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Abstract

This thesis studies Bose-Einstein condensation (BEC) of microcavity exciton-polaritons. BEC
is a quantum phase transition, whereby a system spontaneously develops coherence, allowing
quantum mechanical effects to be visible on macroscopic scales. Excitons are the bound
states of an electron and a hole in a semiconductor. Microcavity polaritons are quasiparticle
arising from the strong coupling of excitons to radiation modes confined in a microcavity — a
cavity on the scale of the wavelength of light.

Microcavity polaritons decay into external photons, typically in a few picoseconds. Thus,
the polariton condensate is a nonequilibrium steady state, maintained by a balance between
radiative decay and external pumping. One consequence of this nonequilibrium nature is that,
whereas in equilibrium only the lowest energy single-particle state can be macroscopically
occupied, for polaritons large occupations can build up in other orbitals. Furthermore, the
condensation can occur in several orbitals simultaneously, enabling the study of interacting
macroscopic quantum states.

In this thesis, we build a theory for the dynamics of the density matrix describing a
multimode polariton condensate. We develop the theory of saturable pumping which we
supplement with standard open quantum system decay. Our theory also includes resonant
polariton-polariton interactions within the condensate modes. Our generic few-parameter
model for the system leads to a Lindblad equation which we use to obtain the steady-state
population distributions, and the time-dependent first and second-order coherence functions,
in such a multimode condensate. We solve the population distribution detailed balance forms
either directly or with approximate analytical solutions. The first-order coherence functions
are obtained either directly, with numericals, or with an approximate linearized Fokker-Planck
approach and a simpler static limit expression. Among the second-order coherence functions,
we consider the dephasing in the intensity oscillations caused by beating between the emission
from different condensate modes. Such oscillations are a form of Josephson oscillations.

As a specific application, we consider a polaritonic Josephson junction, formed from a
double-well potential, in the Rabi regime. We obtain the population distributions, emission
lineshapes and widths (first-order coherence functions) and predict the dephasing time of the
Josephson oscillations. Our theory predicts new multimode effects in the linewidth which are

due to cross-correlations in the fluctuations of the population distribution.
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Chapter 1
Introduction

HE PURSUIT AND DESCRIPTION [AtVE38, PENRSI] R \fACROSCOPIC QUANTUM PHE-
TNOMENA has captured the interest of generations of physicists. Beyond the tra-
ditional models of superfluidity and Bose-Einstein condensation (BEC) in cold atomic
gases, condensation in other, more subtle, quasiparticle systemsMosk62, Demo06] yregents
a rich panel of theoretical challenges and phenomena. Among those are microcavity po-
laritons. These quasi-particles, first described by Hopfield [M°Pf58] in the context of bulk
semiconductors, are eigenstates of the light-crystal Hamiltonian, combining a mixture
of photons and excitons — a bound state of an electron in the conduction band and a
hole in the valence band, the quanta of excitation in semiconductors. Polaritons were
made more readily observable and manipulable through the perfection of molecular
beam epitaxy techniques leading to the observation by Weisbuch and co-workers[Weis92]

of the splitting of two polariton modes for a two-dimensional quantum well inside a

planar microcavity.

Microcavity polaritons, maintaining integral total spin from their two counterparts’
bosonic origin, as well as inheriting a very low mass (~ 10~*m,) from their photonic
component, have arisen as a strong model for Bose-Einstein condensation. Although
the textbook concept of BEC (Appendix A.1) had to be broadened to consider particles
with lifetimes much shorter than their thermal relaxation time, the signature of a
macroscopic occupancy of the lowest energy state (kj ~ 0) in the light escaping the

cavity is now commonly recognizedPa&9; Love0s] (Fig 1.1),

The new condensate presents a critical temperature much higher than in the alkali
atoms’ condensate. It requires pumping and exhibits decay, and the large excitonic
Bohr radius results in interparticle interactions playing an important role in the physics

of polariton condensates. These three effects, pumping, decay, and interactions, have



Figure 1.1: Schematic drawing of multimode microcavity polariton condensation. Excitons reside in
a quantum well (the planar structure in the center), at the antinode of a light standing wave formed
by two distributed Bragg mirrors (on both sides). Excitons and photons couple and hybridize to form
light mass polaritons. These can condense, through stimulated scattering, into single particle orbitals
formed by disorder in the cavity. The signature of condensation is seen though the intensity of the
light exiting the cavity near normal incidence. The polariton condensate is a nonequilibrium steady-
state, maintained by a balance between the radiative decay and the external pumping. Because of
their nonequilibrium nature multimode condensates can occur (a two modes condensate is depicted
here).

been used to make predictions of the linewidth of the coherent light emitted from the

Porr03, Whit09] - Thjs linewidth is predominantly caused by the fluctuations in the

cavity!
number of polaritons in the condensate which, through particle interactions, causes the

energy of the line to fluctuateWhit09],

One further consequence of the nonequilibrium nature of polariton condensates
is that, whereas in equilibrium only the lowest energy single-particle state can be
macroscopically occupied, for polaritons large occupations can build up in other or-
bitals. Furthermore, the condensation can occur in several orbitals simultaneously,
enabling the study of interacting macroscopic quantum states. The presence of sev-

eral highly occupied states of a trapping potential can be seen directly in optical

[Tosil2, Galb12]
)

emission spectra and inferred from the presence of Josephson oscilla-

Lago10, Abbald] - Qych multimode condensation can also occur in spatially extended

[Lai07 [Masu12

tions!

states, in particular in the Bloch states of one I'and two I dimensional lattices.

The in-plane potentials that control these condensates can arise from growth induced
disorder in the Bragg mirrorsare99, Love0s, Lagol0] " phetal-film patterning of the mirror

Lai07, Masul2

surfaces! I, and interaction effects[™112 as well as from the use of non-planar

structures such as micropillars and photonic molecules!G2P12].

The theoretical modeling of these nonequilibrium condensates has been performed



quite extensively within the mean-field approximation, using an augmented Gross-
Pitaevskii description[Wout07, Keel08, Fast08, Rodr13] t treat the dynamics of the highly
occupied orbitals, and to obtain the excitation spectra. Mean field solutions of micro-
scopic models using the nonequilibrium Green’s function formalism4™97) have also
been developed. The Langevin[T2ss00, Haugl2, Wout09] = ppkker-Planck [Whit09, Schwi0] 5y
density matrixlaus04 Verg06, Schw08] fr.a1meworks have been used to derive the quantum
statistics of the condensate, and hence the first and second-order coherence functions of

Porr03] " \While mean field theories are already able to treat several

the optical emission!
highly occupied orbitalsFast0s, Wout08a] “£]] quantum treatments of this regime have yet

to be formulated.

