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contribution: 1 wrote all the codes necessary for the ED treatment in
the presence of interactions and disorder, and I did all the calculations
for both the ED and NEGF-GKBA approach. I fully analyzed the ED
results and, under the co-authors’ guidance, I analyzed the NEGF-GKBA
results. I wrote the first draft of the paper (including all the figures), and
participated actively in writing the final version of the paper.

All papers are reproduced with permission of their respective publishers.

v



Acknowledgements

I appreciate the help that I got from every person during my PhD. With your
kindness, I'm approaching the end of this fascinating journey. I want to express
my gratitude to everyone, especially those mentioned here.

First of all, a big thanks to my supervisor, Claudio Verdozzi, for giving me an
opportunity to work with him. With very interesting topics, you introduced me
to a fascinating field of quantum optics. You always inspire me with your passion
and dedication to science. I have always admired your approach to finding more
than one way of doing things. You were kind to me in explaining things, always
clarified my doubts, and made me understand multiple concepts. I appreciate
that you allowed me to disturb you with small and big questions, even at odd
times. Also, I'm very thankful for the care and concern I got from you during
the COVID time. I enjoyed working with you and will miss your stories and
jokes.

I would like to thank Emil Vinas Bostrom for collaborating with me on the
fascinating projects. You allowed me to approach you many times with big
and small questions and helped me understand multiple concepts. In the same
breath, I would like to extend my gratitude to Yaroslav Pavlyukh. I enjoyed
working and also discussing with you. You were always kind to answer all my
questions. I am very grateful to you for the pedagogical Zoom sessions we had.

I want to thank my co-supervisors, Ferdi Aryasetiawan, Marcus Dahlstréom, and
Mathieu Gisselbrecht, for your help and kindness. Many thanks to my office
mates Jimmy Ljungberg, Drilon Zenelaj, Stefanos Carlstrom, Malte Schubert,
Mikael Nilsson Tengstrand, Josef Josefi, and Patrick Potts for always maintain-
ing the pleasant working atmosphere in the office. Zhen Zhao, Ayan Pal, and
Emil Ostberg, I had a fun time with you during the conference, and also thank
you for all the scientific discussions. I also want to extend my gratitude to
Peter Samuelsson, Andreas Wacker, Andrea Idini, Erik van Loon, Gillis Carls-
son, Stephanie Reimann, Jakob Bengtsson, Tomas Brage, and Armin Tavakoli



for always being kind and introducing new and interesting science topics to me
through seminars and discussions.

A special thanks to Katarina Lindqvist for being reliable always with the ad-
ministrative work and taking care of my diet. Thanks to all the emeriti in the
division. Cecilia Jarlskog, I enjoyed discussing scientific and non-scientific topics
with you. Therese Stridh, thank you for all the help with the administration.
I'm sincerely grateful for each and every person at the Mathematical Physics di-
vision. I learned a lot from you and had fun during lunch, fika, and the division
day.

I want to extend my gratitude to Kartick Tarafder; you always inspire your stu-
dents to pursue science. I had lots of memorable times with Heena, Kumkum,
Om, Smitha, Nitin, Nitish, Rashi, Arvind, Carina, Shatabdi, Abhishek, Somnath,
and many more also thank you for the fun potlucks. Manuel, Pavan, and
Anchitha, I got lots of help from you during the early days, and I'm very grateful
for that. I also would like to thank my extended family and friends back home
for all the help and support.

Lastly, I'm grateful to my parents for their unconditional support and love. You
are the pillar of my life and education. Thank you for standing by my side in all
the decisions I make.

vi



Popular summary

Humans have always been interested in exploring light. The branch of science
that studies the nature of light is known as ‘optics’. In optics, light is expressed as
aray or as a wave. The description of ‘rays’ helps explain the phenomena such as
reflection and refraction. However, processes such as diffraction and interference,
where one observes high and low-intensity patterns, require ‘wave’ description
of light. All these phenomena and descriptions support the wave nature of
light. But then processes like ‘Black body radiation’ and ‘photoelectric effect’
are explained by considering that light is made up of particles of discrete energy
called ‘photons’. Hence, light is considered to have a wave-particle duality since
it behaves both as a wave and a stream of particles. In this thesis, we consider
light confined in a cavity, and hence, we depend on the photon nature of light.

Light plays an essential role in everyday life. It is because of light that we
see the world around us. However, in today’s tech-driven world, applications
of light are far more numerous, communication has become faster, producing
energy has become environmental friendly with solar cells, and there are multiple
medical applications such as treating cancer. The basic phenomenon that all
these applications exploit is the interaction between light and matter.

Light interacting with the matter might interact weakly and cause no effect on
the material. However, the discovery of laser made possible to address high-
intensity phenomena. Light brings drastic changes to the system in the presence
of high intensity sources such as laser. In certain materials, such as ‘quartz’,
the high intensity fields can bring so-called ‘non-linear polarization’. The non-
linearity of the polarization allowed for multiple applications such as parametric
amplification, parametric oscillation, and the frequency conversion of the incid-
ent field. Frequency conversion helps achieve sum frequency conversion, differ-
ence frequency conversion, and ‘high-harmonic generation’. In this thesis, we
focus on ‘second harmonic generation’, in which the frequency of the incident
field is doubled.

vil



Theoretically, there are multiple methods that have been considered to invest-
igate second harmonic generation. In this thesis, we work with two of these
methods. Also, we investigate second harmonic generation in different systems,
and characterize some general trends in the time dependent and steady state
spectra.
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Part I

Background and Methods






Chapter 1

Introduction

Light falling on a material might or might not get absorbed. If a material absorbs
the light, then again, it might or might not emit the absorbed light. Light
emitted may or may not be the same as the incident light. Because of all these
possibilities, the interaction between light and matter lies at the heart of many
revolutionary technologies, such as spectroscopy, laser, microscopy, solar cells,
sensors, and many more. One such revolution is second harmonic generation
(SHG), where two incident photons on a material result in a single photon with
twice the incident frequency. SHG is a non-linear effect requiring an intense light
source for observation. Hence, it was first observed only after the discovery of
the laser.

Nowadays, SHG is used in a wide range of applications, such as microscopy,
biological sensing, short pulse measurement, and characterizing crystals. Even
though there has been vast growth in the applications of SHG some aspects in
the theoretical understanding of this process are still not fully understood. In
this regard, we studied SHG from different systems inside an optical cavity. For
the study, we consider the approach of theoretical models. With the models, one
may not be able to address the physics associated with a specific system, but it
helps gather general trends associated with the physical process.

We consider systems inside an optical cavity because the cavity will confine the
electromagnetic mode. When an atom interacts with a laser field in free space,
there are a large number of photons that will interact with the atom. However,
these photons will interact very weakly with the atom since they will engage
with the atom for a short time. But, within a cavity, the cavity photons will
have an increased interaction time due to confinement [1]. Also, with the cavity,



one can address the low photon limit in which quantum effects will dominate.

One can study the generation of second harmonics by observing the emission
spectra. In our cases, we assume that the photon-induced transitions will con-
serve the spin. Hence, we refer to the emissions spectra as fluorescent spec-
tra and study time-resolved fluorescent spectra. SHG can be investigated by
observing steady-state fluorescent spectra. However, monitoring the emissions
spectra throughout time helps understand and analyze the inherent physical
processes.

The methods used in our studies are exact diagonalization and nonequilibrium
Green functions. Exact diagonalization refers to solving the Schrodinger equa-
tion exactly. As the system gets larger, obtaining the exact result could be com-
putationally demanding and impractical in most cases. However, for a reason-
ably “small” system, the solutions of exact diagonalization stand as a benchmark
and can also be used to verify other methods that involve assumption and/or
approximations. The nonequilibrium Green function method is well known in
studying time dynamics. It is also computationally expensive, but with the gen-
eralized Kadanoff-Baym ansatz, one can transform the quadratic time-evolving
framework to a single time scheme. Then, the computational time will be re-
duced drastically. Hence, though the exact diagonalization is an exact method,
the Green function gets an edge over it, and some studies that are impossible to
carry out with the exact diagonalization become viable with the Green function
approach.

To summarize the context of this thesis, In Paper I, we studied competition
between dimer dissociation and the generation of second harmonic. The elec-
tron’s degrees of freedom, dimer nuclear degrees of freedom, and photon fields are
all treated quantum mechanically. In this study, we also depicted photon leak-
age from the cavity via coupling baths of the classical oscillators to the photon
fields. In Paper II, we studied SHG from cold bosonic atoms in an optical lat-
tice and from a boson atom condensate. In this study, we explored the effects
of atom-atom interaction on the fluorescent spectra. Both of the studies were
carried out with exact diagonalization. As said earlier, the ED method becomes
impractical for larger systems. In Paper III, we investigated the generation of
second harmonics from the Dicke model using the nonequilibrium Green func-
tion method. Hence, we considered a reasonably larger Dicke system, and in the
study, we observed the effect of disorder and electron interaction on SHG.

