
a single photon scatters by reflecting and transmitting without changing its
energy and without creating additional excitations in the system. This result
mathematically relies on the Bogolioubov transformation and physically on the
fact that (1.1) is a free model in the quantum field theory language. The proof
of this theorem is given in Appendix D.1.

The single-photon result, Theorem 1 can be generalized to the multiphoton
case:

Theorem 2 If the system is linear the N-photon scattering matrix is given
by:

(p1,02, -+ DNISIk1, Ky o By = O D (D1l STy ) (D[S Ky ) -

n1#EngF#...Enn
(4.31)
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The theorem says that in linear systems the scattering matrix is a product of
single-photon scattering matrices. Consequently, no particle creation, Raman
process, or photon-photon interactions are possible. The proof, detailed in
Appendix D.2, is based on the single-photon result (see Theorem 1 of this
section) together with Wick’s theorem. We study the consequences of both
theorems in the following sections.

4.2.2 The classical limit: Recovering the standard linear optics
concept

Theorems 1 and 2 of this section dictate the scattering in linear systems. So far,
it is not completely clear whether the definition for linear systems in quantum
mechanics, together with the results in section 4.2.1, correspond to what linear
optics means: that the properties of the scattered currents are independent
of the input intensity (the number of input photons in our case). Here we
show that linear systems satisfy this intensity independence and we will also
comment on the classical limit for linear systems.

We consider a monochromatic coherent state as the N-photon input state,

e n(,T\n
Vi) = |ag) = e~ lol*/2 > ak(na!k) |po) - (4.32)

n=0

Applying Theorems 1 and 2, the output state can be written as

e af (tya), +rra’ ;)
|Dout) = e7lowl /23~ kn, o) = [tran) @ [rpay) . (4.33)
n=0 )

The second equality follows after some algebra. Just notice that:

> aff aT out))" - -
ZM — Z Z ;(tkakabm&kakatk)n "

| | _ |
o n! = = ml (n—m)!
00 o T o\n/
(tkakaT )n (Tkaka_k)
=y nk)T g TR (4.34)
n=0 ’ n’=0 ’

Equation (4.33) is a satisfactory result. The transmission and reflection co-
efficients t; and r; are independent of ap. Recalling that <ak|a,1ak]ak> = |ag|?,
this means that the scattering is independent from the input intensity. We note
that linear systems transform coherent states onto coherent states. Therefore,
harmonic oscillators neither change the statistics nor generate entanglement
between the reflected and transmitted fields. Coherent states can be consid-
ered classical inputs in the limit ap — oo, thus linear systems do not generate
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quantumness. Finally, the last expression for |¥y,;) in (4.33) has the classical
interpretation in terms of transmitted |tzaz|? and reflected |rpag|? currents
(Itel? + [rx|* = 1).

4.2.3 From nonlinear to linear

We study now the emergence of the linear behavior predicted by our theo-
rems. We propose a scatterer which interpolates between linear and nonlinear
scattering and quantify the nonlinearity. In particular, we consider M qubits
placed for simplicity at the same point of the waveguide, x; = 0 for all ¢

M
He =AY ofo; (4.35)
=1

with the same qubit energy A. Also for simplicity, let us assume that the
couplings g; are also the same, g = g; Vi. Then

M
Hine =g (07 +07)(ao + a}). (4.36)
i=1
We introduce the operator,

(4.37)

i
==
NE

sql

Il
—

%

which creates Dicke states [192]. For the photonic part we take the tight-
binding Hamiltonian (1.2), since we will solve the problem numerically by
using MPS (see Sect. 2.3). Then, writing (4.35) and (4.36) in terms of b
(4.37), the full Hamiltonian (1.1) reads

Hy =€ alaz—J > (alagi1+H.c)+AbTb+gVM (b +b)(af+ao) . (4.38)

We fix e = A =1 and J = 1/7 for all the numerical results. We see that the
effective coupling is gv/ M in terms of the b operator defined by (4.37). Besides,
it is crucial to observe that [193]

1 _
[b,b1] =1 — i Zaj 7; (4.39)
J

In the limit (3, O']J-FO';> /M < 1 (weak probe compared to the number of
qubits) the operator b (b') approximates an annihilation (creation) bosonic
operator. Therefore, a large number of qubits is expected to behave as a
harmonic oscillator.
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We are interested in the nonlinear optical properties of a collection of
qubits. The nonlinearities can be manifested in different observables. The
theoretical results in section 4.2.1 say nothing about the nonlinear regime. In
the following, we will compute some natural quantities as the reflection and
transmission probabilities or photon-photon correlation. We will evaluate how
nonlinear the response is as a function of the number of incoming photons and
qubits. Throughout the following sections the RWA is assumed.

4.2.4 N photons vs M qubits: Total reflection spectrum

The combination of energy and number conservation implies that the output
states for one-photon scattering through M qubits in the RWA are also given
by Eq. (4.30) (like in linear systems).

For linear systems, which follow Eq. (4.31), the N-photon S matrix is a
product of one-photon S matrices. Thus, if a qubit were a linear scatterer, IV
photons should be perfectly reflected at resonance (recall that there is perfect
reflection if wi, = A; see Fig. 3.4 and Eq. (3.16)). But a qubit is intrinsically
nonlinear, since it cannot totally reflect more than one photon at the same
time [101, 194]. Therefore, perfect reflection of N-photon (N > 1) input states
is not expected to occur with one qubit. If we want to overpass this saturation
effect, we may increase the number of qubits. In the limit N/M < 1, with N
photons and M the number of qubits, the linear regime should be recovered,
i.e. perfect reflection should happen (see Sect. 4.2.3).

Equipped with the MPS technique (see Sect. 2.3), we can study the linear-
nonlinear transition as a function of the ratio N/M. In doing so, we provide
quantitative meaning to the inequality N/M < 1.

The simulation of the scattering process follows four steps. First of all, we
initialize the system in the ground state, which reads

N
[60) = Ivac) ()10); (4.40)
j=1

that is, the photons are in the vacuum state and all the qubits are de-excited.
Since |¢o) is a product state, it can be trivially written as an MPS (see Sect.
2.3.6). Second, we generate the input state. It comprises the ground state
plus N incoming photons. We apply N creation operators written as MPO’s
(see Sect. 2.3.5) on the ground state, as explained in Sect. 2.3.6. Specifically,
we create Gaussian wave packets, centered at xg with spacial width o, moving
towards the qubit with average momentum kj, (and corresponding frequency
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Figure 4.4: Nonlinearities in the reflection probability. We fix the parameters
toe=1,J =1/m and A = € = 1. The input state, Eq. (4.41), has incident
momentum ki, = /2 and width in position space ¢ = 2. a) R for M = 1 and
N =1 -5 (black circles, green squares, blue diamonds, red triangles and orange
inverted triangles, respectively); b) The same as in a) but with M = 4; ¢) Rpax for
gV M = 0.15, with M = 1 — 5 qubits (black squares/solid line, green circles/dashed
line, blue diamonds/dotted line and red triangles/dotted-dashed line, respectively).
In the inset we show the maximum of the reflection factor R,,.x as a function of N
for M =1, with g = 0.15 (black squares) and g = 0.30 (purple inverted triangles).

win)a

| (tn)) = (al)™ [vac) = Z exat)” 60, (4.41)

with ¢, o exp[—(z — 20)?/20? + ikin]. After that, we consider the time evo-
lution, explained in Sect. 2.3.4. Once we know |U(¢)), we analyze the state,

especially in the long-time limit, computing mean values, correlations, etc. (see
Sect. 2.3.2).
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Examples of useful quantities to characterize the scattering processes are

(i) the average local number of photons (n,(t)) = (¥(t)] aba, |W(t)), (i) its
equivalent in Fourier space (ng(t)), and (iii) the N-photon wave function
fran = (@0laz, .. agzy|¥(t)). We can get information on the scattering
amplitude, for instance by computing the N-photon reflection factor for M

qubits as Rx = (n_g(tout)) / (nk(tin))-

We compute Ry from N = 1 to N = 5 input photons, with an incoming
momentum centered at the resonant value ki, = 7/2 (wy, = A). This aver-
age momentum is chosen because it gives perfect one-photon reflection. The
scatterer is composed by M collocated qubits. We plot the reflection spectrum
in Figs. 4.4(a) and (b) respectively. The spectral width scales with the one-
photon effective coupling gv/M (4.38), which is maintained constant in the
calculations. As seen, the maximum reflection, which is Ryax = 1 for N =1
(see Fig. 3.4 and [99, 100, 102]), decreases as soon as N > 1. The effect is
better observed in the one-qubit case, see Fig. 4.4(a). As argued before, by
increasing the number of qubits we recover full reflection Ryax >~ 1. The de-
pendence for Ry as a function of N/M is better represented in panel 4.4(c).
The maximum of Ry, decreases much faster with N for M = 1 than for M > 1.
For M = 4, Ry ax hardly gets modified as a function of the number of photons
in the considered range of N. Following [127] and [195], there is virtually total
reflection for N = 2 and M = 2 if the photon energies individually match
with those of the qubits. We see a slight deviation of this result because we
are taking a nonmonochromatic input state and the component of the incident
wave function for ki, ke # ki, is nonnegligible. Notice that Ry.x does not
only depend on N and M, but also on the coupling, see the inset in 4.4(c).
Therefore, the nonlinear characteristics do not only depend on the material
(qubits) but on their coupling to the field too.

4.2.5 Two photons vs M qubits:
Spatial photon-photon correlations in reflection

In this section, we compute the photon-photon correlations created by the scat-
tering process for two-photon input states as a function of the number of qubits
M. For further comparison and understanding, we begin by discussing the lin-
ear case, where the scatterer is a harmonic oscillator, Hye = Ab'b, placed at
T = xg.. We have already discussed in this section that the scattering does not
generate correlations if the scatterer is linear (see Theorem 2). The two-photon
wave function factorizes: |pfou [* = [@fewt|?|pfow|? (up to symmetrization if
needed) and, in particular, the two photons must be bunched both in reflec-
tion and transmission: |¢ /| = [¢fevt|*. In the nonlinear case, however, the

reflected field by one qubit is totally antibunched [101, 194, 196], |¢$,°£t|2 =0
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for x < xg. Thus, antibunching can be used as a witness for nonlinearities.
With these antecedents, we provide below answers to the following questions.
How does this depend on the number of qubits? Is it possible to interpolate
between the highly nonlinear case of one qubit and the linear case of a har-
monic oscillator by adding qubits? If so, how many qubits are necessary to see
linear behavior? As many as for the reflection factor, more, or less?

In Fig. 4.5(d), we plot the reflected part of |¢f, [* as a function of 21—z,
fixing (x1+x2)/2 such that the reflection component is maximum. The effective
coupling gv/M is kept constant for all the values of the number of qubits M and
equals the coupling g for the case of the harmonic oscillator. We remind that
|¢§E°1“’gg2]2 is proportional to the probability of having both photons separated
by a distance |x; — x2|. Therefore, ]qﬁiol‘jgc ) |2 is the probability of seeing both
photons at the same point. For M = 1, the numerical results (Fig. 4.5(d))
show |@lout|? ~ 0, recovering the well-known photon antibunching in reflection
(see [101, 194, 196] and Fig. 4.2). This effect is due to the fact that the qubit
is saturated when a photon impinges on it, so it is not able to absorb a second
photon; in consequence, the qubit cannot reflect both photons at the same
time and the probability of seeing two photons in reflection at the same point
vanishes. Surprisingly, photon antibunching and thus nonlinearity can still be
resolved by increasing M, even for M = 20 . The full contour for ¢y, ., |* is
shown in 4.5(a), (b), and (c) for one and two qubits and one harmonic oscillator
respectively. Apart from the antibunched characteristics in the reflected signal,
we can also appreciate that one qubit cannot reflect as much as two qubits,
as we discussed in Sect. 4.2.4 (see Fig. 4.4). The transmitted photons are
always bunched. The components around (z1 + x2)/2 ~ 0 and |z — z2| =~ 200

correspond to one photon being transmitted and the other reflected.

Once the physics has been discussed, let us finish with a brief note on
how to solve the two-photon scattering against M qubits placed at the same
point and within the RWA. We start by reminding that the RWA implies the
conservation of the number of excitations. Therefore, in the two-excitation
manifold and regarding the qubits, it suffices to consider the following states:
{10y, |1) = b|0), |2) = M} (see Eq. (4.37)). In consequence, if N = 2,

2(1—1/M)
the M qubits can be formally replaced by a three-level system with states given
2
as above. As expected (see Sect. 4.2.3), in the limit M — oo, [2) = (I;T)%’ as

in the harmonic oscillator case.

"We note here that for the particular set of values N = 2 and M = 2 that, if w; = A;
and wy = A, photons are bunched [127, 195] as it would be linear scattering. However, our
initial wave packet is not monochromatic
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Figure 4.5: Nonlinearities in the two-photon wave function. |¢$1°:*z°2|2 for
gvV'M = 0.10, with a) M = 1, b) M = 2 qubits and c¢) a harmonic oscillator. | tom 2
is normalized in each panel such that its maximum is set to 1. In the contours, i) cor-
responds to the transmitted-transmitted component, ii) to the transmitted-reflected
one, and, finally iii) to the reflected-reflected part. d) [¢fow, |* fixing (z1 + 22)/2 for
gV M = 0.10, with M = 1,2, 3, 10, 20 qubits (solid, from bottom to top) and harmonic
oscillator (dashed). Here, we normalize such that [¢fou |[* = 1 for the harmonic os-
cillator. The parameters €, J, and A are those of Fig. 4.4. The average incident
momentum is kj, = /2 and the width in position space is o = 20.



Chapter 5

Nonlinear Photonics
at Minimum Power

Nothing in life is to be feared, it is only to be understood. Now is the time to

understand more, so that we may fear less.

Maria Salomea Sktodowska-Curie, as quoted in [197].

Typically, materials respond linearly to the electromagnetic (EM) field. In-
tense fields are usually demanded for accessing the nonlinear response [98, 198|.
Therefore, a long standing challenge in science and technology is to develop
devices containing giant nonlinear properties at small powers. The final goal
is to shrink the required power into the few-photon limit [82-84]. In doing so,
the material dipoles must interact more strongly with the driving photons than
with the environment, which defines the strong light-matter coupling regime.
Thus, quantum optical systems presenting strong light-matter interaction are
excellent candidates for building nonlinear optical materials operating at tiny
powers.

An ideal platform for having strong light-dipole coupling together with the
possibility of generating and measuring few-photon currents is waveguide QED.
As there are only two propagation directions (left and right), interference effects
are much larger than in higher-dimensional systems. Besides, the coupling
to the few-level systems is enhanced by the reduced dimensionality (Purcell
effect). As mentioned in the introduction, several platforms can serve for the
study (see Chapter 1). With this kind of systems, different nonlinear effects
may be observed and used, such as photon-photon correlations [101, 122, 127,
128, 175, 194-196, 199-211], nonclassical light generation [212], lasing [213],
optical transistors [214-216], quantum routers [217-219|, or efficient photo-
detectors [220, 221].
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Given the light-matter coupling g (see Eq. (1.5)), we can define a decay
rate in a spontaneous-decay situation y oc g?/v, where v is the group velocity
(see for instance Eq. (2.19) and the subsequent text). We can also define
decay rates into lossy modes 7/, such as nonguided photons, phonons, etc.
These magnitudes allow us to define different coupling regimes: (i) if v < 7/,
we are in the weak coupling regime; (ii) if 4 > 4/ but + is much smaller than
the typical energy scales of the system (level splitting of the scatterers, etc.),
we are in the strong-coupling regime, but the rotating-wave approximation is
still valid (see Sect. 1.1); and (iii) when 7 is much larger than both 4/ and the
energy scales of the systems, which is the so-called ultrastrong coupling (see
Sect. 3.2). Novel physical effects have been predicted in this regime [111-117].
For instance, it has a great potential for nonlinear applications.

In this chapter, we solve several scattering problems in waveguide QED
with nonlinear behavior.

5.1 One-photon scattering from one qubit in ultra-
strong coupling regime

From the theoretical viewpoint, the scattering of multiphoton wave packets in
waveguide QED is a complex problem even within the RWA [96, 101, 103, 127,
128, 207, 222|, but the one-photon scattering is trivial [99, 100, 102], as seen
in Sect. 3.1. However, beyond the RWA, computing the scattering of even one
flying photon is difficult, as subspaces with different photon numbers mix in
the dynamics. This converts the problem into a many-body one for which only
partial solutions exist for models that consider linear (unbounded) dispersion
relations and, typically, either in the perturbative regime (g/w < 0.2) or in the
localization phase, (g/w > 1).

In this section, we solve numerically the scattering of a flying photon from
a two-level system in the ultrastrong-coupling regime. This was published in
[118].

5.1.1 Model and simulation

We model the photonic medium as an array of coupled cavities, described by
(1.2). We take the full dipole-field interaction Hamiltonian, see (1.6). A scheme
of the system is shown in Sect. 3.1, Fig. 3.1(a). For the sake of clarity, we
rewrite here the Hamiltonian

H= eZaLam - JZ(aLamH +He)+Acto™ +glot+07 ) (ao+al). (5.1)
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We choose the same parameters as in Sect. 3.2: ¢/A =1, and J/A = 1/m.
Notice that the level splitting of the qubit is in the middle of the band: A = ¢,
where the curvature of the dispersion relation minimizes. Actually, in the low-
coupling limit, when the linear approximation for wy is justified, wi—g = 0,
which makes this choice of parameters ideal for simulating scattering in free
space. Anyway, this is not the goal of this section and the results we find here
do not qualitatively change if we modify these parameters. From now on, we
will express the energies in units of A. Notice that the number of particles is
not conserved, so not even the ground state is trivial (Sect. 3.2). We solve
(5.1) numerically using the MPS technique.

The simulation of the scattering process follows four steps: (i) we compute
the ground state and other bound states by means of imaginary-time evolution
(see Sect. 2.3.4), as described in Sect. 3.2 (see Figs. 3.5 and 3.6); (ii) we
generate the input state, which comprises the ground state plus one incoming
photon; (iii) we apply a creation operator written as an MPO (see Sect. 2.3.5)
on the ground state, as explained in Sect. 2.3.6; in particular, we create a one-
photon Gaussian wave packet, centered at xy with spacial width ¢, moving
towards the qubit with average momentum kj, (and corresponding frequency
win)a

T(0) =allof) =D eaalléf), (5.2)

with ¢, oc exp[—(z — 20)?/202 + ikiy] and | ) the ground state of the model
(see Sect. 3.2); and finally (iv) we compute the time evolution, as explained
in Sect. 2.3.4. Once we know |¥(t)), we analyze the state, especially in the
long-time limit, computing mean values, correlations, etc. (see Sect. 2.3.2).
Examples of useful quantities to characterize the scattering are (i) the average
local number of photons (n(t)) = (U(t)|atay |¥(t)), (ii) its equivalent in
Fourier space (ng(t)), (iii) the qubit population P(t) = (¥(t)|cTo~|¥(t)), (iv)
and the one-photon dynamics on top of the ground state ¢, (t) = (¢d |az|¥(2)).
From the spatial Fourier transform of the latter we can extract the transmission

free

amplitude as ¢, = @(tr)/@p(tr), where #; is a time long enough so that the
scattering process has concluded, and gpfkree is the photon amplitude when the
qubit and the incoming photon do not interact. These quantities suffice for
analyzing scattering amplitudes since, in all considered cases, the computed

amplitude for generation of more than one propagating photon is negligible.

Figure 5.1 shows both (ng(t)) and (ng(t)) for two representative cases,
corresponding to different values of the incident momentum k;,, and g = 0.7.
For this value of g, at which the RWA is not valid, the GS comprises a photon
cloud around the qubit, as seen in both (n,(t = 0)) (at = ~ 0) and (ng(t = 0))
(which presents a finite value around k£ = 0). As time evolves, we observe the
typical scattering evolution. After a time span of free propagation (¢t < 100), an
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Figure 5.1: Time evolution. Evolution of (n,) (upper panels) and (nj) (lower
panels) for w;, = 0.70 (left panels) and w;, = 0.85 (right panels). In both cases, at
t = 0 an initial wave packet is set centered at xyp = —80 and the coupling is g = 0.7.
For w;, = 0.70 the scattering is elastic, while for w;, = 0.85 there is an inelastic
scattering channeling too.

interaction period starts where both reflected and transmitted photon beams
develop. Finally, at larger times (¢ 2 300), the scattered photon propagates
freely.