In this thesis we develop a density matrix approach for multimode polariton con-
densates, in which several single-particle orbitals are driven by several reservoirs. This
theory treats both quantum and nonequilibrium fluctuations, and allows photon statis-
tics and emission spectra to be calculated. We first derive a Lindblad equation for two
condensate modes (highly occupied orbitals) pumped by a single reservoir of higher
energy particles, using a treatment similar to that of a two-mode laser 5289 and then
extend the result to treat several reservoirs pumping several condensates. This gives
a generic model for the quantum dynamics of a nonequilibrium polariton condensate,
with the complexity of the reservoirs captured in a few known parameters. We show
how the theory can be used to obtain the population distribution of the condensate
orbitals, both numerically and analytically. We also show how it may be used to calcu-
late both first-order and second-order coherence functions. The first-order coherence
function, (al(7)ay), is the Fourier transform of the emission spectrum from one con-
densate orbital. We obtain it in three different ways: (i) direct numerical solution of
the Lindblad form, (ii) making a continuum approximation to obtain a soluble partial
differential equation, related to the Fokker-Planck equation®2mp07 Whit09] “anq (iij) a
cruder static limit approximation, which neglects the dynamics of the populations, but
is generally valid near thresholdlove08, Whit09] = Among higher order correlation func-
tions we consider those of the form (a!(7)as(7)ala;), which relate to the dephasing in
the intensity oscillations caused by beating between the emission from different con-
densate modes. Such oscillations are a form of Josephson oscillations, which have been
observed experimentally 28210, Abba13] - \We analyze their dephasing both numerically

and in the static limit.

As a specific application of our theory, we study fluctuations in a polariton Joseph-
son junction, formed in a double-well potential #2219 ysing a tight-binding model in

which each well is pumped by a corresponding reservoir. Diagonalizing the Hamilto-



1.1. GENERAL CONTEXT AND ESSENTIAL BACKGROUND

nian leads to symmetric and antisymmetric orbitals when the wells are degenerate. We
obtain the population distribution in these orbitals, calculate the emission lineshapes
and widths, and predict the dephasing time of the Josephson oscillations in the quasi-
linear, strong trapping regime. We predict large fluctuations in the populations when
the wells are tuned to resonance, due to the presence of a soft density mode, and show

how the emission is broadened by intermode and intramode interactions.

In the remainder of this chapter we cover the context and the essential background
of microcavity polariton condensation. We then establish some of the theoretical base
from which the thesis develops. Finally we draw links to other theoretical approaches
which are being used to treat polariton condensation and we close the chapter by

detailing the layout of the remainder of the thesis.

1.1 General Context and Essential Background

Here we cover the general relevance of this work and we review the subjects of quantum
microcavities, microcavity polaritons, condensation in general and polariton conden-
sation in particular. This will provide us with the context and essential background

before starting to engage with the theory.

1.1.1 Relevance of the Work in this Thesis

This work on multimode polarition condensates registers within a broader context of
studying and manipulating strongly correlated many-bodies. On a fundamental level,
polariton condensation can be traced back to the first proposition for Bose-Einstein
condensation of quasiparticles in the 1960’s when Moskalenko proposed that excitons
could occupy a much reduced phase space and launched the pursuit of exciton conden-

Mosk 62]

sation at the experimental levell The large effective mass of excitons has made

this pursuit very difficult and to this day there is no clear demonstration of exciton

nMosk00l " Tpy the meantime, remarkable strides had been make with the trap-

condensatio
ping and cooling of atomic alkali species and the first Bose-Einstein condensate of cold
atom was demonstrated in 1995, earning the 2001 Nobel prize to its discoverers!€et08],
By then, the solid state physics community had turned to polaritons, due its much lower
effective mass, to demonstrate BEC in solids. The first example of polariton condensa-
tion can arguably be dated back to the experiments performed by Dang et al in 1998,

[Kasp 06

[Dang98, Keel07], although some prefer to point to a 2006 article in Nature I for



1.1. GENERAL CONTEXT AND ESSENTIAL BACKGROUND

an early example of polariton condensation. During the early years of polariton con-
densation, researchers in the field had to measure up with colleagues working with cold
atoms by demonstrating that they were indeed studying a macroscopic quantum phe-
nomenon and the early literature is reminiscent of this desire of the community to cast
itself within the realm of equilibrium physics[#2st01: Kasp06] - Now, the relevance of work-
ing far from equilibrium can be fully exploited. The polariton system also presents the
advantage of being easily observable through the light exiting a microcavity whereas the
measurement process destroys the cold atom condensate. The nonequilibrium nature
of polariton condensates adds a whole new portfolio of dynamical phenomenal®13],
out of which the formation of multimode condensates occupies center stage. This work
embraces fully the nonequilibrium nature of polariton condensation and builds upon it

the first quantum theory of multimode polariton condensation.

From a practical point of view, polariton condensation experiments are conducted
in the same quantum microcavities structure as vertical cavity surface emitting lasers
(VCSEL); the later were first developped in the late 1970’s and demonstrated at room
temperature in 1988 [Koya88, Skol98]. It is therefore no surprise that the first idea
which comes to mind when asked about applications for polariton condensation is a new
source of coherent light. Indeed reports of room temperature polariton condensation
are steadily appearing in the literaturelChmi07, Lul2, Lil2] and it is probably safe to say
that it won’t be long before commercial products based on electrically pumped polari-
ton condensates become available. The appeal for polariton condensation as a coherent
light source is due to the fact that stimulated scattering occurs between higher energy
polaritons and condensate polaritons instead of electrons recombining with holes and
generating laser photons. Through this, lower thresholds can be achieved, enabling
devices with lower power consumption. Another application for polariton condensates,
this time within the umbrella of quantum information processing, is through the manip-
ulation of the condensates. The fast switching properties of polaritons and their large
nonlinear response makes them good candidates for the realization of many algorithms
in quantum information science!®#'13 and in particular continuous variable quantum

Brau05)]

computation! . Although the realizations which have been proposed so far for

such computations involve the use of the upper and lower branches of the polariton

Liew 11, Demild] " nperations can also be envisaged by using multimode conden-

dispersion!
sates. The work in the thesis can therefore become a useful tool for the development

of such theories and applications.

Having discussed the general context of this work, we now continue with a review

of underlying physics of polariton condensation.



1.1. GENERAL CONTEXT AND ESSENTIAL BACKGROUND

1.1.2 Quantum Microcavities

Quantum microcavities provide the trapping of light and the control of its coupling with

electronic transitions in matter[Vaha03, Kavo07]

. They consist of a quantum confinement
structure where the excitons reside, and of a cavity which traps light (Fig. 1.1). Of
the different confinement methods available, the planar semiconductor microcavities
around which our model is developed employ distributed Bragg reflectors (DBR). The
matter component consists of quantum wells embedded in the region where the field

intensity is the highest in the cavity.