Now, we will outline the structure of this thesis. In the second chapter, we briefly
describe the numerical methods used in the papers. The following three chapters
in Part I contain an overview of the paper’s contents. The sixth chapter includes



a summary and an outlook for further research. We hope Part I will acquaint
the readers with the necessary materials to read papers in Part II.






Chapter 2

Theoretical and computational
methods

2.1 Exact Diagonalization

In quantum mechanics, the wave function obtained by solving the Schrédinger
equation contains all the information about the system. By representing the
Hamiltonian of the system in a matrix form, solutions to the Schrodinger equa-
tion are obtained by diagonalizing the matrix. This method is known as exact
diagonalization (ED). Of course, when the system becomes larger, ED becomes
impractical. But sometimes, in theoretical studies, smaller systems can be used
to gather insight in to more complex system, and ED becomes a prominent tool
to explore such systems.

The dynamics of a quantum system is understood by observing the time evolu-
tion of the wave function of the system. The time-evolved state of the system
is obtained by acting with the time evolution operator on the system’s initial
state. When the Hamiltonian H is time-independent, the time evolution of the
initial state [1(0)) is given by,

() = e p(0)) (2.1)
In all the discussions we consider A = 1.

With the set of eigenfunctions A of H, the time evolution will be re-represented
as,

(1) =D e PN A (0)) (2.2)
A



This method of time evolution is not applicable when the Hamiltonian is time-
dependent. In that case, we consider time evolution in small-time steps A.
With eigenvalues E) corresponding to time ¢ + A/2 the time evolution will be
as follows,

[t +A)) =Y e BEN (D)) (2.3)

A

In the above equation A is assumed small enough that ftHA H(t")dt' ~ H(t + %)A
The method of ED solves the Hamiltonian exactly without any assumptions.
But, since the Hilbert space scales unfavourably with enlarging the physical sys-
tem, soon with the increased system size ED becomes practically impossible
[2, 3, 4]. Hence, ED is preferred for smaller systems and can be considered as a
benchmark for other methods used in more complicated studies.

2.2 Lanczos algorithm

The problem with a growing Hilbert space met by ED can be compensated
at some extent by performing the time evolution via the Lanczos algorithm
[5, 2, 3, 4, 6]. With the Lanczos algorithm, instead of diagonalizing the full
Hamiltonian H, a smaller tridiagonal Hamiltonian Hp is constructed, which
comes from approximating the full e~ 9D in an optmized basis |Vy), with
k < N, and N, small (as shown below, the vectors {V};} are related to the
application of [e_iH(H'%)A]k to |¥(t)). The time evolution ¥(t) — V(t + A)
is then obtained with a suitable modification of Eq. 2.3 projected in the {V}}
space. Since N, = Dim(H|) is chosen greatly smaller than Dim(H ), the time
evolution is again possible, after making sure (via a proper choice of A and N)
that convergence is assured within the {V}} space. For sparse Hamiltonians,
with a relatively small number of nonzero matrix elements, the (highly reduced)
number of operations to perform matrix-vector multiplications to produce the
basis {V}} at each time step is also an important factor increasing the numerical
efficiency of the Lanczos algorithm. The latter is thus especially suitable for
large sparse Hamiltonians.

In more detail, the Lanczos algorithm involves span of the orthonormal vectors,
also known as Lanczos vectors. They can be obtained by the successive applica-
tion of H on the system’s state (such as ¢(0) for time-independent Hamiltonian).
Orthonormalization follows the principle of Gram-Schmidt orthonormalization.
The time evolution with the Lanczos algorithm is initialized by the seed state



Vo) = 1(0), where 1(0) is the initial state. Second Lanczos vector |Vi) or-
thonormal to |Vp) will be,

|U1) = H|V) — uo| Vo),

ug = (Vo|H|Vo), w1 = +/(01]01),

V2) = o fon). (2.4)

Further, the construction of mth Lanczos vectors is as follows,
|®m> = H|Vm—1> - Um—1|vm—1> - wm—l|vm—2>7

Um—1 = <Vm71|H|mel>a Wm—1 = V <i}m71|ﬁmfl>a

Vi) = = I (25

m

After observing that increasing the dimension of the Krylov space will not
change the results, time evolution is assumed to be converged. For the con-
vergence observed with a maximum Lanczos vector |V,), the Lanczos basis is
{{Vo), V1), [Va), ..., |[Vk)}. As we can observe the Lanczos Hamiltonian Hjp, is
tridiagonal and x determines the size of Hy,.

uy Wi 0 0 0
wr UuUr w2 0 0

H,=|0 w2 up wg 0 - (2.6)
0 0 ws wus wy

With the Lanczos vectors, time evolved state for the time-independent Hamilto-
nian will be,

W) = 3 (Vi) (Vinle B A (D15, (2.7)

m, (L)

where E/(\L) corresponds to eigenvalues of Lanczos Hamiltonian H; and Vj =
¥(0). The Lanczos algorithm will be helpful whenever & is significantly smaller
than the size of the Hilbert space corresponding to actual Hamiltonian H. When
the Hamiltonian is time-dependent, time evolution will be considered in steps as
in Eq. 2.3. For the time evolved state ¢ (t + A), the seed state V will be (t).



2.3 Nonequilibrium Green function for electron-photon
interacting systems

As mentioned earlier, in Paper III we explore the scope of NEGF method for
studying light-matter coupled system. The correlation based NEGF method can
be used to extract the relevant observables as time dependent averages. Some
approximations will be adopted with the method to make it less expensive.

2.3.1 NEGF for fermions

This section gives a brief summary of the NEGF method for fermions (electrons).
More detailed presentations of the method can be found in [7, 8, 9, 10|

Consider an interacting system in the ground state |1)4) at an initial time ¢ = 0.
The system is described by an Hamiltonian H(t) = Hy + V(t) + Hy, where
Hy, V (t) respectively denote the static and time dependent independent-particle
contribution (i.e. V'(¢) describes the external perturbation, which usually starts
to act for ¢ > 0), and Hy accounts for the electron-electron interaction. The
average of an operator © at time t > 0 is given by

<@(t)> - <¢Q‘U(0,t)@u<t,0)‘¢g>, (2'8)

where U(t",1') is a time evolution operator from time ' to ¢, and U(t,0)" =
U(0,t) is a property of the time evolution operator. One formulation of the
NEGF approach expands on the viewpoint of Eq. 2.8, using as starting point
the fully interacting system at ¢t = 0. Much work with NEGF has been and
is done along these lines. However, in several recent treatments and actual
numerical implementations, another prescription is followed in practice, which
rests i) on an artificial adiabatic switching approach of the interactions starting
from an noninteracting system in the remote past, and ii) the assumption that
in this way one reaches the ground state of the interacting system, to then start
the actual nonequilibrium dynamics of interest. Our brief introduction here
to NEGF will be based on the adiabatic approach (see e.g 7] for an extended
discussion). Accordingly, for the adiabatic switch-on Hamiltonian one considers

H,(t) = Hy + el Hy, (2.9)

and, for the Gell-Mann-Low theorem, |¢(0)) = U,(0, —00)|dy), (Where |@g) is
the non-interacting ground state in the remote past, i.e. of Hp) is an eigenstate
of H,(0) = Hy + H;. The adiabatic connection is then realized if |¢(0)) = [¢)g).

10
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Figure 2.1: The contour C introduced in Eq. 2.12. The time argument of H on the two branches of C is according
to Eq. 2.11. The specification of H at positive and negative times, is given in the main text. The figure
is adapted from [7]

Within the adiabatic approach, Eq. 2.8 is rewritten as

(Ot)) = (dg|Us(—00,0)U(0,1) O U(t, 0)Us (0, —00)|dg), (2.10)

This expression can be compacted by extending the definition of H () at negative
times as H(t < 0) = H,(t), and using the time ordering (T) and the anti-time

ordering (7) operators (specified below):
(O(t) = (6,|T(e ™M HO) 0T (e =t D)fg). (211)

Here, T and T order operators within the brackets. Specifically, T orders oper-
ators with later time to left, whereas T will order later time operators to the
right. The ordering of times guided by T and T can be combined in an oriented
contour C shown in Fig. 2.1.

The notion of contour is a core element of NEGF theory; it was pioneered by
Schwinger [11], reconsidered by Keldysh [12] and also by Konstantinov and Perel’
[13] and Danielewicz [14]. It can be applied in different forms and to different
situations. Here we focus on the contour for the adiabatic approach as shown
in Fig. 2.1. Introducing an orientation on C, the average (O(t)) can finally be
expressed as

(O(t)) = (¢l Tefe e HDO(7)}|gy), (2.12)

where 7 represents the contour time used to specify the real time ¢ placed on the
forward or the backward branch of the contour.

11



Single particle Green function

The contour Green function is a fundamental part of NEGF, and the one particle
contour Green function is given by,

G, ) = 1 (Bl Tele e O (r)al ()} I6,), (2.13)

where ¢; annihilates an electron at state i. Here i represents both the orbital and
spin labels. The fermionic operators ¢; and ¢; follow standard anti-commutation
relations, hence the Green function will change sign if 7’ is later than .