5.1.2 Elastic spectrum

There are always reflected and transmitted elastic beams, which has the same
energy as the incident one. Remarkably, as shown in the Fig. 5.1(b,d), for some
parameters, there are also inelastic (Raman) processes where both reflected and
transmitted wave packets propagate with a different frequency to the incident
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Figure 5.2: Transmission as a function of both incident photon frequency
win and g. (a) Transmittance within the RWA () Elastic Transmittance in the full
model. The black line marks the estimated frequency for the Fano resonance while
the white line gives the estimated spectral position for the transmittance minimum
(see text).

one and thus a different speed, since the dispersion relation wy is nonlinear.
Notice also that, in this case, after the scattering event the photon cloud around
the qubit has changed, being now broader in real space (thus narrower in
momentum space).

We analyze first the elastic spectrum and discuss the inelastic one in the
following subsection. Fig. 5.2 renders the transmission into the elastic channel,
as a function of both wy, and g. The top panel is obtained within the RWA,
while the lower panel is computed using the full Hamiltonian.
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For sufficiently small g (¢ < 0.3), the elastic transmission spectra is, both
within the RWA and for the full model, characterized by a deep transmission
minimum, with a spectral width that increases with g. The main difference
is that, while within the RWA the minimum always occurs at wi, = A (see
Fig. 3.4), in the full model the transmission minimum blueshifts with g. This
is the so-called Bloch-Siegert effect, already observed in a circuit-QED system
formed by a qubit and a resonator [106]. Our shift is also reminiscent of the
frequency renormalization in the spin-boson model [115, 223|, which is a con-
tinuum model without band edges. However, the renormalization group flow
predicts a redshift of the effective frequency of the qubit. Here, the waveguide
presents a natural cutoff at high energies, which prevents a direct application
of the renormalization group. Nevertheless, the counter-rotating terms can be
taken into account (see App. E), leading to an analytical condition for the
spectral position of the transmission minimum, which is rendered in 5.2(b)
(white line).

For larger g (g > 0.3), an asymmetric Fano-like resonance develops in the
elastic transmission spectra. This feature combines a deep minimum and a
strong transmission maximum, with a line width that increases monotonically
with ¢g. Fano resonances are the hallmark of long-lived states entering the
scattering dynamics. In this case, its origin can be traced back to the energy
w’ of a leaky bound state we found in the system, whose energy is plotted in
Fig. 5.3 (see Fig. 3.5). This state was not computed with MPS, but by means
of the exact diagonalization of a seven-cavity chain (see Sect. 2.4). As seen in
the inset of Fig. 5.3, contrarily to the truly bound states, the excitations of
this state do not decay to 0 that fast. Therefore, in the extended chain, this
state can couple to propagating ones, appearing in the scattering spectrum.
As seen in Fig. 5.2, the resonance energy of the Fano-like line matches with
the energy of this leaky state w’ (black like in Fig. 5.2). Under the RWA, the
leaky bound state becomes a real bound state with 3 excitations. Therefore,
this state is not accessible to the propagation of one photon in the RWA due
to the conservation of the number of particles. Counter-rotating terms mix the
one and three excitation sectors, opening the way to the appearance of this
novel long-lived transmission resonance.

Notice that for g 2 0.7 a new regime seems to appear where the trans-
mission is largely enhanced for a wide frequency range. This is reminiscent of
the decoupling between light and matter predicted when g 2 1 in cavity-QED
[117]. The terms responsible of that decoupling are proportional to (ag + ag)Q.
This term appears due to the fact that one must replace the linear momentum
of the electrons m.v by m.v + €A in the kinetic energy, where m, and e are
the electron mass and charge respectively, v its velocity, and A the magnetic

vector potential. However, we do not incorporate these terms to the Hamilto-
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Figure 5.3: Leaky bound state. Energy of the leaky bound state w’ (black curve),
together with the bound-state energies w’, wy , and wy™ (see Fig. 3.5). In the inset,
we plot the number of particles for g = 0.7. As seen, the profile for the leaky state
does not decay so quickly, because it is not a truly bound state.

nian because they are expected to play a role only for values of g larger than
those considered here. The analysis of the transmission spectra at such high
g values, in the so-called “deep ultrastrong regime”, is an interesting problem
that is, however, beyond the aim of this section.

5.1.3 Inelastic spectrum

As seen in Figs. 5.1(b) and (d), we also have inelastic scattering. This is a
nonlinear process in the sense of Eq. (4.29). Fig. 5.4 renders the transmitted
flux at frequencies different to the incoming one, as a function of wy,. The
Fourier analysis reveals that the frequency of the output flying photon wgyt is
linked to wj, through

WBL + Win = Wf_ + Wout, (53)

where w; is the energy of the state |¢]) (see Fig. 3.5 in Sect. 3.2). Therefore,
this inelastic process corresponds to a Raman scattering [97, 98] that leaves
the system in an excited bound state that, if counter-rotating terms were not
present, would fully reside in the sector Ney: = 2. Within the RWA this sector
is not accessible for one-photon propagating in the ground state, so this Raman
process is a genuine ultrastrong feature.
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Figure 5.4: Inelastic transmittance. Transmittance in the full model in the inelas-
tic channel as a function of both incident photon frequency w;, and g. The white line
is estimated boundary for the region where the photon frequency conversion occurs.
The inset presents, for ¢ = 0.8, the inelastic reflection spectra when the waveguide
is terminated at position Az = 20, showing that 100% efficient Raman process is
possible using one incoming photon.

The Raman process is not energetically possible for all the values of wjy,
since it has to fulfill Eq. (5.3). This is seen in Fig. 3.7. Taking into account
that wout necessarily belongs to the band defined on |¢7) (blue-shaded region;
see discussion in the last paragraph of Sect. 3.2), the input frequency wi, has
to be in the region where the bands on |¢d) and |¢]) overlap (purple-shaded
region). The minimum frequency at which the Raman process may occur is
minfweut] = wi — wg + € — 2J. The dependence with g of this quantity is
represented in figure 5.4 (white line), marking the boundary for existence the
inelastic transmission.

The computed inelastic transmittance never exceeds 0.25. This turns out to
be a fundamental upper bound: the maximization of the current in the inelastic
channel, P, subject to the conditions of current conservation (1—|r|?—|t|? =
Pie), and continuity of the photonic wave function (1 + r = t), readily gives
max|Ppe] = 0.5. As a point-like qubit cannot differentiate between left and
right, Pine is equally divided in both directions. This argument is analogous to
that leading to the maximum possible absorption by point-like scatterers [220)].
Full absorption can be achieved in that case if a mirror is placed in the waveg-
uide (the so called “one-port coherent perfect absorption” [224]). Exploiting
this analogy, we have considered the case where the waveguide is terminated
at the transmission side of the qubit. In this case, “one-port coherent perfect
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Raman scattering”, implying both photon frequency conversion and excitation
of the dressed qubit, is possible with unit probability at the one-photon level,
as shown in the inset of Fig. 5.4.

Both Fano and Raman processes described above are robust under moder-
ate dissipation. Using a solvable model, that mimics dissipation by coupling
the qubit to an auxiliary open waveguide, we have estimated that both pro-
cesses should be visible at, at least, the dissipation levels present in some actual
realizations in waveguide QED, such as superconducting circuits. Details on
both the estimation and the model used can be found in App. F.

It is interesting to analyze whether this Raman process may also occur in
other systems. There are other proposals in waveguide QED giving Raman or
inelastic scattering [225, 226|, but all of them require more complex systems.
Under the RWA, a two-level atom has an inelastic scattering channel, but
this process requires from two input photons [103, 158|. Besides, by virtue of
Theorem 1 in Sect. 4.2.1, inelastic scattering is impossible if the scatterer is a
linear system, such as a harmonic oscillator. Therefore, the system analyzed
in this section represents the minimal setup for observing inelastic scattering
with a single photon.

5.1.4 Qubit dynamics

We saw in Sect. 3.3 that the bound states influence the spontaneous-decay
dynamics of a qubit in the RWA. Here we see that the qubit dynamics is
influenced by the bound states in the ultrastrong regime under single-photon
scattering. Figure 5.5 shows the time evolution of AP(t) = P(t) — P, where
P(t) is the evolution of the population of the two-level system and P;" this
population in the ground state of the model |¢6r> We send an incoming photon
with a representative value of the input energy w;, = 0.9 (see Figs. 5.2 and
5.4) for several values of the coupling g. For g < 0.3, the qubit dynamics
is governed by the passing wave packet and the exponential de-excitation of
the qubit. For 0.3 < g < 0.55, AP shows a slow decay characterized by
multiexponential relaxations, associated to the resonant excitation of both the
leaky bound state related to the Fano resonance. For higher g (g = 0.55), the
Raman excitation is possible and AP is finite at long times.

A final comment is in order. Using energy and parity conservation, another
scattering event would be possible: three outgoing photons with energies wout,1,
Wout,2, and wout 3, leaving the system in the ground state again, provided the
energies fulfill

Win = Wout,1 + Wout,2 + Wout,3- (54>

However, numerical evidence says this process does not occur. There are two
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Figure 5.5: Qubit dynamics. Time evolution for the population of the qubit excited
state, with respect to that in the ground state, for w;, = 0.9 and several values of the
photon-qubit coupling g. The wave packet width is o = 20, for which |ow;,/4J] ~
0.04 < 1. While for g = 0.3 (solid) the dynamics corresponds to a fast decay back to
the ground state, multirelaxation long-lived process occur for g = 0.4 (dashed) and
0.45 (dotted). At g = 0.55 (dashed-dotted) Raman scattering is energetically possible
and the qubit ends up in an excited stationary state.

options: (i) the process does happen, but the probability is too low due to
the fact that this would involve the simultaneous interaction between several
excitations or (ii) the process does not occur due to some hidden symmetry
that suppresses this scattering channel. We have not been able to find out
which one is the correct answer. In any case, this process is not relevant.

5.2 Photon generation

An optical process that may strongly benefit from an enhanced light-matter
interaction is photon downconversion, where a light beam of a given frequency
is split into two beams whose frequencies add up to the original one. Down-
conversion is routinely used for the generation of entangled photons and of
light at convenient frequencies. This is already done in atomic and molecular
systems and it could also be useful for energy harvesting, by using photons
of high energy to excite more suitable transitions in a photovoltaic material.
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Photon down and upconversion (the inverse process) are currently realized
in bulk optics with the help of nonlinear noncentrosymmetric materials [98].
However, only a small part of the incident power is converted into a correlated
two-photon output field [227-229]; due to the smallness of the fine structure
constant, the typical performance of this process in crystals such as BBOs is
very small, with only about one in every 10'? photons being downconverted
[98].

In a few-photon-waveguide-QED context, downconversion consists in two-
photon generation from one and only one incident photon. In the following,
we propose a cyclic three-level system (C3LS) as a two-photon generator from
one and only one photon. These results were published in [191].

The mechanism is rather simple. A photon impinges on a cyclic three-level
system (C3LS) and resonantly populates the level |2), as schematically repre-
sented in Fig. 5.6(a). Additionally to the direct relaxation of |2) to the ground
state, the cascade |2) — |1) — |0) allows the relaxation to be accompanied
by the emission of two photons [198]. This mechanism was proposed for chi-
ral waveguides [230]. Here we generalize the results for nonchiral waveguides,
compare numerical and analytical calculations, include losses, analyze the en-
tanglement of the output field, and suggest a possible experimental realization.

5.2.1 Model and implementation

We consider a cyclic three-level quantum system (C3LS) strongly coupled to a
one-dimensional waveguide where photons can travel freely. We neglect ther-
mal fluctuations and losses in the waveguide and, for the moment, in the C3LS.
The Hamiltonian of the scatterer is

2
He =3 A519) Gl (5.5)
j=0

We will tackle the problem with the master-equation approach and by using
MPS. For now, we focus on the former. As this method is based on the input-
output formalism (see Sect. 2.2), we split the bosonic operators into right and
left modes, ay ; and a_ j, respectively. The interaction term reads

H.. =G / dk g(k)(arp +a_x) + He., (5.6)

where G us a generalized ladder operator that induces transitions in the C3LS

2
G = Gyli) il (57)

i.j=0
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7

Figure 5.6: Downconversion setup. (a) A single incoming photon interacts with a
three-level system. Part of it is elastically transmitted/reflected (Asgg, blue) and
part is downconverted into a pair of photons with frequencies Ag; and Ajg (orange
and red). (b) Placing a mirror right after the scatterer at a suitable distance d,
downconversion can become deterministic: all reflected photons have downconverted
frequencies.

Here, G;; is the coupling strength of the transition |i) <> |j). For our pur-
pose, we need Gig, Gag, and Go; different from 0 (see Fig. 5.6(a)). g(k) is
the momentum-dependent coupling. As we will see, the analytical results do
not depend on the functional form of g(k), but in the values it takes at the
resonance energies Ay, A, and Ay — A;. Therefore, we do not consider a
model in particular in the analytical computations. We will specify the model
in the numerical computations in Sect. 5.2.2.

An important point is that a C3LS cannot be realized in systems that (i)
are so small compared to the waveguide that the dipolar interaction dominates
(like atoms) or (ii) whose quantum states are labeled by a spatial parity tag.
The reason is that in those cases at least two of the three states in the C3LS
must have the same parity, but the dipole interaction only couples states with
different parity. However, effective C3LSs may appear in extended quantum
systems, where couplings beyond the dipolar term must be considered. Imple-
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a) b)

Figure 5.7: (a) A transmon can be both inductively and capacitively coupled to an
LC resonator. Coupling strength can be increased by either increasing the SQUID
area or (b) by sharing a conductor segment, in the spirit of Ref. [212] and similar
proposals.

mentations of C3LS are some asymmetric molecules [231] and flux qubits made
of superconducting circuits [227, 228]. Nevertheless, this last system leads to
three quite dissimilar excitation energies. In order to obtain two downconverted
photons of similar (and possibly equal) frequencies, we consider an alternative
design for an effective C3LS in the microwave range using a transmon (a charge
superconducting qubit shunted by a big capacitor).

Typically, inductive coupling between the transmon and the transmission
line is negligible. The reason is that the transmon design is basically that of a
one-dimensional electric dipole, without support for currents. In addition, the
SQUID that controls the transmon frequency is usually small and shielded away
from any coupling with the transmission line. Inductive couplings between
transmons have been however demonstrated 232, 233]. We make use of similar
ideas to envision a different coupling architecture that allows us to break the
parity symmetry in the transmon setup.

Our starting point is a setup such as the one in Fig. 5.7(a), where the
transmon SQUID is no longer screened and the superconducting island couples
both capacitively and inductively to the resonator. The circuit Lagrangian
(with inductive and capacitive coupling) is

L= / do (Bl 1)) — %(am(x,t))? (5.8)
+ 2éz(q — Q)2 — Ejcos(2n®/®g) cos ¢ .

The first line accounts for the transmission line Lagrangian while the transmon
and its coupling is written in the second line. Here, ¢(x,t) is the (quantum)
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flux field, that in the interaction picture reads,

_JE [T —iw(t-a/v)
¢(x,t) = Ir J, dw 7 (a_,_,we (5.9)
+a_ we—iw(t—i-z/v) + H.C.) 7

)

with v being the velocity of the field and Zy = \/1/7 being the line impedance,
where ¢ (1) is the capacitance (inductance) per unit length. The superconduct-
ing Josephson energy is F; and Cy is the capacitance. Charge and phase are
quantized via [e'%, q] = 2e e?¥. The transmon is driven and coupled to the line
via the charge Q and the flux ® (®¢ = h/2e is the flux quantum):

Q = 2e Ng + Cat(ﬁ(x7 t) (510)

i)
® = X\0,0(x,t) + 2—;’%“ . (5.11)

We have introduced the coupling factor A that accounts for the effective field
induced by the transmon’s SQUID after taking into account the screening.
Inserting the latter in (5.8) and expanding the cosine up to first order in the
quantum fluctuations d,¢ around 9,¢ = 0, we get the coupling Hamiltonian,

c T .
Heoupling = O q0:d — )\d?OEJ Sin(@ext) cos(p) Oz . (5.12)

We still need to show that (5.12) provides the cyclic-coupling structure.
We numerically diagonalize Hiyansmon = ﬁqz — Ejcosy in the charge basis,

retaining the first three levels Hiransmon = 232':0 Q;]7)(j|. In the basis of these
three eigenstates, we can compute the different coupling constants G;; in Hing
(see Eq. (5.6)). In Figure 5.8 we plot the contributions due to the charge
operator ¢ in (5.12). As already explained in the literature, (i|g|i + 1) # 0
but (0|¢|2) = 0 [234]. A nonzero Gap value is obtained through the inductive
coupling. Fig. 5.8 also renders the dependence of (0| cos(y)[2) # 0 on Ec/E;
(notice that (i| cos(p)|i + 1) = 0 since cos(¢p) is an even operator and |i) and
|i+1) have opposed parity). Therefore, by combining inductive and capacitive
(electric and magnetic) coupling the transmon has a cyclic structure. Through-
out the main text we set E¢/FEy = 1/20, which is a typical experimental value
for transmons. This ratio, together with the density of states of the line, fixes
the ratio Fg%)/I‘(Q(i), with Fg?) = 27rgz(Aij)G?j,
tum levels induced by coupling to the waveguide photons, and A;; = A; — A;.
Standard experimental values of the rates are of the order of 1073A1q. Finally,
we fix A and Cy, such that the two-photon generation is optimal (see below).

being the rates between quan-
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Figure 5.8: Nonzero charge (i|q|j) and flux (i| cos ¢|j) matrix elements contributing
to the coupling operator G (see Eq. (5.12)). The vertical line marks the parameters
chosen in our simulations with E«/E; = 1/20.

5.2.2 Numerical results

We numerically compute the time evolution of a one-photon wave packet by
means of MPS (see Sect. 2.3), as we did in Sect. 5.1. We use the discrete
photonic Hamiltonian (1.2), but the results do not depend on the model, as
stated in Sect. 5.2.1. Our simulations assume that the incident photon was
generated via spontaneous emission in an auxiliary qubit. This photon has an
exponentially decaying profile in real space (see App. G.4). We emphasize that
the physical mechanisms and the consequences of this section are given in terms
of the different spontaneous emitted rates, both radiative and nonradiative, of
the scatterer.

In Fig. 5.9 we plot the spectrum for the one-photon transmittance and
reflectance when the input frequency is w

HD @) = Jim [(Golaswe™ W) /(dolas o) 2, (5.13)
@) = lim [{Golawe (W) [(dolas o B) P, (5.14)

and the probability of emitting two photons P(?) (w). The latter is given by

. 2
P(Q)( ) li ZS,SIZi Z({dlwg <¢0‘a57w1 a3/7w267ZHt|‘Ilin>
w) = 1m

5.15
. 2 (Golis [T P (5.15)
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Figure 5.9: Scattering coefficients in a cyclic three-level system, as a function of the
incident frequency w. One-photon transmission (panel (a)), reflectance (panel(b)) and
probability of two-photon generation P®)(w) (panel(c)). We show both analytical
(solid lines) and numerical results obtained with MPS (dotted lines). The parameters
are Ajg = 0.53, Ago = 1, T\W = 1073, IV = 1.4 x 1073 and T = 2.2 x 1073, We

remind that FE?) = 2mg*(Aij)G3;.
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. !/
The summation ) .

they fulfill energy conservation: w; +ws = w. The first transmission dip occurs

is performed over the values of w; and wy such that

when the photon energy is centered around w = Ajg. In this spectral region
the |0) — |1) transition is the only one available. Thus, the C3LS behaves
as an effective two-level system and the photon is fully reflected at resonance
(see Fig. 3.4). Consequently, P(®)(w) = 0 in this frequency range (see Fig.
5.9(c)). In the second transmission dip, located at w = Agp, the transmittance
presents a finite minimum value, that is close to 0.5. Figures 5.9(b) and (c)
show a remarkable 50% downconversion efficiency of the incoming photon into
just two (and only two) outgoing photons, with only a very small amount of
light reflected.

For the shake of completeness and to emphasize the fact that we have
access to the time domain too, we plot the 3CLS level population in Fig.
5.10(a). We see that the second excited state gets populated first, since our
incident photon is resonant with the transition |0) <> |2). After the transient
period, both levels decay to the ground state. We also plot the particles in
energy space, (n£u+)> = (a17wa+7w> and <n£f)> = <aT_’wa_7w), right- and left-
moving respectively, in Figs. 5.10 (b) and (c). In doing so, we can visualize
the two-photon generation in time domain. At the beginning, the photon
spectral population presents a single peak around the incident energy of the
right-moving photons. After the interaction has occurred, a peak has appeared
in the population of left-moving photons at Asyg, corresponding to the single-
photon reflection (see Fig. 5.10 (c)). In addition, two peaks emerge after the
scattering for both forward and backward traveling photons centered at Asy
and Ajg, associated to the generation of the two-photon state.