Distributed Bragg reflectors are formed by multiple repeats of high, ng, and low,
ny, refractive index layers, each of thickness \/4, grown on either side of a cavity Sko198],
The interference of reflected and refracted waves across the structure creates a spec-
tral region where light is reflected across a range of frequencies, known as the stop
band. This traps the light into standing wave modes inside the cavity. Appendix A.2
determines the position of the stop band and its reflectivity, |r| = 1, in semi-infinite
DBRs. Thin, two-dimensional, smaller bandgap, regions are placed at the antinode
of the cavity mode. They form the quantum wells where excitonic — Coulomb bound
electron-hole states — excitations occur. The cavity resonance matches the energy of

an exciton in the quantum wells.

There are two main types of semiconductors microcavities used in experiments. One
is grown out of type III-V semiconductors, e.g. Aly13GaggrAs/AlAs (ng/ny) mirrors,
Ing 13GagsrAs QWs and a GaAs cavity5%!198) The other uses II-VI semiconductors,
e.g. Cdo7sMngo5Te/Cdoso0MgoeoTe (ny/ng) mirrors, CdTe QWs, CdggoMng 20 Te cav-
ity and Cdg.ggZng12Te substratePang98], Type II-VI cavities possess stronger exciton
binding energy and therefore show a larger Rabi splitting than type III-V cavities (see
Sec. 1.1.3). CdTe-based microcavities tend however to have higher lattice-mismatch
stress which increases the occurrence of misfit dislocations and leads to higher photonic

[Lang 02, Keel07]

disorder Typically a large number of quantum wells (2 15) are embedded

in the cavity.

1.1.3 Microcavity Polaritons

Having seen how microcavities are made, we now seek a model description of the quasi-
particles they harbour — polaritons. As a first step, we examine their two components
separately — quantum well excitons and cavity photons. Then we bring in the coupling

between them and derive the polariton dispersion relations. Finally we discuss the
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transition from strong coupling to weak coupling regime by introducing phenomeno-
logically the decay of polaritons. For simplicity, the formalism is developed for an

infinitely extended uniform system, i.e. in the thermodynamic limit. We set h = 1.

Exciton Component

Excitons are the lowest energy excited state of semiconductors. They consist of an
electron in the conduction band bound to a hole in the valence band, and are created
by optical excitation slightly below the bandgap energy. In deriving a field operator

Corz 93]

and dispersion relation for them, in the envelope approximation! , we use the

following Hamiltonian, along with the electron and hole Bloch functions,

P2 2 62
H=-_ 42 (1.1)
2M  2u  Ame e |r]|
<. g
Hyg H,
1 ike~re 1 —ikh-rh *
koo (1), e T (ry), (12)

Nig N

and the bandgap energy, F,. The presence and effect of all the other electrons and cores
in the system is taken into the dielectric constant, €,, and the electron and hole effective

masses, m., my. The excitonic envelope makes use of a canonical set of variables, and

combinations of electron and hole effective masses[Gas 74],
r, — %:Z:rh center Of mass r = I'e — rh relative distance
e
— — MeMp reduced mass
M =m,+my total mass K= sotmn

k — mpke—mekp

TMetmy, relative momentum

k = ke + kn total momentum

= O./hke — Oéekh
The existence of bound states, i.e. excitons, is due to the Coulomb potential of the

Hamiltonian (1.1). This gives rise to the hydrogen-like exciton (envelope) wavefunction,

and Bohr radius, given by,

Ame €, h?

(Hu - En)¢n(r) =0, Ao = 62,u (1.3)

The ratio €,/p makes the exciton Bohr radius much larger (~ 10/0.05 ~ 100) than

that of the hydrogen atom. We can associate an exciton, of center-of-mass wavevector,
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k, with the state vector, |Dy),

1 ...
—ekr On(Nuo(re)ul(ry) [dr' rrery (1.4)

<r|Dk> :/5r,r’5r,re—rh vV

or, with respect to unbound electron and hole state vectors,
(ke, kn|Di) = Okt k(Onke — atekn|¢y) (1.5)

where |¢,), (t|dn) = [erdn(r)dr, is the state vector associated with the internal
structure of the exciton. We have used the lattice functions (1.2) at band edge,
ke = kp = 0, valid for Wannier excitons, where a, is much larger than the lattice
constant. The Bloch functions, containing the unit cell’s electronic structure, provide

the magnitude of excitonic coupling with light.

The rest energy associated with excitons in semiconductors is ¢, = F, — E,, where
E, = m is the binding energy. This is supplemented by the standard kinetic

energy term in their dispersion relation,
ek = &, + K?/2M, (1.6)

with k describing the in-plane wavevector of the center-of-mass of our quantum well

exciton. This is shown as the blue dotted line in Figure 1.2.

1440 -
1

L 1
1435 !
1

= 1430¢ , Photon

1415} Exciton

Wavevector (m‘1)
Figure 1.2: Photon (green) and exciton (blue) dispersion relations with M = 0.25m, m = 2.5 x

107° me, €, = w, = 1417.5meV (values taken from [Skol98]).

Since an exciton is a bound pair of fermions, it can be treated approximately as

a boson. To see this, we define a creation operator, D}|0) = |Dy), based on free
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electron-hole pair operators, cLe, dLh,
Df e = | Y (ke kn|Di)cl df, e, (1.7)
ke,kn

We then determine the commutation relation of exciton operators from the anticommu-

tation relations of the electron and hole (fermionic) annihilation and creation operators,

€. {Cier g } = Oaey

[Die, D Jn = Oicie D, Ocen 1o | (Onke — anke|dn)|” (CkedthLdL - CLdLthQdkh)

ke7kh
=0k Y Oeentico| (0nke — ankeldn)|? ((1 — el e ) (1 —df di,) — CLeCkedekh)
ke7kh
= 5k,k’ (1 — Z (5k’kh+ke\<ahke — ahke|¢n>|2 (CLeCke + dLhdkh))
ke;kh
a:s
= Gieie (1 — O(Nefey), (1.8)

The first term samples the entire normalized volume whereas the second one samples
the excitonic component of it. At low densities, excitons obey bosonic commutation

rules, [Dx, DL,] = Ok, l.e. are composite bosons.

Photon Component

We now obtain a similar, second quantized form and dispersion relation for cavity
photons. As seen in Appendix A.2, the trapped mode inside the cavity penetrates the
distributed Bragg reflector (DBR) with decay constant Lppgr/2 o —d/log|A;|. The
cavity length, L., therefore takes an effective length, L.ss = L. + Lppr. In a typical
GaAs/AlAs structures, L. = A, and Lpgr ~ (3 —4)L., [Skol98]. The light mode is
therefore more distributed than one would tell by looking at cavity drawings (e.g. Fig.
1.1).

The continuous in-plane wavevector, k|, adds to the normal wavevector (L, = )

and gives photon energy,

he
Wiy = - 21/ Luw,)? + |k |2 (1.9)

which, with a Taylor expansion and the grouping of the “mass” terms, m = (n/hc)(27/Ly,),
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provides a quadratic dispersion relationship,

c 27 1. 12

Ll
0 2m

(1.10)

This is shown as the green dotted line in Figure 1.2.