Even though ¢t > ¢/, 7/ could be later than 7 depending on placement of 7 and
7" on the contour. If 7/ is later than 7 then,

1
G55 (t,1) = == (dglU(—00, ) dTU 1) i U(t, ~c0)[dy).  (2.14)
When 7 is later than 7/,
1
G35 (t.1') = ~ (B U(—00, 1) di U(t,t) A U(Y', ~00) ). (2.15)

The contour Green function can be rewritten with the lesser and greater Green
functions as

Gij(r.7') = O(r,7)G(t.1') + (7, 7)G};(t, 1), (2.16)

where ©(7,7') is a step function which becomes 1 when 7 is later than 7" and 0
when 7 is earlier than 7/.

The equal-time lesser Green function corresponds to the density matrix; that is,
ij (t,t) = ipfj (t) (the reason for using the superscript “<” in p will become clear
later on). Hence time dependent average of an observable can be evaluated as

) =>_ Oip5(t) = _IZ@wG< (t,t). (2.17)
ij

Dyson equation

In the presence of electron-electron interactions, the one particle Green function
G can be expressed in terms of the non-interacting Green function Gy, and a
quantity ¥ known as the self energy. The complex behavior of the system due
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to the interactions is thus incorporated in . With the introduction of ¥, the
one particle Green function can be obtained from the Dyson equation

G(1,7") = Go(r,7") + / dr1draGo(T,71)2(71, 72) G (T2, 7). (2.18)
C

Here Gy represents the non-interacting Green function.

Generalized Kadanoff-Baym Ansatz

The integro-differential form of the Dyson equation is

(i —10) o) =)+ [ ansrmGine). (29

It describes the time evolution of the Green function and h(t) is a single particle
Hamiltonian. For ¢ considered along the forward branch of the contour and #’
along the backward branch,

(ijt - h(t)) G(tt) = [ an (ST )G () + 550G 0.)).

(o9}
(2.20)
When t’ is along the forward branch and ¢ along the backward branch,

<_ o
G>(t, 1) (—iddt, - h(t’)) :/ dt; (GR(t,t1)2>(t1,t’) +G>(t,t1)2A(t1,t’)>.
(2.21)

Equations 2.20 and 2.21 are known as the Kadanoff-Baym equations. In the
equations retarded and advanced component of a correlator function F(t,t) are

defined as
FR(tJE) = @(t _B[F>(taf) - F<(ta7§)]a

FALT) = -0 — t) [F>(t,F) — F<(t,1)].

Here 0(t —t) is the Heaviside step function which will assume value 1 when ¢ > ¢
or else 0 for ¢t < t.

The cubic scaling of the Kadanoff-Baym equations with time makes the method
numerically expensive. Hence Lipavsky et al. [15] introduced the so-called Gen-
eralized Kadanoff-Baym Ansatz (GKBA), which permits to have a time evolution
of NEGF that scales quadratically with time. In GKBA, G<(t,t) and G~ (t,1)
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are expressed in terms of the one particle density matrix along with the retarded
and advanced propagator as

G=(t,1) = =G (t,1)p=(8) + p=()GA(1, ), (2.22)

where ij(t, t) = ip;;(t) and G?j(t,t) = ipfj (t). The function pi<j (t) corresponds
to the electron density matrix p;;(t). The GKBA ansatz in Eq. 2.22 is valid for
non-interacting system or in the Hartree-Fock approximation [15, 7|; however,
more in general, it represents an approximation to facilitate NEGF calculations.

Using the above equations in the Kadanoff-Baym equations 2.20 and 2.21,

S (0) + R (1), p ()] = ~L(t) — 1 (1), (2.23)

where K (t) is the Hartree-Fock Hamiltonian and I.(t) is a collision integral
defined as

L(t) = / T (iR(t, £)G<(t1, ) + i<(t,t1)GA(t1,t)). (2.24)

Using the GKBA expression of Eq. 2.22, the lesser and greater Green functions
now depend on the one particle density matrix. However, to close the equa-
tions, Gr and G 4 are needed and usually Hartree-Fock propagators are used for
the retarded and advanced components. In the collision integral I.(t), the self
energy 3 excludes the Hartree-Fock self energy, & = % + SF . The Hartree-
Fock self energy is related to the Hartree-Fock potential through ¥ (7, 7/) =
5(r,7)VHE(t), and the Hartree-Fock potential depends on one particle density
matrix via V;fF(t) = > pq(Vipgj — Vipjq) Ppq(t). Here vipg; and vipjq are compon-
ents of the Coulomb interaction tensor. Since the Hartree-Fock self energy is
a function of the one particle density matrix, it is usually incorporated in the
one particle Hamiltonian. Hence, the Hartree-Fock Hamiltonian is defined as
RIF (1) = h(t) + VIF (t).

2.3.2 GKBA for interacting electron-photon systems

In Paper III, we studied the fluorescent emission of a series of two-level sys-
tems (TLSs) interacting with a cavity field. The system in question is known
in the literature as the Dicke model [16], and it has been extensively used to
study different aspects of cavity quantum electrodynamics. Explicitly, the model
Hamiltonian used in our study is

up~e e
Hp = wisi+woblbr +wbbba + [gin(b] +1) + g e (0] +bs)] Z2s + Z Agag,
=1 <t,J>

(2.25)
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In Eq. 2.25, sg = %ZTT di z(ITT /d ; are the spin operators, o7 are the Pauli
spin matrices (j = z,y,2), 7 = 1 ( 7 = 2) labels the ground (excited) level, and
di ;» dr; are the electron creation and annihilation operators in the zth two-level
system (TLS). Furthermore, L is the total number of TLSs, w; is the energy
difference between the levels in the ith TLS, wg (w) is the frequency of the incid-
ent (fluorescent) field, by (by) annihilates a photon of the incident (fluorescent)
field, gin (gf1) determines the coupling between the incident (fluorescent) field
and the electron, I" represents the phenomenological damping, «, corresponds to
the interaction between the excited electrons in the neighbouring TLS and 7§ is

the density of excited electrons in the 2th TLS.

Often the Dicke model is studied using ED. However, with the usual limitation
met by ED for large systems, it is not possible to study Dicke systems with a
large number L of TLS. Hence in our paper, we used the GKBA method for
interacting electron-photon systems [17, 18]. As we observed before, GKBA
scales quadratically with time. However, recently, a time-linear scaling method
has been proposed for GKBA in the electronic case [19, 20]. Soon after that,
the linear scaling formulation has been extended to interacting electron-boson
systems [21, 22]. In what follows, we provide a brief survey of the method,
following closely the original presentation in [21].

The bosonic GKBA is formulated in terms of the displacement ¢, 1 = % (bL‘H’u)

and the momentum ¢, o = ﬁ(b,t —by,) of the boson mode . Similar to the
electronic Green function, the photon counterparts are

Dy (t, 1) = D7t t) = —i (App(t) App(t)) , (2.26)

where Ay (t) = pp(t) — (@u(t)), and fi is a collective index fi = (i, ;) with &, €
{1,2}. With the displacement and momentum operator, the boson Hamiltonian
is Hyps = Z__ Q;w Y P, Where Q/w = (5,“, wy, O¢,¢,- The time evolution of the
correlator DS has similar form as G5 (Eq. 2.20 and Eq. 2.21) with the boson
self energy 3:

(id - hb(t)> D(tt) = A [ dnn(Bf(t.0) D (00457 (10 DA (1.,

dt
- (2.27)

D> (t,1') (- 4 p )> :/OO dt (DR(t 1) (1, )+ D> (¢, ) S (t t'))A

) ldt’ _001 y U1 )24y (1, y U1 ) 24p 1, )
(2.28)

where h® = .A(fl + QT) is the effective bosonic Hamiltonian, and due to the

commutation rules of bosons Ay = —d,,, <? 61> .
£ugu
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To discuss the electron-boson coupling Hamiltonian H¢;_p,s, it is convenient to
introduce the generalized indices (g,7) — 25 — 1 and (e, j) — 2j. Accordingly,
Ho_pos = ij 95,ij (t)d;rdjga,;, where d; destroys an electron at site ¢. Even in
the presence of electron-boson coupling, the structure of the electron equation
of motion will be the same as in Eq. 2.23, provided that we redefine the electron
Hamiltonian. To this end, we consider h¥F (t) instead of ¥ as

RIE () = h(t) + VI )+ g (6) {(eu(t))- (2.29)
i

Similar to Eq. 2.23, with the boson density matrix 'yl%;(t) = iD%(t,t) and the
boson collision integral Iy, the boson equation of motion will be

Sy () +RE), 4= (0] = B(0) + 1] (1) (230)

The equation of motion is obtained using the boson GKBA (analogous to electron
GKBA in Eq. 2.22),

D5(t,t') = DE(t, 1) A= (t') — 4> (t)AD(t, 1)) (2.31)

GKBA for the Dicke model

As mentioned before, we have studied the fluorescent spectra of the Dicke model
(mentioned in Eq. 2.25) using the GKBA. In the study, we considered only the
Hartree-Fock approximation for the electron Green function. Hence the only
contribution to the electron collision integral I.(t) is from the electron-photon
interaction , L (t) = 13, gaa(t)Sh (), where G2 (1) = <d}(t)dl(t)goﬁ(t)>c
[21], and the boson collision integral I z5(t) = =1, Gamn (£)9% 1 (), Where
gﬂ,mn = Z,; Aﬂf/ 9o, mn-

The high-order Green function G(¢) includes integration over time; hence the
GKBA method scales quadratically with time. As shown in [19, 20, 7] using
the HF-GKBA as discussed above permits to perform the time evolution of the
system in terms of time local coupled ordinary differential equations for G and
G. This is known as the ‘G1-G2’ scheme, where GKBA scales linearly with
time, and this is the scheme we used in our study to make the calculations more
efficient [21].