In order to characterize the two-photon wave function emerging from the
downconversion process we compute the two-point wave function, both in

position space 223:2 = (Po|az, azy|V(tout)), and in energy space for right-
moving photons ¢, = (Qay w04 wy|¥(tout)). As shown in Fig. 5.11,

both photons are emitted spatially in a symmetric way with respect to the

position of the scatterer (x = 0). In energy space, ~$11L2 is centered around

(w1,w2) = (A1p,A21) and (Ag1,Ajg) (white dotted lines), as expected from

emission from a doubly resonant process. However, and similarly to the phe-

Jout
wWiw2

curve wi + wy = w (white solid line in Fig. 5.11(b)).

nomena of resonance fluorescence, is nonzero all along the isoenergetic

The emitted photons are entangled. The corresponding von Neumann
entropy Syn can be computed after normalizing the two-photon wave func-
tion, such that > | out |* = 1, and finding its Schmidt decomposition,

o = Y om AmPay mXaz,m, being {An,} the singular values. Then Syy =

=3, A2, In(A2)) [235]. In the case shown in Fig. 5.11 we get Syn = 1.44.
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Figure 5.10: a) Population of the first (blue solid line) and second (red dashed line)
excited states as a function of time. Photon occupation in energy space for b) right-

moving, <n8r )>, and c) left-moving photons, <n8)>7 respectively, as a function of time.
The energies are those of Fig. 5.2. Just for improve the visibility of the figure, we
take larger values for the decay rates: Fg%) = 0.021, Fg%) = 0.028 and ng) = 0.043.

For a better understanding, we plot the contribution of each mode to Syy in
Fig. 5.12(a). The entropy is dominated by the first two singular values, but
the contribution from the other Schmidt modes is nonnegligible. In order to
quantify how the entropy is recovered from a given number of singular values,
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-100 O 100
X1

Figure 5.11: Square modulus of the two-photon wave function both in a) position,

|2t 12 and b) energy space, |¢21t |2

s oty |2 The positions 2, and x are in units of v/I'y,

with v the group velocity of the waveguide. The isoenergetic line, wy + wo = w, is
shown in the bottom panel (white line). We normalize both wave functions such that

max (|9 |?) = Inax(|¢~>g‘iz,2 |?) = 1. The parameters are those of Fig. 5.10.

we define the entanglement entropy of the first m Schmidt modes
m
SvNm == A In(A2), (5.16)
n=1

and show Syn ,»/Svn in the inset of Fig. 5.12.

Another measure of how the wave function can be represented by a fixed
number of modes is the fidelity, i.e. the overlap between the actual two-photon
state, |Uo) = 1/1/2 PR glffma;lah\gb and the state reconstructed with m
modes:

1
[Wom) = 7 Y oral,al,10), (5.17)

1,22

being ¢o. %2 the two-photon wave function reconstructed with the first m
Schmidt modes, ¢oysn = Yoy AnPay mXaon- In Fig. 5.12(a) (inset) we check
that the overlap qualitatively behaves as Svn m.

Lastly, we can visualize how the two-photon wave function is reconstructed
by adding modes. In Figs. 5.12(b), (c), and (d) we plot |¢orn|? for m = 1,
2 and 3 respectively, whereas we plot |~5’Jf‘fw2| in panel (e). The white lines,
as in Fig. 5.11, mark the isoenergertic condition. While the wave-function
reconstruction with m = 1 does not reproduce the bimodal aspect of the state,

already with m = 2 the double-peaked structure is well defined.
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We have not discussed how to optimize the two-photon entanglement. Since
the two-photon wave packet is created in the 2 — 1 — 0 transition we can
benefit from the studies on the spontaneous emission in cascaded systems and
argue, as explained in [236], that maximally entangled states are expected in
the regime I'9;/T'1p — 0. In our model, this ratio is fixed by the relation
Ec/E;. However, another type of 3CLS or further engineering in the trans-
mon, can tune this ratio and provide a way of generating different amounts of

entanglement.
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’ 0.4
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E 0.2F 0.2|® : 0.8
‘:'<S [ R TS Ty . 0.6
v 0.1F m 0.4
. im a ) 0.2
O-I 1 1 1 1 1 1 I.Ill.l.l.l.l.l-l.llF-- ’ ‘
5 10 15 20 04 05 06 04 05 0.6
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Figure 5.12: a) Contribution of each Schmidt mode to Syx, —A2, In(A2,) as a function
of m. In the inset, we plot the entropy of |¥s ) over the whole entropy, Syn m/Svn
(red circles) and the overlap between |Us) and |¥s,,) (blue triangles) as a function
of m. |q33‘itwn2‘|2 for b) m =1, ¢) m = 2,d) m = 3 and e) m = L which is the exact
result, cf. Fig. 5.11b) L is the number of modes, which matches with the number of
points in the discretized waveguide; see Appendix 2.3). The parameters are those of
Fig. 5.10.

5.2.3 Analytical calculations

The system considered is not analytically solvable. However, under fair as-
sumptions we are able to provide rather general expressions for the downcon-
version efficiency. First, we remind that we have numerically tested that no
more than two photons are generated in the dynamics. Therefore, the two-
photon generation probability can be computed by energy conservation as

PP (w) =1~ (VW) — rD ()] ~ Aw). (5.18)

Here, t()(w) and r(M)(w) are the one-photon transmittance and reflection re-
spectively. The last term is the energy “absorbed” by the lossy channels, A(w).
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Besides, the 3CLS is assumed punctual. Thus the photonic wave function is
continuous in the scatterer position, implying (M (w) = t(M(w) — 1 [237].

In the following, we find the scattering coefficients ¢t (w), M) (w), and
A(w) by means of the master-equation approach introduced in Sect. 2.2. We
first rewrite the master equation (2.75) introducing the Hamiltonian of the
scatterer (5.5)

2
d . Ny .
==l A513) (il o) — i aglw)2 cos(wt)[G(2), o
=0
1
+ 2 Z Fij (Liij;»Lj - §{L;[jLij,p}>
Ai;>0

1
+DpD — 3{D? p}, (5.19)

where g(w) appears in Eq. (5.6) and G, now expressed in the Heisenberg
picture, is introduced in Eq. (5.7). Let us recall the meaning of each term.
The first one is the Von Neumann Equation; it would give the evolution of
the C3LS if it were isolated. The second, stands for a classical driving. The
second line contains the Lindblad terms describing both the hopping to the
line and dissipative channels. There, L;; = |j)(i| causes the transition between
the states |i) and |j) with a rate I';;. Additionally to the transition rates
induced by coupling to the waveguide photons, this formulation allows us to
consider the transitions 7;; induced by coupling to other baths (as phonons
or other components of the EM field). In this case, the total transition rate
is I';; = FZ(-?) + 7i;. The third line represents a Lindblad term that takes into
account pure dephasing, with D being diagonal matrices in the basis of the
scatterer. The dephasing rates, which are quantified by the diagonal elements
of D, simply modify the nonradiative losses 7;; in the calculation for t(l)(w).

Following the steps shown in Sect. 2.2, and reproduced for this system in
App. G.1, we get the expression for the transmission

T
tW(w) =1 — 10 5 (5.20)
(w — Qlo) + Z(Alo + FlO)
TS

(w—Agg) + (T2 + oo + ng).

with I’ f; = %(Dii—Djj)Q being the dephasing rates for the p;; elements. Finally,
the energy that leaves the waveguide can be approximated by (see also App.
G.2),

Aw) ~ 2790 [r (w)|? /T, (5.21)
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where this equation is valid around the transition |2) — |0), w ~ Agy. The
validity of this analytical formalism is shown in Fig. 5.9, where the different
scattering coefficients computed with this approximation are compared to the
numerical results for the “lossless” case v;; = 0.

Some final comments are in order. In the presented theory, the main ap-
proximation is to assume that the 3CLS-line coupling strength is sufficiently
small. This allows the use of the master equation (5.19) for computing the
scatterer dynamics. This is a good assumption in (almost) every experiment
so far. Apart from this approximation the theory is rather general, indepen-
dent of the actual values for dephasing, nonradiative losses or spectral function
for the waveguide.

Equation (5.18) can be used to search the optimal parameters for downcon-
version. The first observation is that losses are detrimental, always reducing
P®)(w). Even in absence of losses (7y;; = 0), the two-photon generation can
be considered as a loss mechanism for the one-photon channel, which implies
that the fraction of energy downconverted is at most max P (w) = 3 (oc-
curring when r(w) = —%) This is equivalent to the effect we already seen in
the inelastic channel for one photon impinging into a qubit in the ultrastrong
coupling regime in Sect. 5.1 (see Fig. 5.4). This bound can be exceeded by
breaking the left-right symmetry in the waveguide by, e.g., placing a mirror

next to the C3LS, as sketched in Fig. 5.6(b).

Both reflectance and absorption can be calculated in this configuration by
summing all multiple-scattering processes that the waveguide photon has with
both the C3LS and the mirror . The sum can be done analytically, see App.
G.3, resulting in:

)~ (1420 [ ' 1 B(w)

1+ 7rM(w)®(w) 1+7rM(w)®(w)

P(Q)(w) =1- A(W)v

(5.22)
where ®(w) = e2#@)_d is the distance between the mirror and the C3LS, Fig.
5.6(b), and k(w) is the photon wave vector at frequency w.

As drawn in Fig. 5.13, the maximum downconversion efficiency predicted
by Eq. (5.22) occurs at resonance (w = Ag), and for ng) /Fg%) ~ 2 and
kd = 7/2, and can be approximated by:

+19
maxPy =1 — 127720 (5.23)
20
'Eventually, we set rpy = —1, i.e. we neglect losses in the mirror, which is a good

experimental assumption.
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Figure 5.13: P(Q)(w = Q) as a function of the atom-mirror distance kd, See Fig. 5.6,
and the ratio F(lg) /F(()g). Losses are taken into account. In the figure, a conservative

ratio (y20 + ]."g’o) / ]f‘é%) = 0.01 is used. The rest of the parameters are the same as in
Fig. 5.2. Black lines mark isoefficiency curves, starting at 0.85 and finishing at 0.98.

So, remarkably, downconversion may be perfect in the considered config-
uration if losses are negligible. Equation (5.23) provides a simple expression
for the maximum efficiency as a function of the ratio between the rates for
absorption and coupling into waveguide photons. This ratio is a key figure of
merit in Waveguide QED and values as small as 10~2 have already reported for
effective two-level systems in both superconducting circuits [40] and photonic
crystals [43]. Thus, two-photon generation with one and only one photon with
an efficiency larger than 0.99 is doable using an appropriate C3LS.

Summarizing, we have shown that two photons can be efficiently gener-
ated by sending one and only one photon through a cyclic three-level atom
in a realistic scenario. Remarkably, the downconversion process can in princi-
ple occur with unit probability, being only limited by energy leakage to other
continuum of modes rather than to the waveguide and/or dephasing in the
three-level system. Based on reported experimental data, we have estimated
that a nearly perfect two-photon generator operating at the single-photon level
is feasible in architectures based on either photonic crystals or superconduct-
ing circuits. Together with single atomic mirrors [99, 100, 102|, single-photon
lasing [213], single-photon Raman scattering [118] (see Sect. 5.1), and photon
generation [191] (see Sect. 5.2), this result contributes to the toolbox of pho-
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Figure 5.14: V-like three-level system coupled to a 1D waveguide. We will consider
one- and two-photon propagation.

tonics with minimum power, where tasks usually associated to high intensities
are performed at the one-photon level.

(V)

5.3 One- and two-photon scattering from a V'*') atom

Generally, one-dimensional few-photon scattering exhibits nonlinear phenom-
ena, as we have seen in the previous sections of this chapter. In particular,
local scatterers usually have a nonlinear response to two-photon scattering
[96, 104, 127, 185, 195] (see Sect. 4.2). Here, we compute the one- and two-
photon S matrix from a V)
atom (see Fig. 5.14). As we will see, this scatterer is nonlinear in the sense

atom, a generalization of a three-level V-like

that the response depends on the number of input photons. These results were
published in [128].

A V) atom consists of a unique stable state and N excited states, with
dipole transitions between the stable state and the rest, whereas the excited
states are uncoupled (see Fig. 5.15). It is a generalization of a two-level system
(N =1) and a V atom (N = 2), which can be either an actual atom or an
effective one, e.g., made with inductively coupled transmons [233] or with a
charge qubit [238|. Beyond these cases, the V) level structure describes many
atomic spectra. For instance, the ground state |0) can represent one hyperfine
state whose excitation is constrained to a subset of atomic states {|i)}¥; due
to different selection rules, depending on the polarization properties of the
incoming light. Also, a VIV) atom can describe N different two-level systems
influenced by a blockade mechanism that prevents the simultaneous excitation
of two or more absorbers (see Fig. 5.15b), a feature characteristic of Rydberg
atoms used in various quantum information and quantum simulation tasks
[239-241].

We compare the scattering properties in the case with N = 2 excited
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Figure 5.15: (a) Energy levels in a VN)_atom. We study a point-like scatterer inter-
acting with a continuum of propagating modes. The quantum impurity has N excited
levels with energies A;, i = 1... N and decay rates 7;, which we use to parameterize
the light-matter interaction. (b) The previous level structure can be a good approx-
imation for N two-level systems presenting a blockade mechanism [239-241|, where
the excited states |i) = o;" |0) of the respective atoms or qubits have a strong repulsive
interaction, Ep > ~;, thus preventing simultaneous multiple excitations.
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levels with those for two independent collocated qubits. The single-photon
scattering matrix from a V atom is equal to that of two qubits, due to the fact
that the level structure in the single-excitation subspace is identical for both
scatterers (see Fig. 5.17a) and Fig. 5.17b)). In particular, in both situations,
the single-photon scattering presents the so-called coupled-resonator-induced
transparency (CRIT). In this phenomenon, akin to electromagnetically induced
transparency (EIT) [242], perfect photon transmission occurs due to Fano-type
interference between virtual transitions to the coupled levels in the resonators
[243]. However, we show that there are significant differences between the two-
photon resonance fluorescence arising from scattering by a V() atom and that
from scattering by two collocated qubits. For instance, scattering by a v)
atom can present two-photon CRIT and lack of nonlinearity, a quite unusual
phenomenon, which, for instance, does not occur in a waveguide-QED scenario
with two collocated qubits.

5.3.1 Model

(V) atom. We

Consider a nonchiral waveguide interacting with a point-like V
solve the problem by means of the input-output formalism (see Sect. 2.1), so
we must assume a linear dispersion relation, the rotating-wave approximation
(see Sect. 1.1 and Eq. (1.7)), and enlarge the integration ranges in momentum
space from (0,400) to (—o0,+00). Therefore, we take the Hamiltonian (2.2)
and choose units such that the group velocity is v, = 1. Modifying appropri-

ately the scatterer and interaction terms, the Hamiltonian now reads
H= /dk k(ai_vkahk - aT_vka,,k)

N N
F3 Burfo 30D dh g [+ ol ) (5.24)
n=1

s=t+n=1

where A, is the energy gap between |0) and |n), being {|n)}"_, the set of
excited states of the atom, gg, is the coupling strength for the transition |0) <
|n) and the s modes, and o;F = |n) (0|®Ip, and 0, = |0) (n|®Ip, are the ladder
operators for the generalized V atom, with I, being the identity operator in
the photonic space.

5.3.2 Input-output equations

As mentioned, we compute the one- and two-photon S matrix by means of the
input-output formalism, so we mimic the steps followed in Sect. 2.1, adapting
each step to the VIN) atom.
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We consider first the chiral model, g4+, = g, # 0 and g_,, = 0, and consider
a single set of modes {ax}. We need the Heisenberg equations for a; and o, ,
which we derive from (5.24)

N
Z,da;t(t) = kap(t) + Y _ gnoy, (1), (5.25)
- N
idagt(t) = Apo, (t) + mZ:l / dk gm, Cmn (t)ag(t), (5.26)

with the operators ¢, being
Cmn = Omn 10) (0] @ Iy — 07h 0, (5.27)

Following the steps from (2.17) to (2.22) in Sect. 2.1 and replacing the two-
level-system Heisenberg equations, Egs. (2.15) and (2.16), by those derived for
the VM) atom, Egs. (5.25) and (5.26), we obtain the relation between aou(t)
and ai, (t) analogous to (2.22)

Aout () = ain(t) — 1 Z 29 0, (5.28)

where 7, = Tg2 is the spontaneous emission rate of the n-th transition |n) —

|0) coupled to the chiral waveguide. We can also compute ®(t), Eq. (2.18),
for this model, following the steps explained between Eqs. (2.17) and (2.19),
replacing Eq. (2.15) by (5.25), getting

N
. [Tn  —
(b(t) = ain(t) — ZnE:1 ?UTL (t) (529)

Using this expression, the definition of ®(¢), Eq. (2.18), and (5.26), we can
derive the equation of motion for o, (¢) in terms of aiy, (¢)

N N
= Z Apm U;L(t) + Z mcmn(t) ain(t), (5.30)
m=1 m=1

with the matrix A, = Apdpm — i/YnYm- The system of equations formed
by Egs. (5.28) and (5.30) is analogous to (2.22) and (2.23), so it allows us to
find the S matrix for the V() atom. Notice that we recover both (2.22) and
(2.23) taking the limit NV =1 (two-level system) in Eqgs. (5.28) and (5.30).

5.3.3 Single-photon scattering

We derive here the single-photon S matrix for a chiral waveguide, S;k =
(Po]aout (p ) L(k)|¢o). Adapting the steps between Eqgs. (2.24) and (2.34) to a
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V) atom, which we detail in App. H.1, we get

ok = Lk 0(k —p), (5.31)
N
F=1—i> /2y s, (5.32)
n=1
with
N
st=>_ V2¥m (k= A) . (5.33)
m=1

The limit of a qubit (N = 1) can be trivially recovered. In this case, A is not
a matrix, but just a number and

oo

SR e 5.34

ok k— A4y’ (5.34)
k—A—i

€ =1—i/2ysp =~ (5.35)

k—A+iy’
which match the results shown in Sect. 2.1, see Egs. (2.33) and (2.35).

As explained in Sect. 2.1.6, the scattering coefficients in the nonchiral case
can be obtained from the chiral ones. The nonchiral transmission coefficient
is t, = (1, + 1)/2 (see first equality of Eq. (2.56)). With this, we obtain the
expression for one-photon scattering matrix of the v

N
, [
m:l—zgl é%@ (5.36)

while the reflection coefficient is 7, =t — 1 [237]. For N =2 (V atom), these
results coincide with those published in previous works [244, 245]. It is worthy

atom:

to remind that =, is 2mg2 instead of 7g2 in all the S-matrix elements in the
nonchiral case, as we explained in Sect. 2.1.6. Finally, it is easy to check that
the transmission amplitude for two collocated qubits is also given by (5.36) for
N = 2 [127], that is, the one-photon scattering does not distinguish between a
V atom and two collocated two-level systems.

5.3.4 Two-photon scattering

We compute now the chiral two-photon S matrix

;lpgklk‘z = <¢0|a01n?(p1)aOUt(pQ)ag‘n(kl)aj‘n(kQ)|¢0> . (537)

We mimic the steps followed between (2.36) and (2.44), changing what has
to be changed for the V(™) atom. The details can be found in App. H.2.
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As for the two-level system, the two-photon S¢ matrix is the sum of a linear

contribution (product of t}, coefficients, given by (5.32)) and a nonlinear one,
ipakiks = tpitpy [0(P1 — k1)8(p2 — k2) + (k1 4> k2)]

+1 p1p2/€1k’25(p1 +po — k1 — ka), (5.38)

The nonlinear term 7 is responsible for the fluorescence spectrum, where the
individual energy of each photon is not conserved but the total energy is. It
reads

Tplp2k1k’2 - Z \% 27”8172 Z Pl Skl + Sk‘Q)
tC
+ 2% Z s (s + sp) Z V2 ()" (5.39)
n=1 m=1

This particular expression will be useful later on. However, it is not evident
that it is symmetric under the exchange p; <> p2 or k; <> ko, as it should
be. After some manipulations, described in Appendix H.2, we arrive to an
expression where these exchange symmetries are clearly visible:

9 1
- _2 « 5.40
pip2kiks = (1 + 0y, )(1 +iay,) .