To describe the electromagnetic field quantum mechanically, we use the radiation

gauge, where the vector potential, A, and the scalar potential, U, are
V- A =0 (Coulomb gauge) and U = 0. (1.11)

We also use the dipole approximation, A(r,t) = A(r,,t) = A(t), since the Bohr radius

of the exciton is much smaller than the wavelength of light. We therefore have,

(1.12)

The field is quantized 597 and the expression for the vector potential operator be-

comes,
Aft) = Z 6ik”.r“4kn €x wku«\ e’ + ¢L|\,A e_wk”t)v (1.13)

kA
with Ay, = %, and €, being the unit polarization vector. We shall be working

I
with matrix elements, and the photon creation and annihilation operators which obey

bosonic commutation relations, [¢x @/JLH \ =1L

Exciton-Photon Interaction

The interaction between excitons and photons is now included!®" 57 In the radia-
tion gauge, the minimal-coupling Hamiltonian satisfies local gauge invariance with the
modification

p? = (p — eA)? =~ p® — 2¢A - p. (1.14)

Here we have used the commutation relation, [p, A] = 0 since V - A = 0, and ne-
glected the two-photon term, A2, on the basis of it having different time dependencies,
it ), or being small, 1T, ). The matrix elements for this additional A - p term

are calculated pertubatively and give the following matrix element for the coupling be-

10
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tween the ground state and a single exciton state

eAx A
gk = Mékk” (ue | €x-p | uy), (1.15)

where 2 is the unit cell volume and m* = p is the reduced exciton mass (since we
used the lattice functions at band edge, (1.4)). While the lattice function provides the
strength of the matrix element, momentum conservation rules arise from the envelope
function. The delta function, emerging in (1.15) from the calculation of the matrix
element, is in fact a conservation of in-plane momentum in the energy transfer between
photons and excitons. In-plane momentum conservation also translates in a one-to-one
correspondence between the polariton states and the angle at which photons escape
the cavity (see Sec. 1.1.5). In addition to enhancing the field intensity, this is another

advantage provided by the use of semiconductor microcavities over bulk systems.

Polaritons

Grouping excitons, photons and their interaction together, letting k be short for kj, A
and making use of the rotating wave approximation 97 the complete field, exciton

and interaction Hamiltonian we shall be using can now be compactly expressed as

H=3" [wtfvn+ skDLDic+ g Dl + Hee), (1.16)
k

where the first term is the photon energy, the second term is the exciton energy and
the term proportional to gy is the coupling between photons and excitons. We observe
that excitons and photons are not eigenstates of the Hamiltonian derived so far. We
therefore proceed to diagonalize it and determine its eigenvalues based on the disper-

sion relations presented above (1.6, 1.10). Upper and lower polariton operators are

<p11( > _ ( c?s(ﬁk) — sin(6y) > ( e ) | (117)
Pi sin(fy)  cos(6y) Dy

where one must choose

introduced

20x
Wk — 51«’

tan(20y) = (1.18)

for the Hamiltonian to become diagonal. The upper and lower polariton dispersion

relations are then found to be

Ep? = 3 [(wn+ ) £ 4 (wr — 1) + 402 ]. (1.19)

N| —

11
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These are plotted with solid lines in Figure 1.3. The shift in energy between the upper
and the lower branch at zero wavevector, w, = €, in (1.19), is called the Rabi splitting,

Q=2g.

1440

1435}
N Upper Polariton /
> 1430 Photon
E
> 1425}
o
[
& 1420f

1415¢ Exciton / Lower Polariton -

1410

Wavevector (m‘1)

Figure 1.3: Solid lines: Upper and lower cavity polariton dispersion relations with M = 0.25m,
m = 2.5x10"5m,, &, = w, = 1417.5meV, g = Q/2 = 3.5meV (values taken from [Skol98]). Dotted
lines: Photon (green) and exciton (blue) dispersion relations in the absence of coupling.

The Hamiltonian (1.16) is now diagonalized with upper and lower polariton modes,
H=> [Ei PPk + En p?pi] : (1.20)
k

In this thesis, we work solely with lower branch polaritons. The upper branch lies far
above all the experiment energies that are employed and exhibits lifetimes that are

much shorter due to the photon component within it being larger.

Strong Coupling

We developed the theory so far without considering the role of decay outside the cavity,
i.e. the escape of photons, and therefore polaritons, due to the finite reflectivity of the
mirrors. Having a high @Q-factor (see Appendix A.3) enables the system to be in a
strong coupling regime and to have two polariton branches, as shown in Figure 1.3.
From a phenomenological perspective, strong coupling manifests itself by two dips in
the reflectivity spectra of the microcavities, as shown in Figure 1.4a. It is seen in mul-
tiple optical systems, for example with single quantum dots embedded in Fabry-Perrot

[Thon09] " T¢ hag also been observed in the ra-

micropillars[V*293] and in photonic crystals
diative coupling of dilute vapor with the external evanescent field of whispering cavity

mode in fused silica microspheres!Ve™%8 In the types of systems we are using, strong

12



1.1. GENERAL CONTEXT AND ESSENTIAL BACKGROUND

coupling can also be observed in an “unfolded microcavity” where the quantum wells
are embedded along the DBRs!**¢!1l ' and in bulk microcavities!Tred9: Faur08] 'where the
active medium is the whole cavity and the exciton center of mass motion, k, acquires

an additional, quantized degree of freedom in the growth direction.

—— T
T=42K
2
=
2 =
E g
3 e
A 2 E
[
E 13 =
2 . r
i PR P " PR ] L " PR S T S S S 1
1650 1660 1670 1680 1690
Energy (meV)

Figure 1.4: (a) The strong coupling between microcavity photons and quantum well excitons is
shown in the two polariton absorption dips in the reflectivity spectrum. (b) (see Sec. 1.1.5) The large

polariton ground state occupancy above threshold (BOkW/ch) is seen in the photoluminescence
spectrum (from [Dang98]).

The strong coupling regime!S2vo%)

, where polaritons form, takes place when the
exciton and cavity linewidths are smaller than the Rabi splitting, €2. In other words,
strong coupling occurs when the decay of polaritons into the continuum outside the
cavity and the dephasing due to photonic and excitonic inhomogeneities are smaller

than the Couphng[SkOIQS, Keel 07, DenglO].

The transition from strong coupling to weak
coupling can be observed phenomenologically by introducing a damping term, vy, to
the photon energy in (1.19), wi — wi +77, and taking Re(E,%,). As seen in Figure 1.5,
when ~ reaches the Rabi splitting energy, ) = 2g, the two branches merge together,
exemplifying diagrammatically the transition from strong coupling to weak coupling

regimes.