The coupled ordinary differential equations used in studying the Dicke model
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i (oa(t)) = Z Mot eol0) + 202500 (232
i) = (77 1) 5 (Zgu (00— 000, (233)
Do lt) = R0, 7= (O] (Zgu % n(®) = (12 9)) (230
G0 = — (1) + K0S (1)~ SR (1), (235)
where h¢ = hF @ I — T @ (RTF)T, ®b(t) = 47 (t)g(t)p=(t) — v=(t)g(t)p (t)

with p< = p< ® (p”)" and p~ = p~ @ (p=)".

For further details on the method, we refer the reader to the original presentation
in |21, 22].
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Chapter 3

Second Harmonic (Generation

SHG is a nonlinear phenomenon, that was first observed in 1961 when passing
laser beams through quartz crystals [23|. The use of laser beams was in fact
necessary, since obtaining a well detectable signal from quartz required intense
light sources. Nowadays, SHG is well characterized from both the theoretical and
experimental point of view, and practically used in a wide range of applications.
In many cases, SHG is theoretically described using nonlinear response theory,
and often considering classical radiation fields. Nonetheless, there are aspects
of SHG that remain at a good extent unexplored, for example the regime in
which the average photon number is low and yet multi-photon fluctuations are
relevant, where it is more appropriate to proceed with an equal footing quantum
description of both matter and radiation. The aim of this chapter is to provide
some basic notions of SHG, starting from a initial characterization in terms of
the system’s polarization and nonlinear susceptibilities [24, 25, 26, 27|, and then
motivate a description which is nonperturbative and fully quantum mechanical
description for the radiation field, in the spirit of what is usually done for simple
quantum models of nonlinear optics [28, 29, 30]. This last approach is the one
which is used for the systems discussed in Papers I-I11.

3.1 Polarization and harmonic generation

The light falling on a material could excite an electron to higher energy levels or
lead to the separation of charges inducing polarization within the matter. The
possibility of either situation depends on the frequency of the incident photon.
In both cases, when matter undergoes relaxation, the absorbed energy will be
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re-emitted with the emission of one or more photons.

The response of matter to an external electromagnetic field is described by the
system’s polarization P(w). If we expand P(w) in powers of the incident field,
we have [24, 25, 26, 27]

Pw) =PYw)+PPw)+ POW) + ..., (3.1)
where
PW(w) = XM (w)E(w) (3.2)
PP(w) = xP(w : wi,wo) B(w1) E(ws)

P (w) = xO(w : wi,wa, w3) E(w) E(ws) E(ws)

with w = wy + w9 + ... + w, and

X(n)(w D w1, wa, --~,wn) — /X(n) (tlv to, ..., tn)ei(wlt1+w2t2+"'+w"t")dt1dt2...dtn
(3.5)

In the equations, E(w;) is the incident light field with the frequency w;. For an
anisotropic system, the n-th order susceptibility X(") is a tensor of rank n+1. For
the two incident frequencies w, and wy, second order polarization could generate
a sum, w = w, + wp or a difference w = w, — wy, frequency. The sum frequency
generated when w, = wy doubles the incident field frequency, and this is known as
second harmonic generation (SHG). Similarly, higher-order susceptibility terms
will result in higher harmonic generation.

The relative magnitude of the susceptibilities of different orders can be estimated
resorting to the Lorentz model of the atom, by considering the displacement of
the electron cloud in response to the external electric field [31, 32|, and the
induced restoring force on the electron cloud. A restoring force that has a linear
dependence on the displacement of the electron cloud is associated with a linear
susceptibility behavior, whereas a nonlinear response/susceptibility corresponds
to a restoring force which contains anharmonic contributions as well. Pursuing
this line of argument, susceptibilities of consecutive order can be shown [31, 32,
26, 27| to be related as

(n) 1
X D) &
where & is the modulus of average electric field strength inside an atom. With
E = |E|, the modulus of the incident light field, the polarization ratio is given

by
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n
PUwW) B (3.7)
P=1)(yw) &
For normal light, E/& is very small, and it is hard to observe nonlinear effects.
However, with the intense light source with high E, nonlinear effects become
more appreciable. Hence, the pioneering experimental observation of second
harmonic generation happened [23| after the discovery of laser.

3.2 High harmonic generation

Producing high harmonic generation (HHG) with highly intense laser sources is
of great [33, 34, 35] conceptual and practical significance, as also recognized in the
motivations for the Nobel Prize awarded in 2023. For example, some important
applications of HHG are the generation of attosecond pulses [36, 37, 38] and
producing coherent extreme-ultraviolet or X-ray pulses [39, 40]. Theoretically, a
popular and very often employed model to explain HHG in gases is the so-called
three-step model [41, 42]. In this model, the electron is initially excited, then
it accelerates in the presence of laser light, and finally recombines with the ion.
The corresponding emitted radiation, related on the ionization potential and the
kinetic energies of the accelerated electron, contributes to the HHG signal. For
solids an analogous theoretical model can be adopted, in which electron motion
in bands (intraband) [43] or electron transition between the bands (inter-band)
[44, 45| is responsible for HHG. However, there are also alternative treatments
available (for a review, see e.g. [25]).

3.3 Perturbation theory, Dressed states and Parity

As anticipated at the beginning of the chapter, in Papers I-1II we consider situ-
ations where the average photon number is small but multi-photon fluctuations
are relevant, using a nonperturbative and fully quantum mechanical treatment
for the radiation field. The use of this level of description can be made plaus-
ible by considering two classical examples, namely the Mollow triplet and the
Autler-Townes doublet.

To proceed, let us consider a one-electron, two-level atom, with |g) being the
ground state and |e) being the excited state, in the presence of an incident field.
The field has a frequency equal to the atom resonant frequency. Transitions are
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possible between |g,n) and |e,n — 1), which correspond to the excitation of the
atom with the absorption of a photon and the de-excitation of the atom with the
emission of a photon. This latter process will re-emit the absorbed photon with
the same frequency as the incident photon. At resonance, the emission spectrum
consists of three-peaks, and is known as ‘Mollow spectrum’ [46, 47]. In general,
it is not possible to explain the Mollow triplet within a perturbative treatment.
Perturbation theory can also be inadequate to describe another important effect,
namely the Autler-Townes splitting [48, 49]. The latter is observed in a three-
level atom when one of the transition levels is coupled to a third level via a
strong auxiliary laser field.

A way to properly characterize the Mollow triplet and/or the Autler-Townes
doublet is via the dressed atom approach, that we now briefly illustrate using
a very popular model of quantum optics: the Jaynes-Cummings (JC) model
[50]. The latter describes a model one-electron atom with two electronic levels
(labeled |g) and |e), and with energies €, and €., respectively) interacting with
a single radiation mode. With the atom-photon coupling strength denoted by
¢, the JC Hamiltonian can be written as H = Hy + H;,:, where the interaction
part (without rotating wave approximation, see below) is

Hint = C(|9){el + le)(gl)(a + al), (3.8)

and for the uncoupled Hamiltonian Hy we have
Ho = €4]9){g] + €cle)(e] + waa'a. (3.9)

In Egs. 3.8 and 3.9, a' creates a photon of the cavity mode, the term |g){e|a
corresponds to the annihilation of a photon together with the atom de-excitation,
and |e){g|a’ represents the creation of a photon during the atom excitation.
When the photon frequency is close to the atom’s resonance frequency, i.e.,
Wq R €. — €4, these terms in the Hamiltonian are usually neglected, according to
what is known as rotating wave approximation (RWA) [50]. With the RWA, the
Hamiltonian connects |g,n) only with |e,n — 1). Hence the Hamiltonian will be
block-diagonal, with the submatrix corresponding to |e,n — 1) and |g,n) given
by

H, = [Ee t(n=Dwa (VR ] . (3.10)

VD €g T Nwq

The eigenvalues of H,, are [52]

(2n — 1w, + €c + €4 N

Ei,n = 9

%\/(ee — €9 — wa)? +4(?n, (3.11)
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|g,n+1) [+,n+1)

— |=,n+1)

le,n—1)

Figure 3.1: Energy spectrum of a two-level atom coupled to a photon field. In the figure the photon frequency is
slightly larger than the resonance frequency of the atom, and hence the detuning § = w, — (€ — €4).
The figure is adapted from [51].

with the corresponding (dressed) states given by

|+,n) = cos O,|g,n) + sin O,|e,n — 1) (3.12)
|—,n) = —sin 0,|g,n) + cos Oyle,n — 1), (3.13)

and

2¢y/n
Wa — (€c — €g)
At resonance, the dressed states Ey , and E_, are separated by 2¢y/n. In a
coherent state, for large (n) we have that \/n ~ /(n) [51, 52, 53]. Hence among
the four transitions between Ey ,, and Ey ,,_1 (shown in Fig. 3.1), there are two
degenerate transitions, and they are resonance transitions. The remaining two
transitions form the side peaks of the Mollow spectrum.

tan(26,,) =

The Autler-Townes doublet can also be explained within the dressed atom ap-
proach. A strong auxiliary laser field will lead to the dressing of the two atomic
states. Hence a weak probe field will involve a transition between the third
atomic level and the dressed states. Due to the transition between the atomic
level and two close-dressed states, the doublet is observed in the emission spectra

[54].