« <C¥p26p1k1 + O‘Plﬁpzkl + O5172Bp1]€2 + O‘Pl/@mb)
9

1+ iag, 1+ oy,
with
N N ~
, B = : 5.41
z:: e nzz:l (k - An)(p - An) ( )

As a check, notice that Eq. (5.38) satisfies the general structure that the
two-photon scattering matrix should have according to the cluster-decomposition
principle when the ground state of the scatterer is unique (see Eq. (4.10) and
Sect. 4.1): a term that indicates conservation of the energy of the individual
photons (containing two delta functions) and another term that only conserves
total energy (the term with a single delta function). Also, taking N = 1 in Eq.
(5.39), we recover the two-level-system result, see Eq. (2.46).

All formulas above have been derived for the chiral case. The result for a
nonchiral medium with left- and right-moving photons can be obtained from
the chiral one, as we explained in Sect. 2.1.6. The relation between the chiral
and nonchiral nonlinear terms is that of the two-level system, see Eq. (2.64),

1
T,

Pipokiks = 1ﬂ§1||p2|k1k2a (5.42)
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with the prescription that when computing the nonchiral 7' the decay rates
used in the expression for 7° should be those 7, = 2mg2, as explained at the
end of the previous section.

Chiral scattering matrix from a V atom (N = 2)

Even though in general the previous expressions must be numerically com-
puted, the case of a V atom (N = 2) admits a simple analytical expression.

1 2 :
We find T7 p1p2kiks Tlflpzklkz + T;1P2klk2’ with
1 _
T;1P2klk2 - Z Tn Sp1 pz Skl + Skz) ) (5'43)

2
Totvakahs = Z S 5pe Z VA (88 + 1) (5.44)
where we have defined n =2ifn=1,and n=11if n = 2, and

k—Ag
Sy =27

5.45
(k —Ar+im)(k — Az +iy2) + 7172 (5.45)

For completeness, let us recall that the two-photon scattering matrix for
the case of two collocated qubits can be written in a similar way, with the same

T;llpz kik, DUt With a expression for T;fm Kk, Slven by [127]:

Tplpzklkz - Z Spl p2 Z \/77” skl + Skz)

X AL (5.46)
k1 +ky — A1y — Ao +iy1 +iyo

In the following subsections, we deal with various applications of the scat-
tering formulas in the nonchiral case, where g_, = g4, in (5.24). We begin
by comparing a V atom (N = 2) with two collocated qubits. We will show
that, while the one-photon scattering cannot distinguish between these two ex-
perimental setups (see Eq. (5.36) and the subsequent discussion), remarkable
differences appear in their two-photon scattering. We will also show that a
V™)_level scheme exhibits CRIT in the two-photon scattering spectrum, i.e.,
for some values of the incoming photon energies the two-photon transmission is
perfect and all nonlinear phenomena cancel out due to destructive interference.

5.3.5 Two-photon fluorescence

We use the previous expressions to analyze how much information can be
extracted from a two-photon spectroscopy. For this, we concentrate on the
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Figure 5.16: Real and Imaginary part of the single-particle poles of the scattering
matrix as a function of A = A; = —As. These results apply to both scattering by a
V atom and by two collocated qubits. We have assumed that v; = vyo = 7.

N = 2 case (a V atom) and, for simplicity, consider that both excitations have
the same spontaneous emission rate, 1 = 79 = v = 1, which thus sets the
unit of energy. Without loss of generality, we assume A = Ay = —As, which
means that we have chosen the zero of energy to be located at (A1 + Ay)/2.

Let us recall that the one-photon transmission, see Eq. (5.36), vanishes
when the photon energy matches an excitation energy in the scatterer [99, 100,
102]. A two-photon transmission spectroscopy may provide extra information,
beyond revealing the excitation energies. If any, this effect should be contained
in the nonlinear part of the scattering matrix 7}, p,k,k,- In order to analyze
the two-photon scattering by a V atom it is convenient to compare it with
that by two collocated qubits, already discussed in Ref. [127]. Notice that the
one-photon scattering is identical in these cases because they present the same
single-excitation manifold (see level structure in Fig. 5.17, panels a) and b)).
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Figure 5.17: a) V-atom level structure and b) two-qubit level structure. Intensity for
resonance fluorescence: [Ty, pokik,|° in units of 1/92 for a V atom (panels c), e), g),
and 1)) and two collocated qubits (panels d), f), h), and j)). In all cases y1 = 2 =7
and A; = —Ay = A. We define §F = ki + ko. In panels c¢) and d), A = 1.5y and
d0F = 3v. In panels e) and f), A = 0.5y and §F = 37. In panels g) and h), A =0
and 6E = 37, and in panels i) and j) A =~ and 6F = 0.

The analysis of the results is facilitated by the knowledge of the poles of
Ty poki ko - For both the V atom and the two collocated qubits, T}, p,x, k, Presents
poles at the same spectral positions as the one-particle scattering amplitudes
sy, Eqgs. (5.43), (5.44) and (5.46). There are two kinds of one-particle poles,
corresponding to scattering through the states |£) = %(\1) +12)) (see panels
a) and b) in Figure 5.17), which form a basis spanning the two single-excitation
states of the scatterer. The spectral position of these poles as a function of A
is shown in Fig. 5.16. Two regimes can be differentiated: when A > v, the two
excitations essentially behave as independent ones. They are spectrally located
at approximately =A and present an amplitude decay rate that coincides with
the “bare” rate, 7. For A < ~, the two excitations hybridize leading to a super-
radiant and a sub-radiant state, both of them spectrally located at the average
frequency of the two bare excitations. Additionally, the scattering from two
qubits gives rise to a “collective” two-photon pole at k1 + ko = Ay +Ag+i(y1+
v2) [127], which is not present in the case of scattering from a V atom.

A representative set of results is shown in Fig. 5.17, where we plot | Tp, pyk, ks |
as a function of both &, = (k1 — k2)/2 and 6, = (p1 — p2)/2. Each panel con-
siders different total frequencies of the incident photons, 6F = ki + ks, and
excitation energies, +A. Left panels show the results for the V atom, while
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the right panels render the ones for the two collocated qubits. In all panels,
the 4-fold rotational symmetry of |Tp, poky ks |
indistinguishability of the photons (which makes Sy, p,k, k., invariant under the

arises from a combination of the

interchange k1 > ko or p; <> p2) and time-reversal symmetry (which makes
Spipakiks = Skikzpips [246]).

Let us first discuss the case where the two incoming photons cannot be in
resonance with both single-particle states, this is, when |k +ko— A1 —Ag| > 0.
An analysis of this case shows that the fluorescence |Tp, pok,k,|? is maximum
when one of the incoming photons and one of the outgoing photons are resonant
with one of the one-photon transitions. Depending on the difference between
the bare excitation energies, we can differentiate two situations. The first one
is when the excitation levels are essentially uncoupled: A > ~. This instance
is represented in panels c¢) and d) of Fig. 5.17. Resonances occur at photon
energies ~ +A, and decay with a rate v (see Fig. 5.16). In terms of §; and J,
this implies that | T}, pok, k, |* is maximum for 6, = £0 = £(§E—2A)/2, (which
in the case represented in the figure implies 0, = d; = 0). The second situation
appears when the excitation energies strongly couple, i.e. when A < ~. Now,
both single-photon transitions occur at zero energy, and thus the two-photon
resonance appears at 6, = £0; = £JE/2. One of the transitions is super-
radiant, while the other one is sub-radiant and shows up as a narrow peak in
the intensity for resonance fluorescence (panels e) and f) of Fig. 5.17). As
A — 0, the spectral width of the sub-radiant state narrows but, additionally,
its coupling to the incoming photons vanishes when v; = ~5. In the limit
A = 0 (shown in panels g) and h) of Fig. 5.17) |—) is a dark state and the V
atom is exactly mapped into a single qubit, with a single excited state given by
|+) and a modified spontaneous emission rate 2. The fluorescence is only due
to the super-radiant state and, correspondingly, the maximum fluorescence
is now much smaller than when the sub-radiant state dominates. The two
qubits are mapped to a three-level atom, with excited states |[+) and |11), and
cascaded transitions with equal excitation energies. The existence of the two-
photon state in the case of two collocated qubits diminishes the photon-photon
interaction with respect to that of the V atom.

This analysis shows that in the nonresonant case the difference between
the fluorescence of the V atom and the pair of qubits is quantitative. The
nonlinearity is higher for the V atom, because it is more sensitive to saturation
effects than the pair of qubits.

A different situation arises when both incoming photons may be in reso-
nance with the two one-photon transitions, i.e., when ki + ko = 0. Then, the
two qubits can simultaneously scatter two photons and the nonlinear contri-
bution to the scattering matrix vanishes [127]| (see panel j)). In contrast, the
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V atom does not present the doubly excited state |11) and the fluorescence
cannot be quenched with this mechanism. As seen in panel i) of Fig. 5.17,
the intensity of resonance fluorescence is maximum when the energy of each
incoming photon equals those of the excitations in the V atom.

Notice, however, that fluorescence quenching, T}, p.k,x, = 0, also appears
in the scattering by the V atom, when 0;; = 0 and 6, = 0. We explain this
effect in the following subsection.

In all the previous discussion we have considered two collocated qubits
without a direct interaction between them. However, the presence of dipole-
dipole interaction can be straightforwardly taken into account as two interact-
ing qubits can be mapped to a new pair of independent qubits with modified
energies and coupling constants. Thus, any pair of interacting collocated qubits
has a corresponding V atom with the same effective energies and coupling con-
stants.

5.3.6 Two-photon CRIT interference

The coupling of one propagating photon to two or more resonant transitions can
produce situations where the transmission is perfect, a phenomenon denoted
as coupled-resonator-induced transparency [243]. According to Eq. (5.36),
perfect one-photon transmission occurs whenever the input frequency matches
the condition:

N
> Vs =0 (5.47)
n=1

This condition can be recast into a (N — 1)-degree polynomial in k, with N —1

roots, k]CVI’{}T (n =1,...,N —1). For the N = 2 case, the condition for

transparency is:

Y2A1 + 7142
M+

2,1
kcrir = (5.48)
This is seen in Fig. 5.18, where we plot the one-photon transmission probability
[t|? as a function of k for N = 2 and Ay — A; = 5. The transmission
probability vanishes when the photon is in resonance with either of the one-
excitation transitions A; and A and it depicts transparency (|tz|?> = 1) when

2,1
k = kCrit

The computed two-photon scattering matrix allows the study of the con-
ditions which lead to the vanishing of the nonlinear term 7}, p,k,k,, Which
is responsible for both fluorescence and photon-photon interaction. Previous
studies have found fluorescence quenching for the two-photon power spectrum
in a V atom (N = 2) illuminated with classical light [247], and also in the case
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Figure 5.18: One-photon transmission |t;|* (Eq. (5.32)). The transmission vanishes
when k = A,, and goes to 1 when k = kzé’ﬁIT (Eq. (5.48)).

of a driven A system when the incoming photons satisfy the one-photon CRIT
condition [248].

For the case of a VV)

each incoming photon satisfies a one-photon CRIT condition. For this, we first

atom, it is easy to show that T}, ,,k,k, = 0 whenever

consider that the outgoing photons satisfy p; = kévfgIT and py = kévﬁéIT. Intro-
ducing the CRIT condition (Eq. (5.47)) in Eq. (5.39), we obtain T}, p,k,k, = 0,
for any pair of incoming photons and that particular channel for outgoing pho-
tons. As time-reversal symmetry implies T, pokike = Tk kopips» We Obtain that
Ty pokike = 0 whenever the incoming photons satisfy the single-photon CRIT
conditions, for any value of the outgoing photon energies. Notice that this
derivation also applies to the driven A\ atom since, in the system eigenbasis
|£), it can be mapped to a V atom. This fluorescence quenching is shown in
Fig. 5.19, where we represent |Tp, p,k,k,|?, for both N =2 and N = 3, when
one input photon frequency is taken at kJCVP’{llT, while the frequency of the other
incoming photon frequency varies. We already saw this effect in Fig. 5.17,
panel i). In that case, the CRIT condition for the input photons is fulfilled for
k1 = ka, 50 T}, pokrky = 0 for 65 = 0. In the same way, T}, p,k,k, also vanishes
when the output energies satisfy J,, = 0.

If one of the photons is not at a CRIT condition, photon-photon inter-
actions emerge, being maximal when the individual energies of the outgoing
photons coincide with those of the incoming ones (dashed lines in Fig. 5.19),
as explained in the previous subsection.
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Figure 5.19: Intensity for resonance fluorescence: |T},pk k,|* in units of 1/4%, with
fixed k1 = ké’éIT, vs ko — ké’llnT and 6, for N = 2 (panel a) and N = 3 (panel b).
We fix v; = v and Aj41 — A; = 7. The solid white lines represent ko = ké’éIT in
the left panel, and ko = ké’élT (bottom) and ko = ké’éIT (top) in the right panel.
The dashed white lines render the condition for the individual conservation of both
photon energies, p1 = k1 and ps = ko, or vice versa.
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Figure 5.20: Intensity for resonance fluorescence: |Tiixk|?, with fixed k = k?}’rluTv as
a function of 71, for both a V atom (blue, solid curve) and two qubits (red, dashed).
We have taken A = 75. Notice that fluorescence quenching only occurs at v = o

for the two qubits, but it always vanishes at the two-photon CRIT condition for the
V atom.
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Notice that the statement that fluorescence is quenched in a two-photon
scattering process whenever both incident photons satisfy a CRIT condition,
which occurs for a V() atom, does not necessarily apply to all possible scatter-
ers. A counterexample is the case of two collocated qubits. There, fluorescence
quenching occurs when the total energy of the incoming photons is equal to the
sum of the excitation energies (k1 + k2 = A1+ Ag), but only when both qubits
couple equally to the waveguide (y; = ~2) [127]. As shown in Fig. 5.20, if
these couplings are unequal, the two qubits present a nonvanishing resonance
fluorescence when the incoming photons are at individual CRIT conditions,
k= kzé’FluT. The chosen output frequencies are also k, but this is irrelevant,
as other choices would only change the intensity of the fluorescence, but not
the overall dependence on 71 /2. In contrast, in the V case, the fluorescence is
not generally quenched when the total energy of the incoming photons is equal
to the sum of the excitation energies. But, when each of the two incoming
(or outgoing) photons is at one-photon CRIT conditions, both of them are
transmitted with unit amplitude and the fluorescence is quenched, even for
dissimilar couplings of the excitations to the waveguide (see Fig. 5.20).

Summarizing, in this section we have presented the one- and two-photon

() atom coupled to either a chiral or a nonchiral

scattering theory for a V
waveguide. We have highlighted that a two-photon spectroscopy can charac-
terize different level structures that would be indistinguishable in a one-photon
experiment. Besides, we have introduced the concept of two-photon CRIT. We
have shown that in the V®™)-atom structure the two-photon resonance fluo-
rescence is completely quenched when each photon is at single-photon CRIT
condition. This can be understood as the quantum version for the phenomenon
of fluorescence quenching which occurs when driving a V atom with classical
light [247]. These effects can be seen in the laboratory with state-of-the-art
technologies in systems like atoms with a V-level structure, or collections of
Rydberg atoms where a blockade mechanism prevents simultaneous multiexci-

tation.

5.4 Analysis of quantum phase gates with two-photon
scattering

Now, we sketch an application of scattering in waveguide QED to quantum
computation. There are proposals to do quantum computing with quantum
optics [249, 250] and with waveguide QED in particular [251]. Actually, some
protocols have already been implemented: quantum teleportation between a
flying photon and a solid-state spin qubit [252], generation of entanglement
between spin qubits mediated by flying photons [253] or quantum-state transfer
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between quantum dots [254], to say a few.

We propose a momentum-based two-qubit phase gate in a waveguide-QED
scenario. The photonic medium is a chiral waveguide interacting with a local
impurity, such as a two-level system, two collocated two-level systems, or a
V atom; actually, this work was the motivation to compute the S matrix
of the generalized V atom (see Sect. 5.3). It was recently proven that a
quantum phase gate cannot be realized in this system if the input photons are
monochromatic [200]|. Therefore, we need nonmonochromatic photons. We
find that the gate is feasible in such a case. Unfortunately, the efficiency of
the process is too low for all the scatterers considered, so our proposal is not
a promising implementation.

A clarification is in order. In general, throughout this thesis qubit refers to
a quantum system with two levels. However, here, by qubit we mean two states
forming the logical basis of the unit of quantum information. This basis will
be formed by photonic states. Therefore, in this section, when the scatterer is
also a qubit, we refer to it as two-level system to avoid any confusion.

5.4.1 Two-qubit phase gate

In quantum information, a two-qubit phase gate is represented by the following
unitary transformation

00) — |00), (5.49)
|10) — €= |10), (5.50)
|01) — e |01), (5.51)
[11) — eil@atdtd) |17) (5.52)

with ¢4, ¢p, and § being phases. This gate for § = m and a particular set of
one-qubit protocols form a set of universal quantum gates [17].

Let us suppose we have a general separable two-qubit input state

[Yin) = N(|0) + ca [1)) ® (|0) + ¢ [1))
= N(|00) + ¢q [10) + ¢ [01) + cacy [11)), (5.53)

with ¢4, ¢y € C and N = /1 + |ca|2 + [cp|2 + |cacp|? a normalization constant.
The output state after applying the phase gate (Egs. (5.49)-(5.52)) reads

[tout) = N (]00) + Ca€'®e |10) + cpe'? |01) + cacpe(Pat o to) 111)). (5.54)

Comparing this to (5.53), which is a general separable state, we see that |1out)
is entangled provided 6 # 0 (mod 27). We can quantify the amount of en-
tanglement generated by this quantum gate by means of the Von Neumann
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Figure 5.21: Entanglement entropy Sy, see Eq. (5.55), as a function of the phase 0
for ¢, = ¢y = 1. The red dashed line renders the maximum possible value for Syn:

(SVN)max = IOg 2.

entropy (2.94), which reads

Sun=log2 — (14 Plog(1+ )+ (1~ flog(1— /). (5:59)

We leave the computation and the expression of f to App. 1.1 (see Eq. (1.3)),
and directly represent the results for Syn in Fig. 5.21. As expected, there is
no entanglement if § = 0. In fact, the entropy is an increasing function of ¢ in
the interval [0, 7]. In particular, if ¢, = ¢ = 1 and § = 7, then Syn = log2,
which is the maximum possible value for the qubit-qubit entropy (see again
Fig. 5.21).

5.4.2 Implementation in waveguide QED

Here, we make our proposal to realize this gate with waveguide QED. There
have been other proposals to implement a quantum phase gate in the literature
with waveguide QED [255] and it has already been realized in several quantum-
optics setups [256, 257].

We propose a two-qubit phase gate a la Knill-Laflamme-Millburn [258].
The physical system is formed by four chiral waveguides, as seen in Fig. 5.22,
with sets of annihilation operators {aix}, {a2x}, {b1}, and {ba}. The two
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logical qubits are:

Ist qubit:  [0) =al, |vac), [1)=0bl, |vac). (5.56)
ond qubit:  |0) =al, |vac), [1) = bl |vac), (5.57)

with £ the momentum for the input photons.

Now we describe how the two-qubit states get modified. Let us start by |00).
Notice that the photons traveling through a; and ao evolve freely. Therefore,
|00) is not modified: |00) — [00).

The horizontal gray lines are beam splitters:

b} [vac) (b 4+ bL ) [vac) (5.58)

1
_> —_—

V2

1
E(b}k — bl ) [vac) . (5.59)
The yellow boxes are local scatterers (a two-level system, a V atom, etc.). As
the waveguides are chiral, the one-photon scattering along the waveguides b;

b;k |vac) —

or by induces a phase ¢, = arg(t}), where t§ is the chiral transmission ampli-
tude (we do not include any label for the waveguide because both scatterers
are identical). Under two-photon scattering through b; or by and ignoring the
contributions to other output channels (the scattering might generate pairs
of photons with different momenta), the induced phase is 2¢y + 0. Consid-
ering this and the beam splitters, the gate is characterized by the following
transformations

00) — |00, (5.60)
110) — €' [10), (5.61)
01) — €%k |01), (5.62)
11) — 'GPk tor) |11) (5.63)

so this implements a two-qubit phase gate (cf. (5.49)-(5.63)). We need 65 # 0
to implement the gate, that is, the response of the system must be nonlinear
in the number of incoming photons.