A full treatment of the transition from strong to weak coupling[®¥°%! can be ob-
tained semiclassically with the use of transfer matrices (see Appendix A.2) where the
cavity transmission and reflection coefficients are used in conjunction with a transfer
matrix for the quantum wells which includes both the nonradiative exciton broadening
and radiative decay of excitons. A full quantum treatment is also possible$#°9%!  In
this case, a Hamiltonian similar to (1.16) is used, with the light modes expressed as left
and right traveling waves, rather then standing waves, and transmission and reflection

coeflicients for them also obtained form transfer matrices.

13
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1422 T T J
Strong Coupling Regime Weak coupling Regime
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Figure 1.5: Transition of the normal, k = 0, cavity modes from the strong coupling regime, where
the spectrum is split due to the interaction, to the weak coupling regime, with v = [0-¢g,4-g] and
g = 3.5meV. When v reaches 2g, the system enters the weak coupling regime.

1.1.4 Quantum Condensation

The statistics of bosons is such that degenerate conditions carry higher relative statis-
tical weight than in the classical and fermionic cases. In certain situations, this is so
dominant that a break of symmetry occurs and a very large number of particles end up
in a single particular state; in other words the system “condenses”. While condensation
is primarily a statistically driven effect, interactions also play a role!°#201  Thermal
BEC of the ideal Bose gas in 3D is derived in Appendix A.1; from the derivation we

retain that for a given temperature,

B 27 h?
c kBm

n 2/3
(w) L gsa(l) = 2612, (1.21)

g3/2

the Bose distribution can only accommodate a finite density, n — ng;. Once the
saturation density has been reached, all the exceeding particles end up in the ground
state. They form a large occupancy coherent state. In the thermal case, the only
property that influences the density of states, once dimensionality has been fixed, is
the mass, m, which then appears in the critical temperature, T,.. Figure 1.6 features
the phase diagram of thermal BEC.

In one and two-dimensions, the density of states in the thermodynamic limit or
hard-wall continuum is such that the Bose distribution diverges as p1 — 0 (1D) or
only becomes finite with both 7., x — 0 (2D), and any density can be accommodated

within it (expressed in different form in [Hohe67]). Thus the non-interacting gas never

14
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Figure 1.6: Phase diagram of Bose-Einstein condensation occurring in 3D. For densities which are
on the right of the blue line a condensate forms.

condenses (1D) or only condenses at 7' = 0 (2D). This is not the case however for a gas

Bagn9l] - The one dimensional ideal

of Bose particles confined in a power-law potentiall
Bose gas can condense with a potential up to harmonic power. The 2D Bose gas can

condense for any finite potential power, as shown in Figure 1.7.

T. (arb.units)

Figure 1.7: Condensation in one and two dimensions of an ideal Bose gas confined in a power-law
potential with power 1. In one dimension, condensation is possible up to a harmonic potential, n = 2.
In two dimensions, condensation is possible for any finite power potential, with the zero temperature
thermodynamic limit being recovered at n — oo (from [Bagn91]).

We now introduce the concept of off-diagonal long range order, ODLRO, arguably
the most important property of macroscopic quantum objects[Perr5t Yang62] - We follow

Pitaevkii and Stringari in this derivationF*2%3 We seize the opportunity to also

15
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introduce density matrices. Let the one-body field density matrix be defined as
n(r,r') = N/d'rQ...drN\I/*(r,’rz, ) (7 P, ) (1.22)

where W (r, 7y, ...ry) is the N-body wavefunction which is appropriately symmetrized
to take into account the indistinguishability of Bose particles. The integration is carried
over N —1 variables. The one-body density matrix can also be written with Heisenberg

picture field operators,

A

n(r,r') = (U (r)¥(r)) (1.23)
which can be expressed as

U(r) = g (1.24)

Here we used the orthonormal single-particle wavefunctions, ¢;, of the system and the
annihilation (creation), a; (al), operators which remove or add particles from these
orbitals. This formulation removes the burden of symmetrization in the many-body
wavefunction and obeys the commutation relations,

=06y, laia)=0. (1.25)

[a;, a;

The field operator can also express the momentum distribution

n(p) = (V' (p)¥(p)) (1.26)

where W(p) = (27h) =32 [ dr exp(ip - /h)¥(r). The momentum space density matrix

can therefore be expressed as

n(p) = (27;)3 /d’rd’r’n(’r,r’)exp(z’p- (r —7')/h)
| ) \ (1.27)
= 0 /desn(R—|— §,R - §)exp(ip - 8/h),

where s = r — v and R = (r + 7')/2. For non-condensed systems, 7" > T, the
momentum distribution is smooth so n(s) vanishes when s — oo, Figure 1.8. In the

case of a condensed system, T' < T, the momentum distribution has a singular behavior

n(p) = Nod(p) + 7u(p) (1.28)

where 7(p) expresses the non-condensed component of the system. The inverse Fourier

transform, n(s), see (1.27), therefore remains at a finite value at large separations:

16
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1(8)s—00 — No. This feature is called ODLRO [Yang62] - Eyery local part of the conden-
sate is linked with every other local part. The one-body density matrix therefore has

a non-vanishing off-diagonal value at large separation, Figure 1.8.

n

S

Figure 1.8: Above T., the off-diagonal density matrix vanishes at a certain distance, s. Below Ty,
the density matrix shows ODLRO and remains at a finite value, n,, as s — oco.

Lineshape and coherence functions when treated in the full quantum description

appeal to ODLRO through the use of off-diagonal elements.

1.1.5 Polariton Condensation

Polaritons are four orders of magnitude lighter than excitons (twice the photons effec-
tive mass) and seven orders of magnitude lighter than hydrogen atoms. This places
them in the ideal position to exhibit Bose condensation. The polariton system is not
thermal however; it is a steady state pumped and decaying system (see Sec. 1.2.3).
Nevertheless polariton condensation has been demonstrated in multiple types of quan-
tum microcavitiesParg98, Bali07, Love0s] " aq shown in Figures 1.4b,1.9A, and is now show-
ing promising prospects as a new source of low threshold coherent radiation 12 Li12],
Figure 1.9B.

d[LoveOS7 Kasp08, Deng 10}’ a laser is shone

In the experiments on which our model is base
on the cavity at high incidence angle (k; > 0) and with energy much higher (~
100meV) than the lower polariton ground state (fuw > hA(wx — gk)), creating high
k polaritons. These injected polaritons relax by phonon emission and thermalize by
polariton-polariton scattering to lower energy and wavevector, k, and loose the laser

Deng10] - They then start to experience strong coupling, thereby

coherence in the process!
gaining lower mass and occupying a reduced density of states. At this point, sponta-

neous symmetry breaking occurs, as stimulated polariton-polariton scattering induces

17
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B

Figure 1.9: A - In stress induced experiments, a pin exerts pressure on the cavity which diminishes
the bandgap and therefore lowers the polariton ground state energy at that position. The condensate is
shown to move from the region where it is created (left on the contour plot) to the bottom of the stress
induced trap (right on the contour plot) demonstrating that the condensate coherence is spontaneous
and independent of laser coherence (from [Bali07]). B - Polariton lasing has been observed at room
temperature in large (~ 60 meV) exciton oscillator strength ZnO bulk microcavities (from [Li12]).

a macroscopic occupation of the ground state, k ~ 0, of the cavity. Condensate parti-
cles will then decay into radiation escaping at near normal incidence from the cavity,
k| ~ 0, in a narrow range of energies. Such emission is observed above a threshold

pump power, analogous to the critical density in the equilibrium casePe*#%3].