Photon-dressing effect can also have relevance for SHG. For example, in atoms,
SHG is often described in terms of a three-level system model[53, 55]. Since
SHG involves transitions among all the three states, for levels of definite parity,
and in the perturbation regime, SHG will be forbidden. However, away from
the perturbative regime, SHG can in fact even occur in a two level system,
as a result of multi-photon dressing effects. We illustrate this by considering
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again a photon field interacting with a two-level system. The total parity of
the combined photon-field+TLS is a product of electron parity and photon field
parity [56, 57, 53|:

I = (ng — ne)e™, (3.14)

where ny and n. represent the density operator for an electron in the ground
and the excited level respectively, and n, is the photon density operator. The
electron-photon Hamiltonian commutes with the total parity, [Ho+ Hipe, II] = 0.
Even though the eigenstates of the full system will have a definite parity, the
individual electron or photon subsystems will have indefinite parity. Thus, due
to the dressing of the levels, conservation of electronic parity is not any more a
constraint, and SHG is now allowed.

The situations briefly discussed here point to the importance of a non perturbat-
ive treatment of some matter-photon interaction phenomena and, specifically for
our case, of SHG. Furthermore, aiming to investigate SHG in systems in optical
cavities and at very weak fields (as done in Papers I-III, and where quantum
fluctuations are important), a non perturbative and fully quantum treatment is
in order.

3.4 Systems and photons in an optical cavity

The systems investigated in this thesis are assumed to be placed in a quantum
optical cavity, and we here provide some general notions and definitions pertain-
ing to this type of setup.

3.4.1 The SHG spectrum

Our general definition of the SHG spectrum, that we use in a full quantum
description of the system and the photon fields, is

P(t,w) =33 [inm|T[e=H o T y(0)) 2, (3.15)

in m>0

where |i) represents the electron state, |n) represents the incident field number
state, |m) represents the fluorescent field number state, |1(0)) is the initial state
of the system, and H is the system Hamiltonian. It is worth emphasizing that
H describes the material system, the quantized photon fields, and their mutual
interaction, with many photon effects included in principle at all orders. Each
of the papers I-1II deals with different material systems. At same time, in all
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cases, for the radiation part of H we consider two modes, respectively describing
the cavity/incident and the fluorescent/SHG field.

3.4.2 Driving photons into the cavity

Our studies explored two ways of introducing photons into the cavity. One of
the methods is driving photons into the cavity by the external laser field, and
the other is by considering an initial coherent photon state.

In the first case, photons are introduced in the cavity by coupling the cavity
photon mode to the external laser field. The initial state of the system is the
ground state of the electron-photon coupled system (represented as |1()). The
Hamiltonian representing the coupling between the external laser field and the
cavity mode is

Virive = ga(b" + b)[f (¢) sin(wot)], (3.16)

where b annihilates an incident photon, gg determines the laser field and the
cavity mode coupling strength, wy is the frequency of the laser field (same as the
incident field frequency), and f(¢) provides an envelope to the external laser field.
With the envelope function, it is possible to tune the time interval during which
photons will be introduced into the cavity. In some cases, we used f(t) = 0(ts—t),
a step function vanishing after time t;. However, in most cases we considered
a rectangular envelope, f(t) = [1 — F(t)]|%2(t) with the two Fermi functions
Fi(t) = [exp((t — t:)/7) + 1] .

3.4.3 A coherent initial photon state

A coherent state is an eigenstate of the annihilation operator |58, 52|, b|n) = n|n).
In terms of the photon number states, the coherent state follows the Poisson
distribution,

=% Y k). (3.17)

In our studies, we assumed in some cases that the initial state of the system is
a product state of the material system and the photon fields. Specifically, the
initial state is taken as [1(0)) = |¢{) = |Elc)|n)|0), where |Elc) represents the
initial state of the bare electron system and |0) corresponds to the vacuum state
of the fluorescent field. This choice will be further discussed and motivated in
section 4.3.
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3.4.4 Cavity leakage with the classical bath

Photons inside the cavity will escape the cavity after some time. We account this
cavity leakage in the spirit of the Caldeira-Leggett model (CLM) of dissipation
[59], by coupling the photon mode to a bath of classical harmonic oscillators.
The oscillators will remove the photons inside the cavity. The standard CLM is

2
c
7—1- mkwk< T — — 238) ], (3.18)
m

kWi

2
HCLM—* +Z

where p, m, x, and V(x) represent the momentum, mass, position, and potential
of the system (particle). Similarly, px, mg, x, and wy corresponds to the bath
oscillators. Note that p, x, pi, T} are in principle quantum mechanical operators.
To describe leakage, we adapt Eq. 3.18 in order to couple the quantized cavity
and /or fluorescent photon modes to the classical harmonic baths. For one photon
mode of frequency @, described in second quantization, and treating py, xx as
classical variables, we arrive at:

1 - -
Hepn = (w + Z — ) bTb+ Z <—|—2mkwkxk> — Z Crap (bl 4 b)
k k

s C? | (b1)? 4 b2
- mkw,% 2

)

(3.19)

where b destroys a photon of frequency @, and Cj, = ¢ /V2m&. In Eq. 3.19 we
ignored the zero point energy.

We observed that with the Bogoliubov transformation (3 —(* " 6 ,
bt v ou) \6

it is possible to write Eq. 3.19 in a more compact form. After the Bogoliubov
transformation, the redefined photon field is

2\ - 2 [(it2 4 72
Q,ﬂb_<w+z )bTbJrZ Ck2[(b)2+b

mkwk

: (3.20)

where Qg = \/@2 +2mo Y,

mpwg?

In both b and 8 representation, the field position and momentum will remain

m(bT +0) = Tore (67 +6) and p = iy/ ™2 (bt +b) =

the same. Hence x =
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i/ %((ﬁ +6). Using these equations we can find that u = (4/ Q% +4/ %)/2 and
” Qy
v=(/& - /2)2

With the Bogoliubov transformation, Eq. 3.19 becomes
HCLM Q[(’TB + Z < + mkwkxk> “ Z Ckxk 6t + (’ (3 21)
mg B

We used Eq. 3.19 to represent cavity leakage in papers I and II. However, in
Paper III, we represent the cavity leakage with the transformed equation 3.21
for simplicity.
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Chapter 4

Dimer in the optical cavity

As a first situation to study SHG in a cavity, we consider a model diatomic
molecule (in the following referred to as ‘dimer’ for simplicity). This is rather
a simple system for study, but it is interesting as it incorporates a great deal
of physics and provides insight to more complicated system. We studied the
resonance and SHG spectra of this system in Paper 1. In our model, the dimer
interacts with the two-photon fields, namely the cavity field and the emitted
fluorescent field. The main intention of our study was to observe competition
between the SHG and the molecule dissociation as shown in Fig. 4.1. The fol-
lowing section specifies the characteristics of the dimer model and its interaction

A
(20) ()

Figure 4.1: Schematic representation showing the competition between the SHG and the dimer dissociation.

with the cavity.

4.1 Resonance frequency of the Dimer

Our model dimer in Paper I consists of atoms with one orbital, and two electrons
of opposite spins. The electrons will interact when both the electrons are present
on the same orbital/atom. As a novelty, along with the electrons, we consider
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a quantum description also for the nuclear degrees of freedom. We observed in
the study that, for the model dimer, the resonance frequency depends on the
inter-nuclear distance, which is explained in detail in the following.