5.4.3 The necessity of wave packets

As shown in [200], the analytical structure for the two-photon scattering matrix
from a point-like scatterer with a unique ground state (see for instance Eq.
(2.45)) implies that d; = 0 for monochromatic input photons. This is rather
counter-intuitive. The two-photon scattering matrix is nonlinear unless the
scatterer is linear, which means that two-photon scattering is generally different
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b1 o
bs 0

Figure 5.22: Scheme of the phase gate. The horizontal gray segments are the beam
splitters. The yellow boxes are the point-like scatterers, which induce the one- and
two-photon phases.

from one-photon scattering. However, the origin of nonlinear effects can be
traced back to saturation of the scatterer, which occurs when the incident
photons are localized wave packets. In consequence, we propose to relax the
monochromaticity to overcome this problem, considering wave packets instead
of plane waves:

ot (k) = / dk (k) (5.64)

with oz (k) such that [ dk|pz(k)> =1 and [ dk k|pg (k)| = k.

We consider Gaussian and Lorentzian wave packets with width oy, (see Egs.
(4.3) and (4.4)). In this case, the action of the gate given by Eqgs (5.60)-(5.63)
must be replaced by

5.65
.66
9.67
.68

00) — [00) ,

110) — |t(k, or)|e®®o5) |10)

01) — |t(k, op)|e*Fo5) |01) |
)

(
(
(
111) — [S(k, op,)|e!Pokar)+3kon)) 17) (

)
)
)
)

with t(k, o) and S(k, o) being the integrated one- and two-photon scattering
amplitudes

(ko) = [ db t5lg () (5.69)

1. 1 C * *
S(k,ox) = 5 [ dirdpadiadhe S5, eh 005 p2)ox ()l (5.70
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The phases are calculated as the arguments of the amplitudes:

¢(k70k) = arg(t( agk))a (571)
§(k,or) = arg(S(k,a1)) — 26(k, op). (5.72)

Notice that Eqgs. (5.65)-(5.68) are equal to Egs. (5.60)-(5.63) if |t(k,0%)|? =
1 and |S(k,0x)|? = 1. Therefore, we compute |t(k,o)? and |S(k,0x)|? to
quantify how efficient the process and we refer to them as efficiencies. We also
calculate the phase shift of the gate §(k,o1) (see Egs. (5.60)-(5.63)). As said
in the introduction of this section, we compute these numbers for a two-level
system, two collocated two-level systems, and a V atom.

5.4.4 Phase shift and efficiency

Here, we compute the phase shift §(k, 0},) as a function of the width in momen-
tum space o, and the mean momentum k of the input photons for different
scatterers, as well as the efficiencies of the process. We will consider a two-
level system (see Egs. (2.33), (2.35), (2.45), and (2.46)), a V atom (see Egs.
(5.32), (5.33), (5.38), and (5.39)), and two collocated two-level systems (see
Egs. (5.46)).

We start with the two-level system. We consider Lorentzian wave packets
(Eq. (4.4)). From the one- and two-photon scattering matrices, given by
Egs. (2.34) and (2.45) respectively, we can compute the amplitudes (5.69) and
(5.70). Going to the complex plane and applying the residue theorem, the
calculation is straightforward. We obtain:

H(h, o) =Tk =)+
7 i(y+or) +
R

S(k,or) =(t(k, o))

k— A
i 5.73
k— A (5.73)

8iv2oy,
(i(y+ o) +k—A)23(y +30k) + k—A)

(5.74)

Notice that S(k, o1,) = (t(k, 01))? for oy = 0, so §(k,01,) = 0. This is consistent
with the fact that the gate cannot be implemented with monochromatic pho-
tons [200]. We plot the modulus of the phase shift in units of 7, [0(k, o})| /7, in
Fig. 5.23(a). It is different from 0 around the resonance k = A when o}, is large
enough. In fact, d(k, o)) = 7 for k = A, which is the needed value for doing
a universal quantum computer (see Sect. 5.4.1). This is seen in Fig. 5.23(b),
where we plot a cut of the phase shift as well as the efficiencies |t(k, o} )|? and
|S(k,0)|? for k = A. The phase shift suffers a sharp transition from 0 to 7
at o, = (4 —V13)/3 and it goes again to 0 at o} = v (4 + v/13)/3, which
are the points where the two-photon efficiency |S(A, o)|? drops to 0 (this can
be shown analytically from Eqgs. (5.73) and (5.74)). Therefore, the gate is
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feasible with nonmonochromatic wave packets. However, we are far from the
ideal case, since the efficiencies are clearly smaller than 1. For instance, if we
want to apply sequentially this gate, after a few iterations the efficiencies will
drop to 0 rapidly.

b
— 8(A,0)mn ®)

- [S(8,0)|
...... [t(A,0)|2

Figure 5.23: (a) Phase shift |§(k,04)|/7 as a function of both k and oy. If o}, — 0 or
k is off resonance, §(k, o)) — 0. However, close to resonance and for (4 —/13)/4 <
or/y < (4 ++/13)/4, the phase shift is significant, being maximum, [§(A, o})| = T,
for k = A and o}, € (7 (4 — V/13)/4,7 (4 + v/13)/4). In panel (b), we plot the phase

shift as a function of oy, fixing k = A. We see the sharp transitions between 0 and
7. We also plot the efficiencies: [t(A,o1)|? and |S(A, 0%)|?. As said in the main text,
they are too low.

We also consider Gaussian wave packets (Eq. (4.3)). In such a case, we
numerically integrate Eqs. (5.69) and (5.70). The qualitative behavior is
identical to the Lorentzian case: at resonance k = A, the phase shift jumps
from 0 to 7 for some value of . We compare the efficiency |S(A,o1)|? to
the Lorentzian case in Fig. 5.24. As seen, |S(A,0y)|? is clearly larger for the
Gaussian wave packets (Fig. 5.24(a)), so Gaussians are better for implementing

the gate. In any case, we are still far from perfect efficiency.

We compute now the efficiencies and phase shift for the V atom (see (5.32),
(5.33), Egs. (5.38), and (5.39)) and the two collocated two-level atoms (see
also Egs. (5.43) and (5.46)).

The coupling strength is the same for both levels or two-level systems, v =
Y1 = 7¥2; their energies A1 and As are in principle different. Here we present
the results when the incident photon is at resonance with A;. Let us start by
considering Lorentzian wave packets (Eq. (4.4)). As before, the computations
are done by going to the complex plane and applying the residue theorem. The
final expressions are presented in App. 1.2. We plot the two-photon efficiency
|S(k = Ay, 04)|? for both systems in Fig. 5.25 and we compare the results to
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Figure 5.24: Efficiencies (a) |S(A,o0x)|? and (b) [t(A,0%)|? as a function of o for
Lorentzian (blue solid line) and Gaussian (red dashed line) input wave packets. As
seen, the efficiency is larger for the Gaussian. Notice that S(A, oy) also vanishes for
two values of o, in the Gaussian case: these points give the jumps of the phase shift
between 0 and , as seen in Fig. 5.23(b) for the Lorentzians.

that for a two-level atom. If there is no detuning, (A; — Ay = 0, panel (a)),
the efficiency given by the two collocated two-level systems is much smaller
than the others. The interpretation is clear. As argued in Sect. 4.2, the
saturation effects enhance the nonlinearities, whereas two collocated two-level
atoms are able to absorb two incoming photons without saturating (see Fig.
4.4). The V atom behaves as the two-level system up to a shift in o3 /7y (see
panel 5.25(a)), since a V atom is equivalent to a two-level system for this
election of parameters, replacing v by 2v. We recover the two-level-system
result if |[A; — Ag| is very large for both scatterers (panel (d), A; — Az = 107).
For intermediate values of the detuning, the efficiency is always smaller than
that given by a two-level system in both cases (Figs. 5.25(b) and (c)).

In conclusion, we have shown the gate is feasible by relaxing the monochro-
maticity condition, which is the experimentally realistic situation. Besides, we
are able to achieve the optimal value for the phase shift 6(k, o) = 7. Unfortu-
nately, the efficiencies are far from being ideal for all the scatterers considered in
this section: a two-level atom, a V atom, and two collocated two-level atoms.
Therefore, this setup is not a candidate for implementing efficient quantum
phase gates. Anyway, hopefully, once we have shown [t(k, o1)|? and |S(k, oy)|?
can be different from 0, there might be other scatterers which give arbitrarily
high values for these efficiencies.

5.5 Interqubit distance effects

We incorporate a new ingredient here, the interqubit distance. Qubit-qubit
interactions mediated by the electromagnetic field decay with the distance in
two and three dimensions [259]. One dimension is special: the field-wavefront
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Figure 5.25: Efficiency [S(k = Ay,0%)|? of two collocated two-level systems (blue
solid lines) and a V atom (red dashed lines), fixing k = A; and 7 = 71 = 72. We
consider different values of the detuning: (a) A; — Ay = 0, (b) Ay — Ay = v, (b)
Ay — Ay = 29, and (d) A; — Ay = 10y. We compare the results to the two-level
system (black dotted lines).

area does not grow with distance and, thus, the interaction does not decay
but it is periodically modulated instead. The period depends on the level
splitting of the qubits and the dispersion relation in the waveguide. This and
other distance effects have been theoretically investigated in a multitude of
arrangements [104, 207, 216, 237, 260-266]; the periodicity of the coupling in
particular has been experimentally demonstrated quite recently [49].

Under the Markovian approximation, the induced qubit-qubit interaction
is considered instantaneous. This implies that the photon scattering by several
qubits would be the same for interqubit distances d = x;; — x;, related by

T

d=d
+kin

g, (5.75)

where ¢ is an integer.

In order to illustrate nonMarkovian effects related to a finite interqubit
distance, let us consider the situation of N = 2 input photons and three
qubits separated by some nearest-neighbor distance d. With the MPS tool, we
solve the problem exactly for any interqubit distance. Thus, we do not make
any approximation like the small distance or the Markovian one. We take
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Figure 5.26: Two-photon wave function for different qubit-qubit distances.
|gLone, |? for two incident photons and three qubits with inter-qubit distance d. i),
ii) and iii) mean the same as in Fig. 4.5. The incoming photons are characterized
by o = 20 and ki, = 7/2. We take d = 0,1,2, (left, middle and right columns
respectively), so the first and the third cases should be equivalent according to the
Markov approximation because of (5.75). We consider the RWA Hamiltonian and
take gv/3 = 0.10.
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Figure 5.27: Qubit populations for different qubit-qubit distances. Qubit
population of the first (solid blue), the second (dashed red) and the third qubit (dotted
black). The parameters are those of figure 5.26.

the RWA and both input photons are at resonance with the two-level atoms
(kin = 7/2). We plot both the square modulus of the two-photon wave function
|pLow [* and the qubit populations P; = (¥|o; o; |¥) in Figs. 5.26 and 5.27,
respectively. Regarding the photons, the characteristics are the same at zero
distance and d = 2, which are equivalent in the Markov approximation due to
(5.75) (recall that we are considering ki, = 7/2). However, the wave function
is drastically modified when this condition is not fulfilled (Fig. 5.26(b), d =
1). The inherent nonMarkovian properties of our exact simulation can be
appreciated by comparing the qubit population in Figs. 5.27(a) and (c). If
d # 0, the qubit at the left is excited first, then the central qubit and finally
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the one to the right. Anyway, up to these shifts in time, the profiles of both
panels are qualitatively identical. However, for a nonequivalent distance, the
dynamics differs significantly (see Fig. 5.27(b), with d = 1).

The contours for |(;57;°1“:t2 |2 for d = 0 and d = 2 are closer to the linear scat-
tering result than that for d = 1 case (see Figs. 4.5(c) and 5.26(a), (b), and
(c)). This enhancement of nonlinear properties with the distance can be un-
derstood as follows. At distances %q (equivalent to zero distance according to
Eq. (5.75)), following the Markov approximation, only qubit states generated
by the ladder operator b in Eq. (4.37) are visited during the dynamics. For
two-photon input states, the nonlinearities die out as 1/M (see Sect. 4.2.5).
For distances not fulfilling this condition of equivalent, more qubit states (sat-
isfying the number conservation imposed by the RWA) can play a role. The
fact that more qubit modes participate in the dynamics for d = 1 is apparent
from Fig. 5.27(b). Notice that, clearly, more frequencies are involved in the
evolution of P, since the profiles are much more complicated. Importantly
enough, d = 1 corresponds to a distance where the coherent interaction be-
tween the qubits are maximized, while the correlations in the qubit decays are
minimized. This is named as subradiant case. As we can observe, the qubit
decay (after excitation) is slower in this case.






Chapter 6

Conclusions

You look at science (or at least talk of it) as some sort of demoralizing invention of
man, something apart from real life, and which must be cautiously guarded and kept
separate from everyday eristence. But science and everyday life cannot and should

not be separated.

Rosalind Franklin, in a letter to her father [267].

In this thesis, we have covered different aspects of the growing field of
waveguide QED. In Chapter 1, we have introduced the kind of models we con-
sider and some general aspects on scattering theory. We have reviewed some
previously known methods to solve scattering in waveguide QED in Chapter
2, besides we have explained how to apply matrix-product states (MPS) to
this field. We have studied the spectral properties of these models in differ-
ent regimes of coupling (RWA and ultrastrong) and the effect of the bound
states on a spontaneous-decay situation in Chapter 3. Some analytical prop-
erties of the scattering matrix have been determined in Chapter 4. We have
studied nonlinear processes in scattering in waveguide QED in Chapter 5. In
the following, we briefly summarize the results of the thesis and present the
conclusions.

6.1 Methods: MPS vs. other techniques

We have reviewed some methods for solving waveguide-QED problems in Chap-
ter 2, such as the input-output formalism (Sect. 2.1), its combination with the
master equation (Sect. 2.2) or exact diagonalization (Sect. 2.4). Besides, we
have explained how to apply MPS to these problems (Sect. 2.3).
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This is the first time MPS are used in this context. This technique allows
us to determine the dynamics of the system, having access to the evolution
of different observables, such as the number of photons in position or momen-
tum space (see Figs. 5.1 and 5.10(b-c)) or the population of the scatterer (see
Figs. 5.5, 5.10(a), and 5.27). In this sense, MPS gives more information than
the previously known methods, which just describe the long-time asymptotic
behavior. Besides, one can naturally go beyond the RWA, which is not triv-
ial with the other techniques. In fact, the ultrastrong coupling had not been
studied previously in a waveguide-QED context to the best of our knowledge.
This technique also provides the low-energy eigenstates of the model. In ad-
dition, we can easily simulate N-photon scattering with N = 3,4..., which
is extremely difficult with other tools. However, other methods, such as the
input-output formalism, allow us to compute the two-photon scattering matrix
in momentum space, which would require from a prohibitive amount of com-
putational resources with MPS. Therefore, we think MPS is a useful numerical
tool for scattering in waveguide QED that complements the information given
by the other tools.

6.2 Eigenstates of H

We have studied the eigenstates of the Hamiltonian in Chapter 3. We have
reviewed the already known scattering and bound states in RWA in Sect. 3.1.
Besides, we have characterized some low-energy bound states in the ultrastrong
regime (see Sect. 3.2).

We have seen that the bound states are essential for understanding the un-
derlying mechanisms of few-photon waveguide QED. In particular, in Chapter
3, we have studied the spontaneous decay of a two-level atom under the RWA,
where the one-photon bound states play an important role in the dynamics of
the qubit (see Sect. 3.3). In posterior chapters, we have seen that these states
strongly influence the scattering (see Sect. 5.1).

6.3 Analytical properties of S:
More than mathematics

We have studied some analytical properties of the S matrix in Chapter 4. In
Sect. 4.1, we have shown that approximate causality holds for our nonrela-
tivistic models, which in turns implies a particular structure for the free part
of the S matrix. In Sect. 4.2, we have found the scattering matrix for linear
scattering and we support our results with numerical simulations with MPS to
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see how this linear behavior emerges.

Besides that the analytical properties of S are relevant per se, they give
valuable information. For instance, looking at the expression of the free part
of the scattering matrix S° imposed by causality if inelastic single-photon
processes are allowed (see Eq. (4.17)), we see that it induces photon-photon
correlations, which does not happen if inelastic events are forbidden (see Eq.
(4.12)). Contrarily, if the scatterers are linear, neither photon-photon corre-
lations nor particle annihilation or creation occur (see Theorems 1 and 2 of
Sect. 4.2). In conclusion, the scope of the study of the mathematical structure
of S goes beyond the fundamental aspects, since it allows us to predict effects
measurable in the laboratory.

6.4 Nonlinear photonics with few photons

We have studied several nonlinear effects in waveguide QED in Chapter 5: (i)
One-photon scattering from one qubit in the ultrastrong coupling regime, which
gives new features, such as an inelastic spectrum (Sect. 5.1), (ii) two-photon
generation with one and only one input photon (Sect. 5.2), (iii) one- and two-
photon scattering from a V) atom, where the photon-photon correlations
can be suppressed for some values of the input parameters, (iv) the poten-
tial realization of a two-qubit quantum gate, which requires from a nonlinear
phase (see Sect. 5.4), and (v) the effect of interqubit distance in two-photon
scattering (see Sect. 5.5), where we see nonMarkovian effects.

The efficiency of these nonlinear processes overcomes the values usually
found in nonlinear classical optics. In fact, we have shown that it is possible
to induce deterministic frequency conversion (see Sect. 5.1 and Fig. 5.4) and
two-photon generation (see Sect. 5.2 and Fig. 5.10(c)). We can also switch on
and off the generation of photon-photon correlations in two-photon scattering
from a V(N atom (see Sect. 5.3 and Fig. 5.19).

All these phenomena allow us to manipulate quantum states, which can
have applications in quantum-information science. For instance, if we encode
the information in the frequency of the photons, the Raman scattering in the
ultrastrong permits to process this information. The scattering from the VV)
atom can generate and suppress the photon-photon entanglement, which is
an essential resource for quantum computation. We have exemplified these
potential applications by proposing a protocol for a potential two-qubit phase
gate in Sect. 5.4.






Chapter 7

Conclusiones

En esta tesis hemos tratado varios problems del emergente campo de la elec-
trodinamica cuantica en guias de onda. En el capitulo 1 hemos introducido
el tipo de modelos que tratamos de resolver y algunos aspectos generales de
teoria de scattering. Hemos revisado algunos métodos ya conocidos para re-
solver scattering en electrodinamica cuantica en guias de onda en el capitulo
2, ademéas de que hemos explicado como aplicar MPS a este campo. Hemos
estudiado las propiedades espectrales de estos modelos en varios regimenes de
acoplo (RWA y ultrafuerte) y el efecto de los estados ligados en una situacion
de decaimiento espontaneo en el capitulo 3. Algunas propiedades analiticas de
la matriz de scattering se han determinado en el capitulo 4. Hemos estudiado
procesos no lineales en scattering en electrodinamica cuantica en guias de onda
en el capitulo 5. En lo que sigue a continuacién, resumimos brevemente los
resultados de la tesis y presentamos las conclusiones.

7.1 Meétodos: MPS frente a otras técnicas

Hemos revisado algunos métodos para resolver problemas de electrodinamica
cuantica en guias de onda en el capitulo 2, tales como el formalismo input-
output (seccion 2.1), su combinacién con ecuaciones maestras (seccion 2.2) o
diagonalizacion exacta (seccion 2.4). Ademés, hemos explicado como aplicar
MPS a estos problemas (seccion 2.3).

Esta es la primrea vez en la que se usan MPS en este contexto. Esta técnica
nos permite determinar la dinamica del sistema, teniendo acceso a la evolucién
de varios observables, como el ntiimero de fotones en los espacios de posiciéon o
de momentos (ver figuras 5.1 y 5.10(b-c)) o la poblacion de las impurezas (ver
figuras 5.5, 5.10(a) y 5.27). En este sentido, MPS da més informacion que otros
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métodos previamente conocidos, que solo describen el comportamiento asin-
totico a tiempos largos. Ademas, se puede ir de forma natural més alla de la
RWA, lo cual no es trivial con las otras técnicas. De hecho, el acoplo ultrafuerte
no se habia estudiado previamente en un contexto de electrodinamica cuéntica
en gufas de onda hasta donde nosotros sabemos. Esta técnica también propor-
ciona los autoestados de baja energia del modelo. Ademés,podemos simular
con facilidad scattering de N fotones con N = 3,4..., lo cual es extremada-
mente dificil con otras herramientas. Por contra, otros métodos, tales como
el formalismo input-output, nos permiten calcular la matriz de scattering de
dos fotones en el espacio de momentos, lo cual requeriria de una cantidad pro-
hibitiva de recursos computacionales con MPS. Por tanto, concluimos que MPS
es una herramienta numérica tutil para scattering en electrodindmica cuéntica
en guias de onda que complementa la informacién que dan otras técnicas.