The stimulated scattering into, and decay out of, the condensate mode need to
balance each other at threshold in order for condensation to occur. The bosonic nature
of final state stimulation into the N-polaritons composite object enhances scattering by
a factor of 1+ N (v/1+N for amplitude), [Deng10, Keel07]. The scattering term itself
is composite, having a Coulomb contribution as well as a subtle Pauli exclusion term
arising from the indistinguishability of the electrons and holes within two “separate”

Comb 07]

excitons! The spin of the polariton also plays a role on the scattering term

[Shel10]. - harallel spin excitons have an interaction strength one order of magnitude

g [Magn 10, Roch 00]

stronger than antiparallel spin exciton . A simplified rate equation which

includes condensate and reservoir radiative losses as well as scattering rates can be

derived, from which the critical pump power for condensation can be estimatedForr02l.

The above picture is based on the dispersion relation, shown in Figure 1.3, from an
ideal microcavity with perfect translational symmetry. However in reality, the conden-
sate experiences lateral trapping which gives rise to single particle states, ¢;, in the cav-
ity. The potentials which define ¢; can stem from (i) cavity-based photonic [Lang02 Savo07]

and, to a lesser extent, excitonic!®®°%7 disorder in the microcavity, Figure 1.10A, (ii)
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Figure 1.10: A- Multimode polariton condensate arising due to the photonic effective potential
caused by defects in the Bragg mirrors. The spectrally and spatially resolved polariton emission is
imaged at kj =~ 0 (a) below threshold and (b-d) above threshold (reproduced from [Love08]). B -
Multimode Condensate in a harmonic trap formed by repulsive interaction with reservoir polaritons.
The two pump beams form reservoirs with a harmonic density profile. The multimode condensate can
be resolved both spatially and spectrally (reproduced from [Tosi12]).

photonicM2112] and excitonic/“®P12 patterning of the cavity or (iii) reservoir exciton

repulsion ™2 Figure 1.10B.

Photonic disorder has been observed to separate the condensate into spatially (and
spectrally, the zero of energy varies with the modes) resolvable populations, as depicted
in Figure 1.10A. This type of disorder is due to layer width fluctuations in the Bragg
mirrors and crystal dislocations®*°!%7 as mentioned earlier in Section 1.1.2. These
generate an effective potential whose low-energy states will be comparable in size to
the wavelength of light, since disorder on shorter scales is averaged away#"&02 If
the disorder is strong enough, the low-energy states will be spatially and energetically

separated.

Our model shall refer to these different condensate populations/modes, and the
description of the replenishing of each of them as well as the interaction between them
shall be one of the main focuses of this work. The other focus is to determine the

population distributions and coherence properties of the modes based on the model.

We highlight that interactions are present within the condensates. They originate
from the excitonic component and therefore share the same physical origin as stim-
ulated scattering which forms the condensates. They generate the main source of

condensate decoherenceWhit09

i.e., a finite width to the spectral line in experimen-
tal data. The first order coherence function, g™ (), or inverse Fourier transform of

the emission linewidth, provides access to it. Figure 1.11a shows the measurement of
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Figure 1.11: a) First order coherence decay of a mode within a multimode polariton condensate. b)

Coherence time, t., of a mode within a multimode polariton condensate for different pumping powers
around and above condensation threshold (reproduced from [Love08]).

gM (1) performed by Love et al*v¢%! on a multimode condensate. They also measured
the coherence time, t,, i.e. the time for which ¢(¥(7) = e~!, for different intensities
of pumping power, shown in Figure 1.11b. Above threshold, the coherence time of a
multimode condensate is of the order of hundreds of picoseconds, much longer than
the polariton lifetime (a few picoseconds) and therefore arises from the nonequilibrium
nature of the condensate. Our theory will allow to calculate coherence functions and

decay times.

Real space x
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- 0.8
=
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Figure 1.12: Time-resolved measurement of the emission along a line cutting through a two-mode
condensate in a double-well. The experiment shows Josephson oscillations (reproduced from [Lago10]).

Lastly we mention Josephson oscillations, one of the most striking effects which

arises from multimode polariton condensation. Josephson oscillations occur when two
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macroscopically occupied states are separated by a tunneling junction and have a po-
tential difference between them. An oscillating current between the two states can then
be observed. These oscillations have indeed been observed in a multimode polariton

Lago 10]

condensate! , as shown in Figure 1.12. As an example of second order coherence,

we will calculate the coherence decay of Josephson oscillations in a double well.

1.2 Theoretical Base

Having established the physical context for multimode microcavity polariton condensa-
tion, we now form the theoretical basis we will use to describe it. We start by presenting
the formalism of density matrices in number states and in the interaction picture. We
then derive the Lindblad superoperator for open quantum systems. This will lead us
to the description of how pumping and decay, and interactions appear in our model.

Finally we discuss linewidth.

1.2.1 Formalism

The fundamental components of our description are orthonormal Fock states or number
states, |n), which are acted upon by number operators, a,a’. These states correspond
the symmetrized representation of n bosons in a single-particle orbital. Number oper-
ators act on them as follow: a|n) = \/n|n—1) and a'|n) = v/n+1|n+1). Using this

formalism, we can write a many body density matrix

= 3| S
=5 pumll,

(1.29)

which in the most general case is a sum, ) . P; = 1, over pure states. In the case of a
pure quantum state, P; = J;;, the density matrix is idempotent, p? = p. Expectation
values are obtained by performing the trace over the density acted upon by the operator

of interest

(A) = Tr(Ap)
_ anmAmn, (1.30)
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where A,,,, = (n|A|m). Density matrices evolve according to

and, for independent systems, can be combined with the tensor product, p = p; ® ps.
A combined density matrix can be reduced to either density by performing the trace

over the one to be left out, e.g. p; = Tra[p].

For most of this thesis, we shall be using the interaction picture as opposed to
the Schrodinger picture. Our equations of motion will be obtained perturbatively.
Perturbations are introduced through interactions, either within the condensate or
with other systems, i.e. reservoirs. In the interaction picture, the unperturbed time
evolution of the condensate, e.g. H, = wa'a, is placed in the operators while the
interactions either within the condensate or with other systems, here given by H,
remain assigned to the state vectors of the condensate density matrix, p. To go from
the interaction picture, p, to the Schrodinger representation, pg, where the whole time
evolution is in the density matrix, one can simply provide the density matrix the time
dependence that was taken away in the interaction picture,

d —iHt 1Hgt
= —e¢ s elHts
at p

= —iH,ps + ipsH, + "t ( j ) et (1.32)
= —i[Hs,ps] + e "t (<i[H, p]) e

ps

The full Schrodinger evolution is restored.