Considering for the moment the nuclei as classical, and assuming they are at rest
at given positions (so that the nuclear momenta are zero), the dimer Hamilto-
nian, in the absence of the photon fields, reads

Hpol = % —|—Z(€LTLLU +€RNRs) +Z Ve ¢ (CTLUCRU +CEUCLU) +U Z NNy,
"o o o i=L,R

(4.1)
where cr»/cr, annihilates an electron of spin o at site L/R (left/right), n;, =
c;rocw is a number operator, g is the dimer inter-nuclear distance, €; is the onsite
electron energy at site ¢, C determines the strength of inter-atomic repulsion, the
effective hopping is Ve ¢ with V representing the strength of hopping and ¢
gives the dependence of the hopping on the inter-atomic distance. The repulsive
and the attractive potentials together depicts a Morse-like potential.

The molecular electron energy levels determine the resonance frequency. The
2-particle site basis is |Ly, L)), | Ly, R}), |Ry, L)) and |R4, R}), where |Ly, L)) =
CTLTCTL ¢|vacuum>. With the onsite energy €7, = eg = 0, and the effective hopping
Ve ¢ = V' the Hamiltonian corresponding to the electron system is

U v v o
vVioo o Vv

He= |y g o v (42)
oV vV U

As next step, the symmetry-adapted 2-particle basis is constructed with the
bonding (B) and the anti-bonding (A) states:

1 1
|B) = E(ID +R), [4) = E(W —|R)). (4.3)

Hence the symmetry-adapted 2-particle basis is |By, B)), |44, A}), |A, By) and
|Bt+, A;). Among the four basis vectors, |By, B|) and |A4, A)) are even (E),
|A4+, B)) and |By, A}) are odd (O) states. The Hamiltonian H, with symmetry-
adapted 2-particle basis is block diagonal,

HE HE 0 0
HE HE 0 0
0 0 HY HY
0 0 HY HS

H, = (4.4)

30



The matrix elements HY = 2V’ + Y%, HE = -2V’ + ¥ and other non-zero
elements are HY = HS) = Hf = HE = HY = HY) = % The four eigenvalues
of H. are then

U 16V"2 + U?
FEyL = >
O+ - U, O, - 0 (45)

Here E4 (O4) represents the eigenvalues corresponding to even (odd) block.

The electron-photon interaction Hamiltonian is

Hip = Zg(cTAacBg + cj%cAa)(aLJr +a). (4.6)

g

Here g represents the electron-photon coupling strength, and a is a photon anni-
hilation operator. Then the transition between F states or O states is forbidden
because of parity. The dimer is considered to be in its ground state initially. We
can observe that the ground state is an even state with the obtained eigenvalues.
Hence parity allowed transitions are £_ <> O_ and F_ < Oy.

In our studies we observe fluorescence spectra. The fluorescent spectrum is ob-
tained with the spin-preserving electron transitions. Hence involved eigenstates
in the transitions must conserve the electron spin.

There are two electrons in the dimer; hence the total spin operator for the dimer
is § = s1 + s2. The dot product §? = S - S is also expressed as

S?=8,5 +5%-8,, (4.7)

where S; = S, £1S5,. In the one particle basis S, = %Zz(nﬁ —ni), S4 =
icZTTci 1 and S_ = ichiT. Since the dimer electrons are of opposite spins,
S. =0, and hence S§? = S, S_. In the 2-particle site basis

00 0 0
01 -10

5= 0 -1 1 0 (48)
00 0 0

With the help of the above matrix, we can determine that both the even eigen-
states are singlet states, the odd state %(|By, A}) + |4y, B))) is also a singlet
state, but the other odd state 1(|By, A}) — |A4, B)) is a triplet state.

For the fluorescence spectra, the transition is only possible between the singlet
even state and the singlet odd state. The singlet odd state 3(| By, A}) +|At, By))
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corresponds to the eigenvalue Oy = U. Since we assume the dimer to be in its
ground state (with eigenvalue E_), the resonance frequency will be

2
Qr = % +4/4V7% + (g) : (4.9)

As we can observe in the expression, via V' the resonance frequency of the dimer
is determined by the inter-nuclear distance. However, in our calculations, we
consider a coupled electron-photon system. Coupling to the photon states will
renormalize the bare electron states, leading to the dressed states as explained
in section 3.3. The dressed states will mix the parity and allow transitions that
are otherwise forbidden in the perturbation theory. Furthermore, restoring the
quantum character of the nuclear degrees of freedom will have the result that
quantum fluctuations will be associated with the average inter-nuclear distance.

4.2 Dimer interaction terms

In general, the Hamiltonian representing the Coulomb interaction between the
electrons is

1
Hp=3 Z Z Uijklc;[gc;rg/clo’cka (4.10)
ijkl oo’
where
Vil = / dzdyd; (x) ¢ (y)v(z, y) o (x)di(y). (4.11)

Starting from Eq. 4.10 and Eq. 4.11, we wish to specialize the treatment to
a diatomic system, and show how to arrive to the Hubbard type interaction
used in our model molecule. To streamline the algebra, it is expedient to define

an auxiliary problem, where there is an interaction v;ji = F;jGr. Further,
/ CinC: 1 Fij / ¢ 1CLe G
oo __ 10 jo oo’ __ o' Cko Ukl
we define the operators b= e and g7 = "2 N Hence the

interaction Hamiltonian

Hp=Y">"f7> gi (4.12)
kl

oo’ ij

When the above Hamiltonian is reconsidered for the dimer, then all the site
indices 7, j, k and [ will be restricted to the two dimer sites L and R. Then we
can group the interaction Hamiltonian as follows,

H;=H} + H} + H} + H} (4.13)
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with

Hi = (77 + 32977 + 9%7) (4.14)
HE = (77 + f50)(95% + 9%7) (4.15)
H} = (f7%+ 51957 + 9%%) (4.16)
HY =Y "(f7% + [79)(90% + 957.). (4.17)

oo’
Here & represents the opposite spin of o, i.e. if ¢ =71 then & =] and vice versa.
Now we use the definitions of the operators f and g,

1
1
H; = 5 Z(ULLLLCEJCE(}CL&CLU + ULLRRCTLUCTLaCR&CRU
g
F URRLLCh, ChaCLaClo + VRRRRCY, ChaCRoCRy ) (4.18)

We can observe that, under the assumption ¢r(z) = ¢r(x), VLLRR = VRRLL
and v, = Yrrrr from Eq. 4.11. Hence,

1 1
1= 3 Pt
H] = 5 ;’ULLLL(TLLO'TLL& + nRa'nRé') + 5 . ULLRR(CLUCLacRZrCRo + Hc)

(4.19)
Further we assume that the dimer orbitals are real. Again from Eq. 4.11

ULLRL = VLLLR = VRRRL — VRRLR — ULRLL = VLRRR — VRLLL — VRLRR-

Thus the two interaction groups H12 and H 13 becomes,

H? + H} =vrrir Z(TLL” + nRg)(c}r%&cLa + H.c.). (4.20)

Since the dimer contains two electrons of opposite spins, nys + nrs = 1,

HIZ—FH? :’ULLLRZ(CEJCLU—I—H.C.). (4.21)

(e

The remaining interaction group becomes,

H}l = _URLLR(SESZ + SIQSZ) + VULRLRNMILNR — URLLRZnLaan (4.22)
o
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Here the spin ladder operators, S;' = CITCZ' 1.5 = cZT 1 Cit and the number operator
n; = n;p +n;). The last term in the above equation can be re-expressed as

1
ZTLLJnRJ = QSE S}z{ + §nLnR, (4.23)
o

where S7 = %(ny — n;)). Using Eq. 4.23 in Eq. 4.22

_ _ 1
H} = —vprLr(SE Sy + SpSH) + virLrning — 20rLLrSE SE — 5URLLR LR
1
= —20RLLrSL - Sk + (VLRLR — §URLLR)nLnR (4.24)

Combining all the groups, the complete interaction Hamiltonian for the dimer
is,

H; :vLLLL(nLTnu + nRTnm) + ULLRR(CTLTCJLiCRiCRT + H.C.)
1
+ VLLLR Z(CEUCLU + H.c.) + (vLRLR — §URLLR)7”LLHR
g
—2vRLLRSL - SR (4.25)
We consider that the dimer orbitals are highly localized on the dimer sites L
and R. Hence the overlap between the orbitals localized at L and R is very

small. Thus the interaction integrals vyrrr, vrLLrR and vgrrr are negligible in
comparison to vrrrr, and vrrrr [60, 61].

Operators associated with vy gy r are re-expressed as,
NINR = NNt + Npngy + npynpr + Npngy (4.26)

Since we consider 2-particle site basis, |Ly, L)), |Ly, Ry), |Ry, L)) and |Ry, Ry),
the first and the last terms of Eq. 4.26 are effectively 0. By using ny, +ngr, = 1,

npnr =1 —ngynp, —nrinp| (4.27)
Neglecting the constant term,

Hr = (vrrrr — vLRLR)(NAnL), + nriNRY)
= U(nzpnry + nringy) (4.28)

represents the standard Hubbard interaction and we use this interaction in Paper
L.
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Figure 4.2: (a) Resonant spectra with wg = Qg and (b) SHG spectra for wg = Qg /2, where Qg is the resonance
frequency of the rigid molecule (in the calculations, 2z = 2.56). Empty curves correspond to the coherent
calculations using the initial state |t() (n? = 9) and the filled curves represent the photon driving with

the external laser field (with the initial state |¢)) ). The drive is kept on until (bTd) ~ 9, t; = n%'
ty = E—: and 7 = 2.0, with g4 = 0.229 and 0.0996 in (a) and (b) respectively. Plots are scaled for
visual clarity and the scaling factors are indicated in color. The Figure also appears in Paper I.