7.2 Autoestados de H

Hemos estudiado los autoestados del hamiltoniano en el capitulo 3. Hemos
revisado los ya conocidos estados de scattering y ligados en RWA en la seccion
3.1. Ademés, hemos caracterizado varios estados ligados de baja en energia en
el régimen ultafuerte (ver seccion 3.2).

Hemos visto que los estados ligados son esenciales para comprender los
mecanismos subyacentes de electrodindmica cuéntica en guias con pocos fo-
tones. En particular, en el capitulo 3 hemos estudiado el decaimiento espon-
tdneo de un atomo de dos niveles bajo la RWA, donde los estados ligados
de una excitaciéon juegan un papel importante en la dinamica del qubit (ver
seccion 3.3). En capitulos posteriores, hemos visto que estos estados influyen
fuertemente en el scattering (ver seccion 5.1).

7.3 Propiedades analiticas de S:
No solo matematicas

Hemos estudiado algunas propiedades analiticas de la matriz S en el capitulo
4. En la seccién 4.1 hemos demostrado que se cumple la causalidad de forma
aproximada para nuestros modelos no relativistas, que a su vez implica una
estructura particular para la parte libre de la matriz S. En la seccién 4.2 hemos
encontrado la matriz de scattering para sistemas lineales y hemos apoyado
nuestros resultados en simulaciones numéricas con MPS para ver céomo este
comportamiento lineal emerge.
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Aparte del hecho de que las propiedades analiticas de S son relevantes per
se, dan una valiosa informacién practica. Por ejemplo, mirando la expresiéon
de la parte libre de la matriz de scattering, S°, impuesta por causalidad en el
caso en el que es posible tener procesos inelasticos de scattering de un foton
(ver ecuacion (4.17)), vemos que esta induce correlaciones entre los fotones,
lo cual no ocurre si estos procesos inelasticos estan prohibidos (ver ecuacion
(4.12)). Por contra, si los scatterers son lineales, no hay ni correlaciones entre
fotones ni generacion o aniquilacion de particulas (ver los teoremas 1y 2 de la
seccion 4.2). En resumen, estudiar la estructura matematica de S va maés alla
de los aspectos fundamentales, ya que nos permite predecir efectos medibles
en el laboratorio.

7.4 Foténica no lineal con pocos fotones

Hemos estudiado varios efectos no lineales en electrodinamica cuantica en guias
de onda en el capitulo 5: (i) scattering de un fotén interaccionando con un
qubit en el régimen de acoplo ultrafuerte, el cual presenta nueva fenomenologia
respecto a la RWA, como por ejemplo un espectro inelastico (seccion 5.1), (ii)
generacion de dos fotones a partir de un tnico fotén de entrada (seccion 5.2),
(iii) scattering de uno y dos fotones interaccionando con un dtomo V¥ donde
las correlaciones entre fotones se pueden suprimir para ciertos valores de los
parametros, (iv) la potencial realizacion de una puerta cuantica de fase de dos
qubits, lo cual requiere de una fase no lineal (ver seccion 5.4) y (v) el efecto de
la distancia entre qubits en scattering de dos fotones (ver seccion 5.5).

La eficiencia de estos procesos no lineales supera los valores tipicamente
encontrados en 6ptica clasica no lineal. De hecho, hemos demostrado que es
posible inducir de forma determinista conversion de frecuencia (ver seccion.
5.1 y figura 5.4) y generacion de dos fotones (ver secciéon 5.2 y figura 5.10(c)).
También podemos controlar la generaciéon de correlaciones entre fotones en el
scattering de dos fotones a través de un atomo V() (ver seccion 5.3 y figura
5.19).

En todos estos fenémenos estamos manipulando estados cuanticos, lo cual
puede tener aplicaciones en informacion cuantica. Por ejemplo, si codificamos
la informacion en la frecuencia de los fotones, el scattering Raman en el ul-
trafuerte permite procesar esta informacion. El scattering a través del dtomo
V) puede generar y suprimir el entrelazamiento entre fotones, el cual es un
recurso fundamnetal en computaciéon cuantica. Hemos ejemplificado estas po-
tenciales aplicaciones proponiendo un protocolo para una puerta de fase de dos
qubits en la seccién 5.4.






Appendix A

Details about the truncation
of MPS

In this appendix we explain the details on the procedure to approximate one
MPS by another one with smaller value of the bond dimension.

The problem consists of minimizing iteratively a function which is a sum
of scalar products (2.98). During this section, we consider the generic scalar
product (|x), whose MPS tensors are A(§) and A(() respectively. First of all,
since the whole function is minimized with respect to the tensors linked to a
given site, we are going to write a scalar product between MPS in the following
way':

(€le) = (v) Mg, (A1)

where v§ and v§ are the vectorizations of A(£)" and A(¢)" respectively. Using
the MPS representation, this scalar product is:

(E1C) =(AE) M)k, ks (AP sk - - (A iy
(A1 (AP izt - - - (A F )i - (A.2)

We rewrite it in the following way:

(€1C) = (AL ka1 oot (AT i sonss (AR 1 (AR ks s b s (A3)
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where A;, and Ag are:

(AL k1ot = (AE) iy o (A s - - -

(AT (AR (A4)
(AR kg1 i dern = AT ks koo (AT it sz - -
(A g ger (A )i - (A.5)

Now, another tensor C' is introduced:

Chniridnstdndn = (AR kni1 dnsr ks (AL Kyl e - (A.6)

Then, the scalar product becomes:

<£‘C> = (A(g)in)zn,knJrlCkn+17ln+17knalnA(C);;:,l'ru—l. (A7)
It is convenient to introduce a Kronecker delta:
<£|C> = (A(g)in)zn,kanlCkn+1,ln+1»kan(SinvjnA(C).l]:,lnqu' (AS)

Another auxiliary tensor is defined as:

Dknyin7k7L+1yln7jn»le+1 = Ckn+17l7b+17kn,ln 5in,jn' (Ag)

Then:

<§’C> = (A(é-)’znn )zn,kn+1 Dknyinykn+lyln,jnyln+l (A(C)%n)lnyln+1 ° (Alo)

Finally, we can define the vectorizations A(§), by joining all the indices:
(VR o i g n] = (A o (A.11)

and the same for v§. Here, [k, in, knt1] is again a single index, in such a way
that we construct a vector from a tensor with three indices (the same for vC).
In the same way, we define a matrix M by joining the indices of the tensor D
in two sets:

Mt i e 1) g 1] = Pk o t1,knsjrobns1 - (A.12)

Then, the scalar product is:

(€l¢) = (vg)fkn,in,kn+1}M[k:n,in,kn+1],[,ln7jn,ln+1](vg)[,ln,jn,ln+1]a (A.13)

or, in vectorial notation:

(€1C) = (vf) M vy, (A-14)
Therefore, we have obtained (2.99), as well as how to build M.



Appendix B

Influence of the bound states
on the spontaneous decay

B.1 Emitted field

The emitted field ¢, (t) = (0|a;|¥(f)) can be computed spanning |¥(t)) in
energy eigenstates (3.24):

¢x(t):217r/_ dk e (0]au |04 (B.1)

+ e 0]ag | UL ) + c_e ™= H0]a, | T _).

In order to compute the amplitude (0]a,|¥x) we take the expression of |Uy),
Eq. (3.14), for k > 0:

eik:c _|_Tk€—ikx z <0,
Oasti) = { <o (B2)

If £k <O:

tpethe r <0,

<O|am‘\Ijk> = { eikm + Tkefikx x> 0. (BS)

The amplitudes (0]a,|¥ 1) are computed by projecting on |¥y) (Eq. (3.5)):

(0]ag| i) = Nye rlel, (B.4)
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B.2 Impurity dynamics: analyzing the integrand

B.2.1 Exponential decay

In order to extract the first exponential decay, we can approximate F'(y) by
L(y) = ap/(y — yp), being y, the pole corresponding to the peak of F(y), with
—1 < Re(yp) < 1 and Im(y,) > 0, and a, the residue of F(y) at y = yp.
The value of y, is found numerically, equating the denominator of F'(y) to 0
(see Eq. (3.33)). The residue a, is computed by definition. We extend the
integration domain to +o00. Then, applying the residue theorem

S(t) = i8ay(g/J) e~ i 2up It (B.5)

By computing this numerically, we obtain the decay rate 79 = (4J Im(y,)) ™"
and the phase ¢ = € — 2J Re(yp), as shown in Fig. 3.12 in the main text.

B.2.2 Sub-exponential regime: t~1/?

The kernel F(y) has a sharp behavior around y%. In fact, it diverges when
y — £1if ¢ = 0. In order to take into account this contribution, we can
approximate F'(y) by F(y)|g=o (see blue, dashed curve of Fig. 3.11(a))

( ) 4926—i6t /1 J eiQth (B 6)
co(t) ~ . :
72 )Y TR =0T+ 2)2

If 2Ay.Jt < 1, with Ayy = |y% F 1|, the oscillatory term €Y/t will not be
sensitive to the difference between F'(y) and F(y)|4—0 when y is close to the

edges. As we are concerned in the contribution around 1, we can approximate
the integral as:

4 2 —iet 2 00 2y Jt
St~ I E J / dy-S—— (B.7)
\/§7TJ2 (A—E—QJ)Q _1 414y
J2 1 ei2th
U
(A—e+2J)? J_ “4/1—y

These integrals are analytical

g2efiet efiQJt ei2Jt
s (t) ~ ( 5 + 2) . (B.8)
2rJt \(A—e—2J)2  (A—e+2J)

In consequence, P5(t) decays with (Jt)~! after the initial exponential decay if
To Kt L T4, with 7 4 = (4JAy1)~!. We can rewrite the last expression by
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adding the decaying exponentials with 7 +:

2 —iet —i2Jt
S(t) ~ g-e < € eft/27'17_

T ov2r gt \(A—e—2J)2
eiQJt t/2
- 0000 eTUeTi+
+(A_€+2J)26 > (B.9)

The constants a4 introduced in the main text can be identified as

g2
a_ = , (B.10)
221 J (A — e — 2J)?
g2
a4 = (Bll)

W2 I (A —e+2J)2

B.2.3 Sub-exponential regime: t 3/

Eventually, when ¢ > 79, 71 +, the only surviving contribution will come from

2yJt cancels out

the singularities of F'(y), since the rapidly oscillating term e
the contribution of any nonsingular part of the kernel. The singularities of
F(y) occurs at y = +1. Therefore, we can approximate the kernel by any
function which behaves as F(y) for y = £1, provided this function has no
singularities in between both points. We consider the function G(y) (see Fig.

3.11(a), green, dotted-dashed curve)

Gly) = Y=V (B.12)

(g/ )"
Integrating this, the scattering amplitude in the long-time limit, ¢ > 79, 71 +,
is
4J2 —iet 1 ) 2. —iet Ji(2Jt
ci(t) ~ 62/ dy/1 — 2?7t = 62 l(t ), (B.13)
g -1 g

being J; the first-kind Bessel function with n = 1. As t — oo, J1(2Jt) —
(mJt)~ Y2 cos(2Jt — 31 /4), so PS(t) decays with (Jt)~3 in the long-time limit.






Appendix C

Cluster-decomposition principle:
theorems and more

In the following sections, we derive the theorems and other results of Sect. 4.1.

C.1 The ground state of the light-matter interaction

In this appendix we demonstrate that the ground state converges to the triv-
ial vacuum far away from the scatterer (see Eq. (4.6)). The next lemma is
necessary to proof the main theorem.

Lemma 1 Given the wavequide-QED model (1.1), we have the following bounds
for the expectation values on its minimum-energy state |Qo),
(Q0|GGT|) . (C.1)

9r9p
Qolala,|Q) | < (|22
[ lofaplen) | < 1| 222

Let us assume that [€g) is the minimum-energy state of H as given by Eq.
(1.1), and thus (H — Ep) |©20) = 0. The energy of the unnormalized state

x) =01[Q) , (C.2)

created by any operator O must be larger or equal to that of the ground state,
(X|(H = Eo)|x) > 0. Using (C.2)

(x| (H — Eo) |x) = (|OTHO — OTOH|Q) (C.3)
we conclude with the useful relation

(x|H — Eo|x) = (Q|O"[H, O]|) > 0. (C.4)
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Let us take O = aj. The previous statement leads to

(Qolaf (—wrar — grG)|) >0, (C.5)
or equivalently g
0 < (Qolalax|0) < _UZ (Qo|Gal Qo) . (C.6)

Using Cauchy-Schwatz, this translates into the upper bound

(Qolalax|0) < B’j\/mommmw (Qolalar|0). (C.7)

Once the diagonal elements of the correlation matrix are bounded the non-
diagonal can also be bounded. The correlation matrix is positive C' > 0 with
Crp = <Qo|a£ap]§20>. A property of positive matrices is [268]

|Crpl < \/|Chil|Cop (C.8)

With this lemma at hand we state:

which implies (C.1).

Theorem 3 Let us define wlzm as the operator (4.2) removing the time-dependent
part, where ¢g(k) is infinitely differentiable with a finite support K centered
around k. Then, the expected value of wlzf@b’?‘f in the minimum-energy state

fulfills
(Qolvl_vrs1Q0) — 0, 7] — oo, (C.9)

where we choose x4, = 0. Moreover, if we can assume that (a;iap> 15 an n-times
differentiable function of k and p, the bound will be improved

(ol vrslQ0) < O(7[™), 7] = . (C.10)

Let us compute the expectation value of the number operator for a wave
packet N := (QOW%@ZJ%\Q@,

N = [[ (lalaplf) D7 gk oy () dia. (C.11)
We can rewrite IV as the Fourier transform of another function N = [ e™*F (u) du,
where
1 *
Fu) = 5 [ ot 02 6pl( = 0)/2) ol st aa) o (€12)

We are now going to assume that ¢z (k) is a test function with compact support
K of size |K| centered around k, and infinitely differentiable. We will also
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assume that within its support |gr/wi|?(GGT) < C, for some constant Cl.
Then we can bound

/\F(u)ydu < |K2C,,. (C.13)

Assuming that <Qolazap\90> is n-times differentiable and using the Riemann-
Lebesgue theorem, we have then that

‘ / ¢ P (w)du| < O (j2| ™) (C.14)

at long distances.

C.2 Approximate causality

C.2.1 Free-field causality

We first prove causal relations in a free theory. In order to do so, we work with
localized wave packets ¥z;(t), Eq. (4.2). Actual calculations are done with
Gaussian wave packets, Eq. (4.3). The following two lemmas are used in the
demonstration of the theorem.

Lemma 2 Let the dispersion relation wy have an upper bounded group velocity
v = OpWwy:
lug| < c. (C.15)

Then, the function f(k) = kx — wit only has stationary points if the distance
to the light cone is nonnegative. In other words

de(z,t) = |z| — c|t| > 0 < |f'(k)| > 0, Vk. (C.16)
Solving the equation f'(k) = x—dywit = 0 leads to the condition § = vy, or
|z/t| = |vk| < ¢. Then, provided f/(k) = 0, it follows |z| < ¢|t| = d.(z,t) <O,
which shows (C.16).

Lemma 3 Assume that wy is n-times differentiable and that every derivative
<n
oy

ing integral bound applies

)] is upper bounded by an m-th order polynomial in |k|. Then the follow-

‘/eik””_i(k_ko)tiw’“tp(k)dk = max (o™ "7 1) max(t”,l)(’)( 1 ) )

ER

where p(k) is a polynomial of degree r.
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Result 5.1 from Ref. [269] states that the integral I(x) = fab e*q(k) dk
may be integrated by parts n times, obtaining

=% (5" [a@ -] sat, o)

s=0
where the error term satisfies

en() = <Z>n / k74 (B)dk = o(z~™) (C.18)

X

provided that ¢(k) is n-times differentiable and that ¢ e L'. Based on
1 .
the conditions of the lemma, this is satisfied since ¢(k) = e_?(k_k°)2_w’“tp(k).

The limits of the integral may be easily extended to +00, as explained in Result
5.2 from [269]. Since 27%¢(*)(a) — 0 when a — =00, ¥z, we obtain

I(z) = / e*2q(k) dk = (;)n / vz (™) (k)dk, (C.19)

Moreover, ¢(™, resulting from a product of derivatives of wyt, —k? /o? and the
polynomial p(k) of degree r, is bounded by a polynomial of at most (m +
n + r)-th order in |k|. Such a polynomial is integrable together with the
Gaussian wave packet giving a constant prefactor. In estimating this factor,
we can take the worst-case scenario for the terms in ¢, which appears at most n
times together with (Oxwy)", and the monomials in |k|, which produce another

prefactor g

Note that it would suffice to consider g(k) as a test function or even a
Schwartz function since in this case all the differentiability requisites are ful-
filled and z—5¢(®) (a) - 0 — 0 when a — +oo, Vz still holds, because these
functions and their derivatives are rapidly decreasing.

With these lemmas at hand we can prove

Theorem 4 Let the Hamiltonian be given just by the photonic part, Hy =
[ dk wkalak. Let Y5 (t) and 1py(t') denote two localized wave packets of the
form (4.3). We will assume that (i) the absolute value for the group velocity
of these wave packets is upper bounded by a constant ¢ within the domain of
the wave packets (|vg| = |Okwi| < ¢) and (ii) the dispersion relation is n-times
differentiable and that each derivative is upper bounded by a polynomial of at
most order m.:

10U M| < ap + (k]/b)™, 0 < ar, by < +00. (C.20)
The commutator between these wave packets is small whenever they are outside
of their respective light cones, that is, whenever d = |y — &| — c|t’ —t| > 0,

5 () g ()] = © (@) L d o oo (C.21)
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Let us assume that the model evolves freely according to the free Hamil-
tonian Hy = f dk wkaZak. In this case, our wave packet operators have the
simple form

Uralt) = [ () (0) di, (©22)
and analogously for 155(t'). The commutator between operators reads
F= Wt vt)1) = [ DA by oyl (C23

Let d =d.(z —y,t —t') = | —y| — ¢|t = | > 0, using Lemma 2 we know that
the exponent has no stationary point. Assuming w.l.o.g. Z > ¢, t > ¢’ (other
combinations are analogous) and writing @y = wy — ck, we obtain

I= / ek de @Rt =0 (=) o (k) * oy () ds. (C.24)

The exponent Wy = wi — ck is n-times differentiable and is upper bounded in
modulus by a polynomial of degree m > 1. Lemma 3 therefore allows us to
bound the commutator by a term O(d™").

Note that for a linear dispersion, wy = c|k|, we can rewrite this integral as
a function of the distance between world lines from Eq. (C.16), d = (z — §) —
c(t —t'). Introducing k+ = (k £ p)/2 and using our Gaussian wave packets
(4.3), we obtain

k2 2 2
= da] (C.25)

Il = - =
H=ew |5 -5
This bound is better than the one we have found but it is compatible with
Lemma 3 and Theorem 4.

C.2.2 Full model causality
The causal relation (C.21) can be extended to the full model (1.1).

Theorem 5 Let H be the light-matter Hamiltonian given by Eq. (1.1). We
assume the conditions of Theorem 4: differentiable, polynomially bounded func-
tions wg and g, with degrees n > 2. Then, all wave packets outside the light
cone of the scatterer evolve approximately with the free Hamiltonian, Hy. More
precisely, if (Z,t1) and (Z,to) are two points outside the light cone

bga(t1) = Uo(ta, to) g (10)Un (1. 1) + O (ﬂ) L (cae)

|dmin
where dpin = min{d(Z, t1),d(z,t9)} > 0 and
Uo(t, to) == exp(—i(t — to)Ho) (027)

1s the free-evolution operator for the photons at time tg.
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We start by building the Heisenberg equations for the operators
deap(t) = —iwpag(t) — igeG(2). (C.28)
Making the change of variables ay(t) = e~“¥by(t), we have
Dby (t) = —igrG(t)e™rt, (C.29)

so that the wave packet operators evolved from some initial time 4 are
. — . t .
Vra(t) = / Hhaint [bk(ts) i / ng(T)eﬂWdT] o (k) dk (C.30)
ts
t .
— Ut b (£) Ut £5)f — i / [ / e’kx_w(t”)gkapk(k)dk} G(r)dr
ts

t—ts o
— Uo(t, £ ) (£) U (b £3)T — i /O [ / gika—ict gkgok(/-c)dk] Gr)dr.