The evolution of the system (1.31) can also be written with Liouville superoperators,
p = Lpor p=e*p, The Liouville form is a more general object than commutators
since it can also accommodate evolutions which are non-unitary, as in open quantum

systems.

1.2.2 Open Quantum Systems

In this section we derive the many mode density matrix for quantum decay. The
treatment of open quantum systems will provide us with the Lindblad superoperator,
L4, [Lind83, Scul97]. Our system of interest will be coupled weakly to a larger system,
a reservoir, which possesses a very large number of degrees of freedom. The system
will lose into it both its population and its coherence. The expansion will be done

with two modes, which may or may not be independent, i.e. factorizes or not as
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p = ps = p1 ® pa. We will generalize the end result to many modes. We combine
the density matrix of the two modes with that of two large mode density reservoirs,
Pr = Pr, @ pr,, which for our purposes are at zero temperature, e.g. ng, = <b};1bk1>
= 0. We assume that the initial system-reservoir density factorizes, ps;.o = po @ pr,-
We employ one reservoir per mode in order to avoid having to worry about cross-
talk/feedback through the reservoirA'? e.g. (a} by, b} a1). Since the entire theory
is constructed in a perturbative manner, we work with the unperturbed states of the
system; any two system and reservoir operators commute. Other perturbative terms

will be added as we construct the theory.

The system-reservoir Hamiltonian, in the interaction picture! and the rotating wave

approximation is

H= Z [gkl (b;rclal + aibkl) + Gk (b;zag + agbkz)} . (1.33)
k1,k2

The solution of the system-reservoir density matrix, ps,. = psro€-, evolves as

00 t Tn T
Por = Paro+ ()" / dr, / 7y / dn[H, [H, .[H, psr.)..]]. (1.34)
n=1 to to to

where the prime in py,, denotes the dependence of the system on past history, e.i.
ps(T1). Given that (b, ,)= (bLl ,) =0, the expansion has to be taken to second order,
and we neglect the higher order terms based on the coupling interactions being weak.

Our equation of motion therefore reads,

psr = _/t [H’ [Ha ps’ro] ]7 (135)

where at this point the time dependence is due to both the interactions and the evo-
lution of the operators. This type of expansion, taken up to second order that also
assumes that the system-reservoir density matrix, py,, factorizes at t, is called the
Born approximation. This is borrowed from scattering theory!©7 Next we also use
(brey 2bky 2) = (! bl ) =0, and since <b21,2bk1,2> =0, <bk1’2bL,1,2> = Oky 2k, tO keep

k1,27 k1,2

IThe relation between Schrédinger, aig, bk, s and interaction pictures, ai,bg,, operators is given
b _ LiHit iHit _ —iwit  p ik, t] —ie'Ratt _ g —ivkyt ot
y ap = € = aise ) k, — € k1S € = Uk, s€ , €LC.

Where H; = wlalsals, Hy, = uklbzlbk17 see also (1.32).

ais e
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1.2. THEORETICAL BASE

only the terms which will survive the trace below. We are left with eight terms,

t
Par == / [Z gl2c1 (aibklbglal'pslro - b;rmalps“"oa];’b;cl) +H.c.
to
k1 (1.36)
+ Z 91262 (agbkzb:.;a?’ps’rc - bLQQQPS’roag’b;cz) + HC} dt’
ko

The primes, by, ,, a1, ay, denote dependence on the past history, bk, ,(t'), a1 ('), as(t').

We then make the interaction picture time-dependence explicit in the operators,
by, — bk1’2e_i”kt, oy — al,ge_i‘”l»?t. We also take the trace over the reservoirs, re-
minding ourselves of the invariance of the trace under cyclic permutation, Tr[b! p, b,] =

Tr (b, bl py,]; we let gr = g, .

¢
p= —/ [Zg,iez(wl_”’“)(t_t)(aialp(t') - alp(t')aJ{) + H.c.
¢

© ok (1.37)
+ Z giez(wzfuk)(tft ) (CL;CIQ,O(t/) _ azp(t/>a§) + H.C.:| dt/,
k

where we used, e.g. (bg, bLl) = 1. We use the fact that the reservoir degrees of freedom

are dense and smooth to let
Zgi — /dl/kD(l/k)gi. (1.38)
k

We are therefore left with the integration fti dt’ [ dyg which can be rewritten as
fooo dt’ [ dvg. The integration in time being over half space provides a Cauchy principal
value, P( 1 ) which corresponds to the celebrated Lamb shift™a'1% The shift can

wi2—vk )’

be interpreted by the fact that in perturbation theory levels tend to repel each other,
and since there are more vacuum levels above, Jwy 2, 00| than below, [0, w; o[, the tran-
sition of interest, there therefore is a net shift in energy. This energy renormalization
has already been accounted for in the exciton energy and we choose in our calculation
to neglect the phenomenon, and to first perform the integration with respect to fre-
quency. This will provide us with a delta-correlation in the reservoir fluctuations. To
do this, we assume the density of state of the reservoir to take a constant value given
by 27 D(Vk)gp)wi . = 7/2 and we lower the integration limit to —oo. This leads to the

Weisskopf-Wigner approximation

/ dvge’ @) — 96 (t — ). (1.39)

[e9]
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1.2. THEORETICAL BASE

which generates the Markov approximation. In it, the dense number of degrees freedom
of the reservoir over a large range of k; » absorbs any dependence on the past history of
the system (¢ — t') such that p(¢') in (1.37) turns into p(t); such processes are said to
be Markovian. The reservoir has no memory, an excitation within it instantaneously

relaxes towards equilibrium, and it is thus said to be “delta-correlated”.

The equation of motion is now time-local and the reservoir degrees of freedom have
been eliminated,
. Y

p = =3 | (alarp = 2a1pa] + palar) + (aazp — 20200} + palas) . (1.40)

We extract the matrix elements from the density matrix equation of motion. The

density matrix form is

p="Y Pumpq |n)(m| @ |D)(q], (1.41)

nmpq

where n, m (p, q) refer to matrix elements of the first (second) mode. We perform the
manipulation leading to matrix elements in length for one of the terms, —2@1,0@1, in

(1.40),

pnmpq =... =2 Z <nap|a1pn’m'p’q’|n/7p/><m/aq/|a1|m7Q>

,n/m/p/q/

=... =2 Z (n+ 1, pVi T+ Loy I 0N, ¢ Vm + 1jm + 1, ) ... (1.42)

n'm’'p'q’

=... =2vn+1lpprimtipgVm+1 ...