4.3 On the choice between coherent and driven states
for cavity photon fields

We refer the reader to the actual papers for the results and the corresponding
discussions. However, we mention here a general trend, namely how fluorescence
is affected by the specific features of the incident field. This was first observed
in Paper I, but the same behavior occurs for the systems of Paper II and III.
Thus, we find it appropriate to discuss this point here using Paper I, since the
trend in question motivates our choice of the incident field in all the papers.

In Paper I, introducing photons into the cavity by an initial coherent state, or via
an external driving field, has a significant effect on the spectra. To illustrate this,
in Fig. 4.2, we show the fluorescent spectra obtained with a coherent state and
with a driving field for the steady state dimer. For the coherent state, we observe
a Mollow like spectrum in the resonance case (Fig. 4.2 (a), empty curves), whilst
in the SHG case there is a generation of SHG signal (Fig. 4.2 (b), empty curves).
However, when we consider an external driving field, in the resonance case the
intensity of the Mollow side peak gets reduced (Fig. 4.2 (a), filled curves), and,
in the case of second harmonics, the SHG peak gets quenched (Fig. 4.2 (a),
filled curves). In Paper I, we also considered a more detailed analysis with a
two-level atom, and observed that one gets closer to the initial coherent state
by increasing the speed of the driving (attained with an increased drive field
coupling g4, and a narrow envelope function f(t)).

Motivated by these considerations,in the papers we use a driving field at reson-
ance and an initial coherent state for SHG.
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Chapter 5

Optical lattices and cold atoms

Today ultracold atom physics represents a powerful and versatile platform to
investigate many phenomena of condensed matter (and not only), offering an
attractive alternative/complement to solid state systems because of the high
flexibility that ultracold atom setups offer in e. g. tailoring the strength and
shape of the one particle potential and particle-particle interactions. In this
way, it is possible to address a great variety of different phenomena such as
super-fluidity, super-solidity, Mott transitions, artificial gauge fields, to name
a few [62, 63, 64]. This flexibility is to be traced back to the possibility of
tuning Feshbach resonances to alter the interaction between ultracold atoms, and
of accurately controlling counter propagating laser beams to provide a tunable
periodic potential for the ultra-cold atoms [65, 66, 67, 68, 69].

5.1 Feshbach Resonances

Feshbach resonances, originally discussed by Feshbach in the context of nuclear
reactions, have a key role in ultracold atom physics, since they permit to accur-
ately tune the effective interaction among atoms |70, 62, 64|. This tunability is
related to the manipulation of the hyperfine levels in an atom (due to the coupling
between the electron and nuclear spin) and to the action/control of an external
magnetic field. Feshbach resonances find application in both trapped-atom and
optical-lattice setups (for example, they can be used to realize/stabilize (molecu-
lar) Bose-Einstein condensates). To qualitatively illustrate how the “resonance”
aspect comes into play, one can consider a two-atom colliding system consisting
of an open channel (associated with a low energy unbound state) and a closed
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channel (associated with a bound molecular state). With an applied magnetic
field one can vary the energy separation and the relative energetic ordering of
the two channels and thus tune the interaction between the atoms. On a more
formal ground, the possibility of tuning the interaction in a Feshbach resonance
via applied magnetic field can be understood within the framework of scattering
theory, where it is shown that, usually, in the dilute limit, the relevant /dominant
scattering event occurs in the scattering s-channel, with the strength and sign of
the interaction determined by the s-wave scattering length as;. Providing a tech-
nical derivation of this statement is outside the scope of this thesis (also because,
in Paper II, the focus is not on how the interactions among atoms are tuned),
and we refer to the original literature (see e.g. [70]) for a thorough presentation
of the subject.

Here we simply mention that, in the dilute limit, and in the presence of a mag-
netic field, as assumes the form

as — as(B) = agp <1—BABO), (5.1)
where a,, is the background scattering length associated with the open channel,
B is the applied magnetic field, By is the critical magnetic field which brings
degeneracy between the open, entrance channel energy and the closed, bound
state channel energy, and A is the width of the resonance. Thus, by varying B
one can tune the strength and the sign (via the channel-crossing at By) of as(B)
and control atom-atom interactions.

5.2 Optical lattice

Far from the resonance, the incident field will induce a dipole moment in the
atom, D o< E. And the atoms will feel potential energy V(r) oc E%(r) in the
presence of photon field [63]. Depending on whether the laser field is red detuned
or blue detuned, atoms will be attracted or repelled respectively from the high-
intensity region [64]. With two laser beams traveling in opposite directions, it is
possible to form a periodic potential.

The optical lattice involves a periodic potential, a property associated with a
crystal. Compared with the real crystals in the case of an atomic lattice, it is
easy to tune the lattice parameters. The two waves traveling in the opposite
direction form the standing wave pattern. The distance between the two optical
lattice sites is hence half of the photon wavelength. But by combining laser lights
with different angles and frequencies, it is possible to obtain optical lattices with
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different patterns of periodic potentials [71, 72, 73] and thus vary the inter-atomic
distances. Furthermore, by varying the intensity of the trapping laser field, it is
possible to tune the tunneling of the atoms.

5.3 Phase transitions in an optical lattice

Since an optical lattice involves a periodic potential, there is a deep synergy
between the two perspectives of i) using optical lattice to understand the Hub-
bard model and ii) using the Hubbard model to describe the properties of the
atoms in an optical lattice. The bosonic or fermionic Hubbard model can be
considered depending on whether the loaded atoms are fermions or bosons. In
the following, as done in Paper II we only focus on boson case.

Mott insulator phase

Increasing the intensity of the laser field forming the optical lattice will decrease
the hopping rate of the atom between the sites. The atoms are mostly trapped
in the lattice sites with reduced hopping. With low hopping, the interaction
between the atoms will be a dominant factor. The atoms in this situation will
distribute themselves homogeneously among L, lattice sites. At half filling this
is a Mott insulator (MI) state represented by |74, 75]

Warr ox ﬁ ()™ 100 (5.2

where «; destroys an atom at site ¢ and we assume n, as number of atoms in
each site.

Superfluid phase

When the interaction between the atoms is low, with the increased hopping,
atoms are free to move around the entire lattice. Hence an atom will have its
probability distributed over the entire lattice, and for bosons the superfluid state
is well described by,

Lo Na
W) o (Z aI) 0), 5:3)
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which is a linear combination of different atomic occupations, and N, is the
total number of atoms loaded on the entire optical lattice. The phase diagram
between these two regimes exhibits a complex pattern due to a co-existence line
that divides the super fluid region from Mott insulator ones for different local
occupancies. The phase diagram is usually displayed in U — p plane (with U
representing the interaction between the atoms and p is the chemical potential).
Many studies have analyzed the phase transition among MI and SF, and some
recent studies include [76, 77, 78|.

5.4 Model Hamiltonian

‘F (ﬁ-f') U @
O/\)/ S N\ey—xe
i e
WRe ¥, \ou
v wtw—2w

Figure 5.1: Schematic representation of the cold atoms in an optical lattice. The figure also appears in Paper II.

As shown in Fig. 5.1, we consider bosonic cold atoms in a one dimensional
optical lattice interacting with a cavity and an emitted photon field. The cold
atoms have two levels, ground level |g) and an excited level |e). The Hamiltonian
for a two-level atom moving in such optical lattice is [75],
)
H) = T 4 Ve(w) [e) (el + V(@) 19} (g1 + weg le) (e, (5.4)

where V, () represents the potential experienced by an atom in the ground /excited
level in the optical lattice and we, is the atomic excitation energy.

Along the same lines, the interaction Hamiltonian between the atom and the
two photon fields is [75]

HYY, = [Ge(by + b)) + Gp(ba +bY)](Je) (g] + lg) (e]). (5.5)

Here b; destroys an incident photon and by destroys a fluorescent photon. The
coupling strength of the cavity field and the fluorescent field with the atomic
levels are determined by G. and Gy respectively.

The bare photon fields are represented by the Hamiltonian

H, = woblby + whbhbs, (5.6)
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an expression that is used also for the many-atom case. Next, we reconsider the
above Hamiltonian terms in the many-atom case, using the second quantization
formalism.