The first part corresponds to free evolution, while the second part is an error
term ¢(t), which can be bounded. We will assume without loss of generality
|G| = 1, with || - || the Hilbert-Schmidt norm, and [t1| > |to|. We have to
choose the integration limits ¢ and ¢4 so that sign(7’) = sign(x). If 2 > 0 then
t1 > to > 0 and (¢,t5) = (t1,tp) is a good choice. If z < 0 then 0 > ¢y > #;
and again (¢,ts) = (t1,%0) is also a valid choice (77 < 0). This means we can
introduce 7" = sign(x)7’ > 0 and bound

[t1—tol
el < |
0
Itl_t0| O 1 d Vi
< - -
-A <¢uﬂnww) "
1 1 T:|t1—t0‘
- c(n—1) (|z] —er)n 1| _,

1
SO(%WHh—mW*)‘ (©:31)

Here we have taken into account that d.(|z|,7") > d.(|Z|,|t1 — to]) > 0 in
the domain of integration. We can now use the fact that d.(|z|, [t1 — to]) >
d.(|z],|t1]) > min{d.(z,t1), d.(Z, t9) }, obtaining the expression in the theorem.

/ei sign(X)kdc(|X|v7'”)q(k;)dk‘ dr"

C.2.3 Asymptotic Condition

One important limitation of Theorem 5 is that it is focused on the operators,
not on the states themselves. This is a key point. For having a well defined
scattering theory, the asymptotic condition must holds (see Sect 1.2 and Eq.
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(1.10)). However, using Theorems 5 and 3 we have that, given a state |¥) =
V5.2(t0)T1Q,), then
U(t2)|) = U(te) vy - (to)U (t2)T10)
= Uo(t£)vg 5 (o) Uo (t+)"12) = U(t2) | ¥in) (C.32)

The first equality is up to a global phase. In the second one, we have used
Theorem 5. In the last equality, we can introduce input (output) states since
the wave packets are well separated (t+ — +o00) from the scatterer and, by
means of Theorem 3 and the conditions presented in 4.1.2 they are well defined
free particle states.

This last result warrants that, under rather general conditions, the light-
matter Hamiltonian (1.1) gives a physical scattering theory.

C.3 Scattering amplitude decomposition

Theorem 6 Let us suppose the input state is

i) = 0, |0) <H¢;1;> (C.33)

with Ty, — Tm| — 00 Yn # m. Thus, the scattering amplitude of going to

b= (o) o e

with |Yn — Ym| — 00 Yn # m, is reduced to a product of single-photon events:

A= Z H (|08 (Epl  (t)T,) (C.35)

/\17 ,AN 1= =0n=1

being Ao = p and Ay = v, with the wave packet operators given in the Heisen-
berg picture for t = t+ — +o0.

The proof is based directly on causality. Therefore, we find convenient to
discuss it here.

The proof is done for the two-photon scattering. The generalization for
N photons is straightforward. The scattering operator S is nothing but the
evolution operator in the interaction picture, cf. Eq. (1.12). This permits us
to write the scattering amplitudes as,

A= <‘Ijout|S|‘Ijin> = <Qu|¢outUI(t+»t7)¢iTn‘Qu>
= <QVWout(t+)¢in(t—)T‘Qu>v (0-36)
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In the second equality we have dropped an irrelevant global phase. Here,
w;rn and wlut are operators creating wave packets localized far away from the
scatterer. Because of Theorem 3, they are well defined N-photon wave packets.

Using Egs. (C.33) and (C.34) the amplitude is given by
2 2 )
A= (@l TT vpi,. (t0) [T iz, )T I0) (C.37)
m=1 n=1

As |Z1 — Z2| can be arbitrarily large, we can always choose a time ¢; such

that ¢ (t)719,) is well separated from the scatterer for t > t1, so our (1) =
Ug(t,tl)ng%l (t1)Uo(t,t1). Besides, t; is such that the second wave packet is
still far away from the scatterer. Therefore 1/)}—;@ (") = Us(t, tl)Tw}—;iQ t)Uo(t',t1),
for t < t;. Using Theorem 4, [¢)9" (t+),z/)}g;g2 (t_)T] = 0 and Eq. (C.37), the
amplitude equals to

A= (Qul g, (), TR (B e, (6-)T10) - (C.38)
Finally, we insert the identity between the operators 1/)}—;;@2 (t_)t and ot (1)

Assuming that there is not particle creation, just the ground states {|Q2)) ﬁi _01

will contribute to the identity, Z)j‘\i? |2x) (2], and we arrive to (C.35).

This comes because 1/1}—;;52 (t_)" and Yot (t4) asymptotically commute but
not w}—ifl(t_)T and 1/12;52 (t+). This is a clear signature of causality, saying
which one is arriving first. Lastly, notice that if the ground state is unique,
|Q2x,) = |Q0), this ordering is not important as the amplitude is simply the

product of single-photon scattering amplitudes.

C.4 Scattering amplitude from Eq. (4.17)

In this appendix, we prove that (4.17) is consistent with the amplitude factor-
ization from Theorem 6, Eq. (C.35). We do it in the two-photon subspace.

Before, we need the one-photon amplitude as an intermediate result.

C.4.1 One photon

We first need to compute the one photon amplitude. Let the one-photon input
state be,
. )
) = vp T 1), (C.39)
with the creation operator w;—i;l given by Eq. (4.2), removing the time de-

pendence. For simplicity, we absorb the factor e”*®1 into the wave packet:
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Ok, 7, (k) = eik‘m(b,;l(k:). In position space, the output state will read

Wl = S|ok) Z / Ay (Sye) 0, 2 ()] ). (C.40)
Defining
b1 (y) = / 0 (S, ) 2. (2) (C.41)
and
€L = / Ay o1 )5 ), (C.42)

being |y;Q,) = az €2,) the state with a photon at y and the scatterer in the
ground state |©2,), the output state (C.40) can be rewritten as

out Z ‘gout Lpw- (C43>
The probability amplitude will read

Aty = Ol S UEL 190 = [ dy opin@) oL@, (Ca)

If the wave packets are monochromatic with momenta kq and pi, respectively,
this amplitude is

ALV—W = (Smkl)ww (C.45)

C.4.2 Two photons

The two-photon wave packet, as sketched in Fig. 4.1, is

50 = v Lot ). (C.46)

k1,21 " k2,Z2

By definition, the output state is
|‘Ilout> S‘\I’?n> (047)

Here, we are interested in he limit of well separated incident photons. Thus,
only the linear part of the scattering matrix S° is considered. We introduce
the identity operator

|\Ijout> = ]IS]I|\1112n>7 (048)

with

M
1
= QZ/dmld@ |z122; Q) (T1222; D |, (C.49)
pn=1
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being |x129;Q,) = a};la;Q ©2,) the symmetrized state with two photons at
at zo9 and the scatterer at [€2,).

Introducing (C.49) in (C.48) and considering (C.46) and (4.17) we get

|lIlout> = /dyldy?dxldm2 Z Z YnTm ,u)\ /xm/))\ua(yn’ _yn)

wA=1nm=1
((10]2:1,51 (1"1)(701252@‘2 (:BQ) + (70];:1@‘1 (1:2)80];2?52 ($1))‘y1y2’ QH> (050)

with n/ # n and m’ # m. Now, we have to compute integrals as
C= /dmdm Z(Synxm)m(syn/zm,)Auﬁp;;i@i(m)tp,;j@(xg)ﬁ(yn, —yn). (C.51)
m

Using Eq. (C.41)
2
C = (0iun(Wn) @i W) + 254r Wn) i Un))0(r — ). (C.52)
n=1
Following the sketch drawn in Fig. 4.1, if x,, < 2,7, then ©1(xm)p2(x,) is
zer0, S0 ©1,uw (Yn)P2,u (Yn’) is zero if y, < yns. Therefore, choosing i = 1 and
j = 2, the integral C reads

2
C= Z 902,MA(yn)901,Au(yn’)' (0'53)

n=1
One can easily show that the same expression holds if we take ¢ = 2 and j = 1.
The output state, Eq. (C.50) then reads

out /dyldy2 WQ,MA(yl)Spl,Au(y2)
HA=1
02,1 (Y2) P10 (Y1) [Y1y2; Q) (C.54)
Finally, the probability amplitude of going to the output state ;?tyir wz;ty M)
will be the overlap between this state and (C.54). Using (C.44)

. M-1

Aincson = (O 3, SUR L 2T 10,) = 3 AvanAans (C59)
A=0

as expected. In the calculations, we have set (Q,[yg",. S mT \Q ) = 0 for

i # j, since we assume that both incident wave packets are far away

A final comment is in order. Without the step functions in (4.17), the
amplitude Ay, sy A1 -, would appear in the final probability amplitude. This
term is unphysical, because the tag 1 stands for the first incoming photon and
the transition A\ — pu is generated by the second wave packet; the same applies
for the tag 2, corresponding to the second photon, and the transition v — A,
which is the first one happening.
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C.5 S% in momentum space

Here, we show S° in momentum space follows Eq. (4.22). After that, we prove
the Dirac-delta structure is recovered if the ground state is unique.

. ; 0 . 3 . 0
Let us write (Sp,,xk, )uv as the Fourier transform of (Sy, .2, 4,) v

1
(S]())pokle),u,V = (27T) /dylddel’lde (Sylygxle)uV

x emiPyitpay) gilkizithar) (O 56)

Due to the form of (Sglmlm)m,, (4.17), we have to compute integrals such as

I= / dz €™ (Sy) - (C.57)
Notice that (Sys ), is the Fourier transform of (Spk),uw, Eq. (4.21). Therefore,
I = *FB=Buy (). (C.58)

Considering this in (C.56), we get

1 .
(521p2k1k2)uu = W /dyldy2 e i(p1y1+p2y2)

E: E: i(kny1+k,ry2) il (Ex—Ep)ym+(Ev—Ex)Y,/]
n,m=1 \=0

X tu)\(kn)t)\u(kn’)e(ym’ - ym)v (C'59>

with n’ # n and m’ # m. The Fourier transform of the step function is
Lo e
\o2rq =+ 0+
Therefore, integrating Eq. (C.59) first in y; and later in yo, we get
.2 M-1
(50 _ Z Z (Kt (k)
pipakika )i 2m S pm+E — kn — E\ 40T

X 0(p1 +p2+ E,— ki — ks — E,), (C.61)

\/LW /dy e YO(F(y — o)) = (C.60)

which is the expression given in the main text, Eq. (4.22). This result has
been recently reported for a A atom by Xu and Fan in [175]. Here, we show
this is valid for any scatterer, provided the condition for S° (Eq. (4.17)) is
fulfilled.
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Lastly, we prove that Eq. (4.22) is formed by two Dirac-delta functions if
M = 1. To do so, we use the following identity

1 ) 1

with P the principal value. Applying this identity to Eq. (4.22) we get,

(Spupakaks v = 5 z; t(Kn)t (k) (—i7‘r5(pm k) 4P <1>>

n,m=1 Pm — kn
x 6(p1+p2 — k1 — k2). (C.63)
Now, we sum over n and m
1
(Spupaaks ) = St (k1)t(k2)d(p1 + p2 — k1 — k2) (C.64)

X ((5(}91 — kl) + (5(p1 — k‘2) + 5(]?2 - kl) + 5(172 - k2)

1 1 1 1
+P +P +P +P .
(pl—k‘1> <p1—k2> <p2—k1> <P2—k2>)

Applying the constraint imposed by the global Dirac delta to ps to the second
row, it is straightforward to see that they cancel each other, arriving to

(S pakaks ) = t(k1)E(k2)(8(p1 — k1)8(pa — k2)
+0(p1 — k2)0(p2 — k1)), (C.65)

which is the usual expression in QFT for the cluster decomposition, which also
holds in waveguide QED if the ground state is unique.

C.6 Fluorescence decay

In this appendix, we calculate how the correlations and thus the fluorescence
decay as the distance [ between the packets grows (See Figs. 4.1 and 4.2).

The input state (C.33) in momentum space is given by,

W) = / dkydlky o™ (k1, ka)a) af [,) (C.66)

with
o™ (k1 ko) = g, (k)™ or, (k2). (C.67)

In these expressions, the wave packets ¢ (k) are Lorentzian functions (see Eq.
(4.4)). The out state is computed by means of Eq. (1.11)

[Wout) = S |Win) = LST|Wiy) . (C.68)



C.6. Fluorescence decay 165

With I being the identity operator in the two-photon sector
= 1/2/dp1dp2 Za;f)la;EQ 192,) (Qul ap, ap,. (C.69)
o

The scattering matrix .S in momentum space is (Sp, pokiko ) = (Sg1p2k1k2)W +

Z(Tppoklkz)uy, Wlth (Sp1p2klk2)/ﬂ/ glVen by Eq (422) and ( plpzk‘lkz)pl/ =
(Cp1p2k1k2>MV5(p1 +po+E, ki —ko— E, ) yielding

Wout) / dpldpQZso"“t p1.p2)ab, al, (D), (C.70)
with
@ (p1,p2)
33 fun (Lt BB )

(SDEI (kn)el(p1+p2+Eufkn*Eu)l(pE2 (pl + po + E/L . kn . El/)

+ ¢p, (p1 +p2+ By — Ky — Ey)e““"lgo,;Q(kn)) : (C.71)

Which is nothing but Eq. (4.25) that we have rewritten here for the discussion.
As said in Sect. 4.1.6, we assume that t,, (k) and (Cp, pok,k, ) have simple
poles with imaginary parts {7/} and {7$} respectively. Then, this integral is
solved by taking complex contours and applying the residue theorem. In order
to integrate the term proportional to eiPrtp2tBu—kn—ENl we take the contour
shown in Fig. C.1(a) so that the exponential factor does not diverge. For the
same reason, for the term proportional to e**! we take the contour of Fig.
C.1(b). As t and C have first-order poles, when integrating each pole, we just
have to evaluate the rest of the gunction at the pole. Then, t and C give terms

|l

proportional to e~Imll and e~m , respectively.

Now we consider the contribution to the integral of the wave packets,
¢, (k). We choose Lorentzian functions, with a simple pole at k = kn — ioy
(see Eq. (4.4)). In consequence, we have a term proportional to e~7*!. Lastly,
the denominator in the first term has a pole with zero imaginary part. There-
fore, its contribution does not decay with [. Importantly enough, this pole
enforces single-photon energy conservation giving single-photon amplitudes,
Z)\ AI,V%)\AQ,)\%,U,'

Finally, let us mention that we do not need to impose that that t,, (k) and
(Cpipoknkn )uv have simple poles. Higher order poles, by virtue of the Cauchy
Integral formula for the derivatives, also would yield an exponential decay.
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Im(kn)

Im(kn)

Figure C.1: (a) Lower and (b) upper contour for integrating Eq. (4.25). We show the
poles coming from the Lorentzian, +ioy, those coming from one of the transmission
amplitudes or from C, £:I', and those with vanishing imaginary part. The real parts
are arbitrary.



Appendix D

Theorems on the linearity
of the scattering matrix

In this appendix, we prove Theorems 1 and 2 of Sect. 4.2.

D.1 Proof of Theorem 1

If the scatterers are harmonic oscillators, the Hamiltonian (1.1) is linear and
it can be diagonalized with a Bogolioubov-Valatin (BV) transformation,

H= ZAlozzrozl ) (D.1)

with [ay, ozin] = 6;m and A; > 0 Vi. The ground state is oq|¢p) = 0 VI. The BV
transformation

L M
=Y (xiai +nfial) + Y (e + nficl). (D.2)
i=—1L =1

is invertible.
Hamiltonian (D.1) commutes with N, = > ozzrozl:
[H,N,]=0. (D.3)

The number of a—eimitations, N, is a good quantum number. It also conserves
parity, P = ei™ 2o
[H,P]=0. (D.4)

One-photon input states, N = 1 in (4.41), are written in momentum space

Win) = 5 diaf ), (D.5)

k>0
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with (5}9“ the Fourier transform of ¢. Using the transformation (D.2) and that
aql¢po) = 0, we can rewrite the state (D.5) in the a-representation

Z¢;ﬂ as). (D.6)

Given the input state (D.6): N,|¥i,) = |Pin). Since N, is a conserved
quantity [Cf. Eq. (D.3)] the time evolution is restricted to the one a-excitation
level (D.3). The output state is then

out Z ¢OUt041T|¢0 (D7)

with g9t = e_iAltouth}n. Using the transformation (D.2), the output state is
rewritten

Tou) = 3 0" (Z xlk>*az+<ﬁfk>*ak>+Z<<xfi>*c1+<nz;->*ci>) [90).

: (D.8)
with xj. and 7. the discrete Fourier transforms of x{; and nj; in the second
index. The output state (D.8) removes the possibility of having multiphoton
scattering states. Therefore, the scattering events can be elastic, with trans-
mission and reflection amplitudes ¢, and r; and inelastic, with the scatterer
relaxing to an excited state |¢,). In the latter case, the photon emerges with
a new momentum kyey, fulfilling energy conservation

Wy, + Ey = Whpew T E, (Dg)
Therefore, the output state can be rewritten

out Z¢k tkak“‘rka k |¢O +Z¢new k‘d)n (D.lO)

k>0

with qbnew a wave packet centered around kpey-.

Let us fix our attention to the second term in the r.h.s of (D.10), which is
rewritten in terms of the a-operators with the help of the BV transformation
(D.2):

new new,p T new,m
Z¢ afgn) = > (¢ + ¢ ) dn) (D.11)
l
Using N, and P conservation, Egs. (D.3)) and (D.4), Nu|¢n) = 2n|¢,) with
n > 1. The first term in the r.h.s. of (D.11) has 2n + 1 > 3 particles. Thus,
p;°"P = 0. Finally oy|¢,) is an eigenstate of (D.1) with eigen-energy E,, — A,
(A; > 0). The latter must equal to wy, ., + E, which is impossible. Therefore

?ewm _0
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Putting all this together, the output state contains only the elastic channel,

out Z¢k tkak‘i‘rka k)‘¢0> (D'12>

k>0

This ends the proof.

D.2 Proof or Theorem 2

The components of the N-photon scattering matrix can be rewritten as,

Sp1~~pN/ Jk1kn = <¢0|%1-'-%Nl aLl (tout)---aLN (tout)|¢0> (D-13)
with,
ai(tout) = Stal WS = (tkak + rkaT k) - (D.14)

In the last equality we have used i) linearity: the Heisenberg evolution for the
operators ay, (t) is independent of the input states and i) Theorem 1 of Sect.
4.2.

From Eq. (D.14) and Wick’s theorem:

(bolap, ...apy, af ...al |do) = O > Ok, Opy ks (D.15)
mi#me#..£my

which completes the proof.






Appendix E

Blueshift in the ultrastrong
coupling regime

In this appendix we show that it is possible to describe analytically the fre-
quency shift in the ultrastrong coupling, reminiscent of the Bloch-Siegert effect
(see white line in Fig. 5.2(b)).We consider that the scatterer is the cavity-qubit
system and we truncate its Hilbert space to the ground state and the couple
of states which have just one particle in the low-coupling regime, that is, the
polariton states, which under the RWA are

[61") = (abl0)  0™10)/V2. (E1)
A general state in this subspace is
@) =" cnal|o) + fold)) + filo1), (E.2)
n#0

where {|¢%)} are the polariton states calculated beyond the RWA for a system
comprising just one cavity plus one qubit. Taking the following ansatz we can
find the scattering eigenstates

ikn —ikn
Cn:{ e 4+ rre n <0 (F.3)

tkeikn n>0

Solving the eigenvalue equation H |V) = E'|¥), we show that the trans-
mission amplitude is

2iGsin k
= — E4
tk 2€ZkG 1 ) ( )
with

G = Jzi‘o‘m’2 (E.5)
= RS .
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1.1r
<
=1.0
3
— Non—-RWA
0.9-
- RWA 1 1 1
0 0.1 0.2 0.3 0.4 0.5

g/A

Figure E.1: Resonant energy for perfect reflection. wpg shifts to larger values
as g increases when computed beyond the RWA (blue, solid line), whereas it remains
constant within the RWA (red, dashed line).

Here, A; is the gap between ](Z)ﬁ) and |¢g) and a9 = (éﬂcff\%) By imposing
tr = 0, we find that the resonant energy for perfect reflection wg is

o = ao? A + |a—o[*Ay
laol? + |a—ol?

(E.6)

In the RWA, ayg = 1/v/2, and Ay = A+ g, so wr = A.

However, counter rotating terms modify both the gaps and the matrix
elements. Therefore, the resonant frequency shifts, as we plot in the figure
E.1. As seen in the main part of the text, this result fits really well with the
numerical result obtained with MPS (see the white curve in Fig.5.2(b)).



Appendix F

Losses in the one-photon
scattering from a qubit
in the ultrastrong

In order to estimate the influence of dissipation in the transmission processes
discussed in the main text, we have considered the scattering of one photon
by one qubit, when the qubit is connected to a second (upper) chain, with
coupling strength ¢’ (see the sketch of the considered geometry in Fig. F.1
(a)). This second chain acts as a lossy channel for the photons moving in the
lower chain. In the weak coupling regime, this way of treating dissipation is
equivalent to the usual treatment in quantum optics using master equations

[5]-

F.1 Hamiltonian

The Hamiltonian for the whole system is now:

H :ez al an — JZ(aILanH + He)+Ac o™ + gogag + ag)
n n

+e > by — T (bhbns + Hec) + g'ow(bo + b), (F.1)

where {b,} is the set of bosonic annihilation operators related to the photons
in the second chain of cavities.
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This model can be related to the one-chain model that we consider in the
text, by using the canonical bosonic transformation

(5) -y (e D)) w2

In terms of the new bosonic operators the Hamiltonian reads

H:eZ( hom + B18n) — Z b1 + Bl Bnst + Hec.)
+Aoto™ + Vg% + (¢)20.( a0+a0 (F.3)

So, the problem has been mapped into two independent chains: (i) a free
chain (the one with the set of operators {f,}), with no qubit present and (ii)
a chain (that of the a,,’s) interacting with one qubit, with a “renormalized”
coupling § = /g + (¢’)?. Finding the wave function in the first case is trivial,
while the second problem is precisely the one that we consider in the main part
of the text, so we can relate the case with dissipation to that without losses.
Notice that the transformation is valid for any value of the coupling strengths
g and ¢, so the mapping remains valid in the ultra-strong regime.

F.2 Scattering coefficients

In order to find the scattering coefficients, we express the initial wave function
in terms of the new bosonic operators:

= Z%@Mﬁ) = > aratled)

k>0

= m ’;O or(al + (9'/9)8D)1eg), (F.4)

Where @y, is the Fourier transform of ¢,. The wave function after the scat-
tering has occurred can be expressed in terms of the previously computed
transmission and reflection coefficients, t; and 7y, respectively:

Wout) =~ > r(ta(@)af, + (@)l + (4 /9)BD)I67])

\/1+ g/g o
+ Grto k(g Oék/|¢1>
V14 g/g Z

Here 91 is amplitude probability to leave the qubit in an excited state after
the scattering, |exc) is the excited state involved in this Raman process and
k' is the new photon momentum fulfilling energy conservation, wys + wf (9) =

(F.5)
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wi + wJ (g). Transforming back to the original bosonic operators, defined in
the real chains:

;
|Wout) = T 9/92]§)¢k tx(9) + (d'/9)H)al, + ri(g)a’
+ (g /9)(%( ) — 1oL+ (¢ /9)re(@)b )lég)
+i1 o /g)Qijm,k(g al + (¢'/9)bL)|eT) (F.6)

So the scattering amplitudes in the model with losses (denoted by the
superscript !) are:

I 1

te(g) = W(tk(ﬁ) +(d'/9)%) (F.7)
o) = o (F.5)
thilg) = H(;W t2.1(9) (F.9)

Fig. 5 shows the results of the calculations in two cases: g = 0.12, which
is representative of a situation where counter-rotating terms are not playing
an important role (panel b), and g = 0.54, as paradigmatic case of the ultra-
strong regime (panel ¢). Panel (b) renders the elastic transmittance spectra
for the case ¢’ = 0, showing the null transmittance at resonance that appears
when the qubit is lossless. The blue curve corresponds to ¢’ = ¢g/2 = 0.06, a
value that has been chosen so that the transmission minimum is ~ 6%, as in
the experiments reported in [47], and the green one corresponds to ¢’ = 0.9g =
0.11. The inset shows the fraction of energy that goes into the loss channel
(the second waveguide). Panel (¢) renders the transmittance for ¢ = 0.06,
g =¢g/2 =027 and ¢’ = 0.9¢9 = 0.48, showing that the effect predicted in the
main text is robust under dissipation. Even increasing the coupling into the
loss channel to ¢’ = 0.9¢g preserves the main features found in the lossless case:
a Fano resonance (with a minimum transmission that is not zero) and a high
probability of Raman scattering (represented in the inset).

These results show that our predictions in the ultra-strong regime are ex-
pected to survive a moderate amount of dissipation, which can be even larger
than that present in some actual realizations, as superconducting circuits.



Appendix F. Losses in the one-photon scattering from a qubit

176 in the ultrastrong
M g 'ﬂ )
= a
J
P Y

06 08 10 12 14
Win/ A

Figure F.1: Panel (a). Schematic representation of the geometry used for analyzing
the effect of losses. Panel (b) Elastic transmittance spectrum for g = 0.12 and several
values of ¢’: ¢’ = 0 (continuous blue line), ¢ = 0.06 (discontinuous red line) and
g =0.9g =0.11 (dotted green line). The inset shows the fraction of energy that goes
into the upper waveguide. Panel (c) Elastic transmittance spectrum for g = 0.54 and
g': ¢ = 0 (continuous blue line), ¢’ = 0.06 (discontinuous red line), ¢’ = g/2 = 0.27
(dot-dotted red line), and ¢’ = 0.9 g = 0.48 (dotted greed line). In this panel the inset
shows the fraction of inelastically transmitted energy.
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Cyclic-Three-Level System

G.1 Transmission calculation

We show here that the transmission amplitude for a single photon impinging
into a C3LS is given by Eq. (5.20).

As explained in Sect. 5.2, we do it by means of the master-equation
approach (see Sect. 2.2). In formula (2.80) we first need to compute the
stationary solutions p;;(0) with constant perturbation (see the discussion be-
low Eq. (2.80)). Since, we are assuming zero temperature, it is clear that,
p11 ~ 022 ~ O(a) and gggp ~ 1 — O(«), where « is the amplitude of the co-
herent excitation. Taking this into, account, the solutions for the nondiagonal
elements can be obtained by solving the following equations

) . . 1
p10 =0 = —iAjpp10 — iaGrog(w) — <F10 + 5(7711 - D00)2> 010 + O(a?)
(@1

. . . 1
020 = 0 = —iAogpag — iaGaog(w) — <F20 + T + 5(922 — D00)2)020 + 0(a?).
(G.2)

Inserting the solutions in the general expression (2.80) together with the rela-
tion (2.73) yields Eq. (5.20) in the main text.

G.2 Effect of losses

Losses can be modeled as decays to other channels, which are characterized by
input and output fields, named as b;, and by,. Here, we take into account one
additional channel (see Fig. G.1); if we consider more channels, we just have
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in )] Eout

Figure G.1: Schematics for the modeling of nonradiative losses.

to add their contributions. Now the C3LS can decay into b modes, described
by Hy = f dk kaZbk, interacting with the atom via

Hleakage =V 2y G/dk (bL —+ bk) (G?’)

The input-output relations (2.73) must be generalized now to include this eztra
channel,

Tout (t) =rin(t) — iV2mg(w)G(t) (G.4)
bous (t) =bin () — i\/27G(2) . (G.5)

The quantity v parametrizes a phenomenological loss rate. Besides, biy(t) =0
and the transmission in the b-modes read,

T(w) = W (G.6)

The total leakage is given by

Aw) =) (G.7)

G.3 Efficiency calculations

In order to compute the reflection and leakage when the mirror is placed, we
must sum over all the possible reflection, transmission, and lossy events, as
shown in Figure G.2. In doing so, we define ®(w) = exp(ik(w)d), which is the
phase accumulated by a photon with quasi momentum k£ traveling a distance
d (this will be the distance between the mirror and the atom). Finally, we
denote the reflection in the mirror as ry;.
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Figure G.2: Diagrammatic representation for the possible scattering events giving the
total reflection.

With the mirror, P(®)(w) is written as,

PO(w) = 1~ |rigl @) = ol (@) (G.8)
where rt((l)z (w) is the total one-photon reflection. It should be distinguished from
r(D(w) which stands for the partial reflection occurring in every event. The
coefficient Tt(;t) (w) is the amplitude of decaying in the lossy channel. Summing
over all scattering events, see Figure G.2, we finally get

rigt(w) =r® (@) + 11 (@)D (@)t ()
+ t M (W)@ (w)rart® (w)rM (w) ®(w)rt™ (w)

(G.9)

and

7(w)tM (W)@ (w)ras
1—rW(w)®(w)ry

=rW(w) + (G.10)

Combining (G.9), (G.10) with (G.8) we can compute the two-photon genera-
tion P(®(w), considering rj; = —1 in the calculations. The transmission into
the auxiliary modes is the energy loss from the system, i.e. A(w) = |7(w)|?

(G.7).
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G.4 Simulated model, input state, and parameters
used

Here we give some useful details on the numerical simulations. In particular,
we present the Hamiltonian, the parameters, and the form of the input wave
packet.

We first write explicitly the Hamiltonian used in the simulations, which
consists of the discrete version of the waveguide (1.2), the C3LS Hamiltonian
(5.5), and the dipole-field interaction term (5.6)

H :eZaLax - JZ(CLL(II+1 +H.c.) (G.11)
T T
2 2
+ > A+ Y (G i) (5] + Hee:) (a0 + af).
i=0 i,j=0

As said in Sect. 1.1, the photonic part can be diagonalized in momentum space,
giving the dispersion relation wy = € — 2J cos k. This implies that the density
of photonic states is g(w) = 1/4/2J]|sin(k(w))|. This is an essential quantity,
since it appears in several expressions in Sect. 5.2, e.g., in the interaction
Hamiltonian (5.6).

Wefixe=1,J=1/m, Ag =0, A; = 0.59, and Ag = 1.10 (these energies
were obtained from the model introduced in the main part of the text). We
take L = 1000 cavities and we place the scatterer at the center, which we
define as g = 0. The couplings used in the simulations to compute the full
spectrum are Gg; = —0.0225, and G123 = Ggo = 0.03. In order to get a
cleaner scattering state and due to the limitations in the time of simulations,
in the calculation of the two-photon wave function we artificially increased the
Couplings: G01 = —0.10, G12 = G20 = 0.13.

We work in position space. The input state is:

W) = 3 eh0mee=/279(5  p)al |0), (G.12)

up to a normalization constant, where Z is the central position of the wave
front, o a measure of its width, ky the average wave vector, and 6(z) the
Heaviside function. We fix £ = —420 (the chain has L = 1000 cavities) and
ko = 1.73 (at resonance with Agy). We take o = 2 when we wanted to obtain
the full spectrum and o = 20 for the simulation in which we compute dynamical
properties. We used a bond dimension D = 10 and the cut-off for the cavities
was Npax = 93-
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Computation of the S matrix
from a V) atom

H.1 One-photon scattering

Applying Eq. (5.28) on Eq. (2.24) we obtain

Sgr = 0(p — k) —ZZ V2 (doloy, (p)IET) (H.1)

with |¢g) = |0) |[vac) being the ground state of the model, |k™) the input state
as introduced in Eq. (2.9), and o, (p) the Fourier transform of o,, (¢).

The dynamics of (¢g|o,, (t)|kT) is obtained by sandwiching Eq. (5.30) be-
tween (¢g| and |kT) and using (¢o|awm (t)|kT) = e~ /\/27:

N N
<<z>o|a =" Anm (Solom()E) + > /2%m (ol cmn (t)ain ()| ET) .
m=1

m=1
(H.2)
The last term can be easily computed using the definition of ¢, Eq. (5.27).
First, notice that (¢g| o, (t) = 0. The calculation of the first term in ¢y, is a
little bit trickier,

(ol € (10) (0] ® Tpn) e ain (t) |KT) = (0l (|0) (0] ® Ipn) e~ ain (t) [K7)

—ikt
= (pol e M awn(t) [kT) = (do] ain(t) [k7) =

e

\/27‘(',

where we are using the fact that |¢g) is an eigenstate of H with energy 0 (first
and third equalities), |¢pg) = |0) |vac) (second equality), and (2.30) in the last

(H.3)
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equality. Using this in (H.2) we get

d n
L {ooloz () = ZAW (ol O+ e

This equation can be integrated

- emikt
<d)0|0n (t)|k+> = \/ﬂskv (H5)
with
N
st=>_ V29 [(k = A) om (H.6)
m=1
Introducing this in Eq. (H.1),
Spi = 1 0(k = p), (H.7)

N
i =1-1 Z V 2Yn 327 (H8)
n=1

where the effect of the occupation of the excited levels in the atom affects the
transmission through sj..

H.2 Two-photon scattering

H.2.1 Derivation of the scattering matrix

By introducing the identity [ dk a (k) |0) (0] ain (k) between the output oper-
ators aout(p1) and agy(p2) in Eq. ( 37), we obtain

S:zlpzkﬂfz t 5( kl)é(pQ - k'2)+
+tc ( k2)d(p2 — k1)
— ity Z V27 (07 |0y (p2)|(E1k2)*) - (H.9)
n=1

The computation of (p]|o,, (p2)|(k1k2)™) requires some algebraic manipula-
tions. The crucial element in the scattering matrix is the Fourier transform
of the off-diagonal element of the scatterer between different input and output
states, Eq. (2.37):

(P oy (p2)|(kik2)™)

= [t S (onlantp)o (el ()l (ko). (HL10)
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The equations for the integrand can be found from Eq. (5.30)

jt (Pl low ()] (krka) Z Apm (P |07, ()| (k1 k2) ™) (H.11)

+ Z V2% (7 |emn () ain (t) | (k1ka2) ™) -
m=1

The second term in this equation can be simplified as a transition amplitude
between single-photon states

e—ikzt

(Y lemn (t)ain ()| (k1k2) T) = (0 [emn (1) K] Nord

+ (kl > kg). (H.12>

We now expand ¢, (t) (see Eq. (5.27))

(" [emn(t)|kT)
= Opmn (p |1—201 OET) — (T o (H)oy, ()|kT)  (H.13)
and use the relation

(" lom (B, (B)ET) =

which we get introducing the identity between 0! (¢) and o, (¢) and using Eq.
(H.5).

i(p—k)t

2

(sp")" sk, (H.14)

We define v(t) as a vector whose entries are v, (t) = (p{|o,, (t)|(k1k2)T).
In terms of these quantities we obtain
) dV(t) e—iklt e—ikgt e—lpt

7 =Av(t) + 11 Ner +f5 oL +f12r (H.15)

where p = p; — k1 — ko and we have defined the auxiliary vectors

n =V 2771 5(]91 - k?)a (H16)
fon =27 6(p1 — (H.17)

f12n - V 2771 Z p1 Skl + Sk‘g) <H18>

_ Z \/2"}/m p1 Sk1+8k2)

Equation (H.15) can be readily integrated. Taking the Fourier transform in
the time variable, we find,

v(p2) = vi+va+vig, (H.19)
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with the vectors

Vi :(kl — A)fl fi 5(])2 - ]{51), (HQO)
\'2) :(kg — A)fl f5 (5(p2 — /{32), (H.QI)
Vi2 :(pz - A)_l f12 5(]02 - p). <H22)

Introducing this relations into Eq. (H.9), and applying (5.32), we get the

expression (5.38) for S} with T°¢ given by (5.39).

1p2k1k2 p1p2kika

H.2.2 Symmetric form of the scattering matrix

The problem with the previous standard derivation and the final formula (5.39)
is that it hides the exchange symmetry between outgoing bosons p; and ps.
To recover this symmetry we have to realize that it is possible to manipulate
the expression for sj in order to simplify all the sums. We begin by writing
the innards of s; explicitly

(k- A) = B2 (1 + iwwh) E}/?, (H.23)

in terms of a diagonal matrix Ej n, = (kK — Ay)dpm and the unnormalized
vector wy, = /¥n. Introducing the factor

a = WTEk_lw, (H.24)

we arrive at the expression

-1 -1 -1
(h—A)" =B [1-+ - akw(Ek w)f|. (H.25)
We can use this simplification to write
V2 1 1 — oy
= E_ tC = H.26
T T iar F Y T T oy (H.26)

which shows that the chiral transmission coefficient is just a phase.

We can achieve a similar simplification of the two-photon scattering matrix
identifying sums with scalar products

1+ oy’

nyk n _ ot _ 2
Z(SP) S = 8pSk = (1 —ia,)(1+ Z'Ozk)ﬂpk (H.28)

n

2
S Vs = wis, = 20 (H.27)
l




H.2. Two-photon scattering 185
to first transform Eq. (5.39)
tC
Tlgl]?Qk?lk’Q = QL;.\/i(WTSPQ)[S;l (Sk1 + Sk:g)]
tC
+ QL;\@(SLW)[SIZQ(% + 8k, (H.29)

and then transform it to the final expression in Eq. (5.40).






Appendix 1

Two-qubit phase gate

In this appendix, we first quantify the entanglement entropy generated by
the two-qubit phase gate, and later provide the expressions for the scattering
amplitudes.

I.1 Entanglement

Considering the output state (5.54), we can build the density matrix pout =
|Wout) (Wout| and the reduced density matrix of the first qubit

(pout)l = Try (pout)
_ 1 ol +1 e o) )
NP e (7 4 o) lcal?(1+ les?) '
To compute the entanglement entropy Syn, we need the eigenvalues of (pout)1
(see Eq. (2.94)). They read

1
with f equal to

\/Pa(Pa —9)(Py+1)2 + (P2 + 1)(4P, + 1) + 2P, (1 + 4P, cos(5))

f= (Pa+1)(Py+1)
being P, = |c;|?, with 2 = a,b. The entanglement entropy Syn is written as a
function of f in the main text (see Eq. (5.55)). It is easy to show that f =1 if
0 = 0 (see Fig. 1.1), which implies there is no entanglement, Syxy = 0 (see Eq.
(5.55)), as we argued in Sect. 5.4.1. In addition, the entropy is an increasing
function of § between 0 and m. In particular, if ¢, = ¢ = 1 and § = =, then

, (1.3)

f = 0 (see again Fig. 1.1) and Syn = log2, which is the maximum possible
value for the qubit-qubit entanglement entropy.



188 Appendix I. Two-qubit phase gate

0.6}

0 7t/4 7T/2 3rt/4 7T
o

Figure I.1: Function f defined in Eq. (I.3), as a function of ¢ for ¢, = ¢, = 1. As
seen, f =1 for § = 0, so there is no entanglement at that point, and it vanishes for

= 7, so the entropy is maximum (see Eq. (5.55)). Notice that f monotonically
decreases with ¢, so Syn is an increasing function of é.

1.2 S(k = Aj,04) for a V atom and two collocated
two-level systems

Here we skip the tedious derivations and just write down the expressions of
S(k = A1, o, A1 —As) for both a V atom and two collocated two-level systems.
For the V atom:

S(k = Ay, 0p)
—8v201(—2io) + A1 — Ag) (—60,% — diok (A1 — Ag) + (A — A2)2)
((A1 — Ag) (3o, +7v) — 3iok 3ok + 27)) (A1 — Ag) (o + ) — oy (o) + 2’}/))2

ok (o — 27) + i (A1 — Ag) (0, — ) ?
+ <ak (or +27) +i (A1 — Ag) (ok +7))

(L4)
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For the collocated two-level systems:

S(k=A1,0p) =
8v30y, (60 +1 (A1 — A)) (—22' (A1 — Ag) o 4+ (A — Ag)? — 20—,3) + 24ivy3o

(A1 — Ag —2i (0, +7)) (A1 — Ag) (Bok + ) — 3ioy (30k + 27))
1
(A1 = B9) (0 +7) — i (07 + 29))7
8i’)/20k (Al — AQ — iUk)Q (Al — AQ — 3i0’k)

T On (7 + 20) i (D1 — g (01 +7))° (Bok (Bow 1+ 29) + 1 (A1 — Ay) (3o 1 7))

<0'k (o —27) +i (A1 — Ag) (op — 7))2

ok (0% +27) + i (A1 — Ag) 0k +7) (1.5)
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