5.4.1 Atomic Hamiltonian

Considering the second quantization formalism, the independent particle part of

the atomic Hamiltonian reads
v2
1(@)] oot [ arvita) | S 4+ ito) + ] o)

Ha/ da ] (x [
(5.7)

where U;(z) is the atomic field operator representing the annihilation of an atom
at position z. Delocalized Bloch states in a crystal can be expressed in terms of
localized Wannier functions [79]. The same approach is adopted for the optical
lattice, by expressing the field operators in terms Wannier functions. The latter
are centered on the minimum potential points of the optical lattice[80, 81|. Since
the ultra-cold atoms are kept at a temperature very close to absolute zero, the
energy will not be sufficient to cause excitation to higher Wannier levels. Hence
field operators will be represented only with the ground Wannier level.

Z a;iQy(x —x;5), Ye(z)= Z BiQe(z — x5) (5.8)

where a;(3;) destroys an atom at ground(excited) state in site 3.

In the Wannier basis, the atomic Hamiltonian in Eq. 5.7 will be rewritten as

2

Hazza}a,-/dm;(x—xi) [_2:1 +Vg(:c)] Qy(z — ;)

2

+3° 88, [ dotlie -2 [;Z V@) | Qe — )
ij

(5.9)
Furthermore, as in tight binding treatments [82| for crystals, we make the as-
sumption that the greatest contribution comes from the Wannier functions be-

longing to same site and the next nearest sites. Considering a homogeneous
optical lattice with the same potential in each lattice site,

Ha_Zega al—l—Zeeﬂ ﬁﬁ—Ztaa]—i-Zteﬁ Bj (5.10)
(i7)
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where €,/, and t,/, represents the onsite energy and the hopping of an atom in

the ground/excited state. The energy e, — €4, which is now the resonance energy
of the atom trapped in an optical lattice, it is different from the bare atomic
transition wey. The trapped atom resonance energy also includes the dressing of
the cold atoms by the trapping photon field as in section 3.3.

5.4.2 Cold atoms and photon-atom interaction Hamiltonian

For highly localized Wannier functions, it is the case that

/deZ(x — ;) Qe(x — ;) >> » dzQy(z — 27)Qe(z — 25). (5.11)
i#j
Hence, the contribution from inter-site atomic excitations will be considerably

smaller than the intrasite ones. With this assumption, the many-atom counter-
part of Eq. 5.5 becomes

H, = Z Qcoz;rﬁi / dzQy(x — 2i)Qe( — xz)(b]; +b1) + h.c

+ Z Qfa;rﬁi / dzQy(z — 2i)Qe(x — xl)(bg +b2) + h.c.
Z (5.12)

After performing the integrals and reabsorbing their value in the coupling con-
stants,

Hop = go(0] +b1) Y (alBi+ hoc) + gp(0h +52) Y (afBi+hc)  (5.13)

5.4.3 Interaction term and final form of the total Hamiltonian

Expressing again the field operators in terms of Wannier functions, and using
the same arguments given in the previous sections, one can argue that inter-site
interaction terms will give a smaller contribution in comparison to onsite inter-
action terms. Hence, keeping only onsite interactions, the atom-atom interaction
Hamiltonian can be written as

Uq it Ue t of i
H,_,= 7 Z Q, O 0G0 + ? Z 51 ﬁz B’Lﬁz + Ueg Z ﬂl a; O‘iﬂi (514)
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where Uy(U.) represents interactions among the atoms in the ground (excited)
state, and Uy describes the interaction between one atom in the ground state
and the other in the excited state. We can rearrange H,_, as follows:

UQ 9(.,9 Ue e/ e g,.e
Hy o= 72“1(“1 _1>+?Zni(ni _1)+U€gznini7 (5.15)

¥ corresponds to the ground state atomic density at site ¢ and similarly

ni corresponds to the excited atomic density. Finally, considering all the terms,
the complete Hamiltonian for the cold boson atoms is

where n

H=H,+H, .+ H, p+ Hp, (5.16)

or, more explicitly,

H = Zega;rai + Z eeﬂgﬁi + Ztga;faj + Z teﬁgﬁj + wob];bl + wb;bg
i i (ig) (ig)
+ [ge(b] + 1) + g (b5 +b2)] D (0 Bi + hoc) + U Y nf(nf —1)

+ Ue ane(nze - 1) + Ueg annze (5.17)

A similar Hamiltonian, but with only one photon field and within the RWA, can
be found in [83].

5.5 A glance at Bose-Einstein condensates

When trapped boson atoms are brought to a very low temperature (close to
absolute zero), all the atoms will occupy their ground state, and there will be
a phase transition to a Bose-Einstein condensate (BEC) [84]. In Paper II, we
also performed a preliminary study of SHG from a two-component BEC (2BEC)
[85].

A fairly detailed derivation of the Hamiltonian for the 2BEC is provided in Paper
II and not repeated here, also because it formally presents some similarities to
the one discussed above for the two-level Bose Hubbard model [85]. As point
worth mentioning, in the 2BEC case, the ground and the excited atom field
operators Wy(x) and W.(z) represent condensate modes [86], with the other
higher excitations neglected. Specifically, ¥,(z) = a¢,(z) and U (z) = Be(z),
where & annihilates an atom in the lowest condensate component and B destroys
an atom in the excited condensate component.
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In Paper II, the 2BEC was considered to be inside an optical cavity, and interact-
ing with both the cavity field and the fluorescent field. In terms of the condensate
mode operators, the complete 2BEC+photon fields model Hamiltonian is

.U Us wpmvnn Usy =y s
]ﬂmo:%M&+Q@ﬂ+2§(ﬂwad+iﬁﬁwwﬁ+3iﬁwnw

a

—Tt
9i t gre
+ wobfbi + wblby + [ o= (] + b
wob; wbiby + m( ; ) + VoA
In Eq. 5.18, the couplings and interactions are scaled with the number of atoms
V/Ng. The scaling is considered [87, 88] to contrast results for different number
of particles and, in our case, to characterize in a consistent way the effect of

cavity coupling and atom-atom interactions on the fluorescent spectra from the
2BEC.

(@+wﬂ@%+hﬂy(am)
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Chapter 6

Conclusions and outlook

In this thesis, we broadly explained the process of SHG, described the numerical
methods we used, and discussed the different systems examined in the papers.
We hope this will provide the required background before reading the papers.
This chapter is a brief summary of the papers and an outlook possible courses
for future research.

As in the thesis title, our studies considered different systems inside an optical
cavity, and we investigated the corresponding SHG spectra, to detect and char-
acterize possible general trends. To this end we used rather simple theoretical
models which, while offering a simplified perspective, are in many cases still
effective in exhibiting qualitative trends.

In Paper I, we studied SHG from a dimer within an optical cavity. In this work,
we mainly aimed to observe a competition between SHG and dimer dissociation.
The resonance frequency in the system corresponds to the energy difference
between the dimer’s bonding and anti-bonding levels. Simultaneous absorption
of two photons will excite the dimer to an anti-bonding state, promoting dimer
dissociation. In our study, we observed that due to the slow nuclear motion
of a heavy dimer, the dissociation will not occur; instead, a second harmonic
signal will be generated. At the same time we observed the quenching of SHG in
the case of a light dimer because dimer dissociation takes place. Also, photons
will leave quickly in a bad cavity compared to a good cavity. In our paper, we
demonstrated the role of cavity leakage by coupling the photon fields to a bath
of (classical) oscillators. As expected, the cavity leakage reduced the spectrum
intensity.

Paper II analyzed SHG from cold boson atoms in an optical lattice and from a
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Bose-Einstein condensate. This study revealed a number of trends, specifically
how the fluorescence varies when increasing the number of atoms, lattice sites
and the strength of the atom-atom interaction. Also in this case, when including
cavity leakage a decrease of the SHG response was observed.

For both Paper I and II, the methodology used was ED. However, ED becomes
expensive or mostly impractical for larger systems. Hence, Paper III was de-
voted to exploring NEGF as an alternative approach to study SHG. As a test
bed system we considered a very popular model of quantum optics namely the
‘Dicke’ model. Compared to the standard formulation we introduced disorder
and the interaction in the model, to access less explored physics and make the
model more interesting. In the study, we observed that disorder, interactions
and cavity leakage lead to a decrease in SHG. In the range of parameters ex-
plored NEGF compared very favourably to ED benchmarks. Another aspect
considered in Paper III, was the characterization of some scenarios with third
harmonic generation. Similarly, one can extend the method to investigate the
generation of higher harmonics.

As possible avenues for future work, it would be interesting to address multi-
photon effects in a quantum description of SHG for more realistic systems. For
example, one could consider more realistic molecules,or ultracold atoms with a
space-dependent atom-cavity coupling. Alternatively, it would be of interest to
consider model setups where one or more simple molecules are adsorbed on a
surface. In a rather different direction, it could be interesting to address chaotic
signatures in the fluorescent response, or the effect of photon entanglement on
the generation of second and higher harmonics. Many of these possibilities,do
escape the possibility of being treated within ED. However, as shown in this
work, the great advantage of using NEGF is that one can tackle much larger and
complex systems and situations than with ED, and thus hopefully many of the
possible topics suggested here.
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