The complete form reads,

Y
Laiprmpg = D) [(n +m+p+ Q)anpq
(1.43)

- 2((” + 1)(m + 1))%pn+1m+1pq - 2((]) + 1)((] + 1))%pnmp+1q+1]7

where we also begun to use the superoperator notation, £;. For many modes, this

generalizes to,
mima.. Y mima.. lm..mi ..

where n; and m; refer to the matrix elements of i*" mode. The damping (n; = m;) and
decoherence (n; # m;) action can be seen in (1.44); the occupation of pi't"" 1~ falls

mimsa..
ny na..?

into p inducing growth. The occupation of level p7'"2 itself falls into the level

below, hence the negative rate associated with it.
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1.2. THEORETICAL BASE

1.2.3 Pumping and Decay, Interactions

The condensate formation considerations discussed in Section 1.1.5 are included here
within the scope of our pumping and decay model, illustrated in Figure A.1. The
polariton population is divided into two groups; one is the higher energy polariton
reservoirs and the other consists of the condensate modes. Stimulated scattering from
the reservoir populates the condensate modes. The process through which this occurs
is called pumping and in the density matrix model will involve a superoperator, L,.
We derive the form of £, in Chapter 2. The condensate emits coherent photons outside
the microcavity in a process which we call decay and in the evolution of the density
matrix takes the form of the superoperator we derived above, £;. We also mentioned
in Section 1.1.5 that condensate modes interact together. This interaction is given the
unitary Hamiltonian, H, which can remain in commutator form and will also be further

elaborated upon in Chapter 2.

1720 -
!
9 Incoherent [/
D Excitation J
E 1700t
@ Stimulated ;'
2 Scattering !
(D) = H
C: / ~ ]
g ! :
Exciton
1680 Reservoir
Polariton Coherv_ent
Condensate Emission
10! 102

Wavevector (10%/m)

Figure 1.13: Pumping into and decay from the polariton condensate. A reservoir of higher energy
polariton (Exciton Reservoir) is created by shining the cavity with a laser at higher energy and at
high incidence angle. The quasi-particles introduced by the laser relax and loose their coherence via
multiple scattering until they reach the region above the bottleneck region of the dispersion relation
and form the reservoir. Polaritons then enter the condensate via stimulated scattering. Condensate
polaritons decay outside the cavity through the emission of coherent photons.

Our model is inspired by laser theoryS"97 since a laser also consists of a large,

nonequilibrium occupation of bosons in a single mode. Overall, we shall obtain an
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1.2. THEORETICAL BASE

equation of motion which only contains the condensate modes degrees of freedom,

where p is the reduced density matrix for the low-energy polariton states. From this,

we will be able to extract physics such as the linewidth of the condensate emission.

1.2.4 Linewidth

The early theory of the linewidth (dw, see Appendix A.3 for general damping theory)
of polariton condensate emission was presented by Porras and Tejedor(Por03! They
coupled the condensate to a thermal reservoir and obtained Lindblad terms for pumping
and decay. They also included a term, k, for the two-body interactions within the
condensate and determined the cross-over for the emission linewidth to be determined
by Schawlow-Townes (dw o 1/N, see below) or by interactions (dw o kN). For atomic
condensates, similar theories are described by Gardiner and Zoller (449 and Thomson

and Wiseman [Thom02]

A 10 : : : . : B 300

2501

n

o

o
T

50 100 500 (n)=1000

_

o

o
T

1

10 |

1)

Decay Time (7_1)
o
o

0 100 200 300 400 500 600 0 200 400 600 800 1000
T Mean Population { n )

Figure 1.14: A- Coherence decay, g™ (7), of the single mode density matrix equation based on
laser theory with added polariton-polariton interactions, for populations (n) = 50,100, 500, 1000. B-
Coherence time, 7., obtained for the intercept of g(!)(7.) = 1/e for population (n) varying from 1 to
1000. The coherence time first increases, then plateaus near field threshold (dotted vertical line) and
starts increasing again. (recalculation based of [Whit09])

Whittaker and Eastham, in 2009, revisited the theory of polariton emission line-
widthWhito9] - Rather than coupling the condensate to a thermal reservoir, they used

[Seul97] " Ty account for interactions within the con-

laser theory in density matrix form
densate, they added an anharmonic term, x(a’a)?, to their Hamiltonian. The coherence

decay, g (1) o (af(7)a), they obtained is shown in Figure 1.14A, for different single
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1.2. THEORETICAL BASE

mode populations, (n). The inverse Fourier transform of the coherence function gives
the emission lineshape. Figure 1.14B shows the decay time, ¢ (7.) = 1/e, 7. = 2/6w,
for populations going from 1 to 1000. From the linewidth form they obtained from den-
sity matrices, they reached simple, experimentally parametrized expressions for both
first, gV)(7), and second, g (7), order coherence functions. While ¢(®(7) does not
depend on k and standard laser expressions could be used directly, their expression for
g (7) includes the dependence on k. The theory recovers the generic Kubo lineshape
form [XuP°%4 which we derive below. The body of the thesis will make extensive use of
the treatment of Whittaker and Eastham.

In the remainder of this section we develop the Kubo lineshape theory from linear
response theory ™m0l and place the results in [Whit09] within this context. We also
point out the occurrence of motional narrowing and of slow modulation which we shall
refer to as the static limit. We start with a quantity commonly used to discuss linear

response theory, the polarization, given by the dipole operator

P(t) = Trup] = (pp)- (1.46)

The unperturbed density matrix, p, generally do not have polarization; the perturba-

tion terms generate it. The infinite order perturbation (equiv. to 1.34) reads

p(t) = p + i p(t), (1.47)

where each term can be written in a form involving the commutator of the dipole

operator, E - r o< r = pu,

P (t) = —z'"/_ dr, /_Tn dTp_1... /_72 dr [p(mn), [p(T=1), - [pe(11), p(—00)].  (1.48)

The expectation value of polarization due to the linear response therefore is

P(t) = —i / (u(t) (1, pl(—00)] ). (1.49)

—00

We use t; =t — 71, set 71 = 0 and change the integration limits of (1.49) accordingly,

P(t) = —i / ) [(0), p(—o0) )ty (1.50)

The time variable has been eliminated from the equation and we can combine the
integration with the ensemble average. The integrand is the linear response function
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1.2. THEORETICAL BASE

which we manipulate as follows,

S(t) = —i(u(®)[1(0), p(=o0)]) (1.51)
= —i{u(t)(0)p(—00)) + i(u(t) p(—00)1(0)) (1.52)
= —i{u(t)u(0)p(—00)) + i(p(—00)u(0)u(t)) (1.53)
= —i(p(t)p(0)p(—00)) + i{u(t) u(0)p(—00))" (1.54)

We have made use of the invariance of the trace under cyclic permutation (1.53) and

the Hermiticity of operators (1.54). The absorption spectrum

A(w) = 2Re /0 " et () (0) pl—00)) (1.55)

provides the equivalent of the lineshape. To move towards Kubo theory, we now let

the dipole operator be expressed as a classical observable with gap energy frequency
w(T),
p(t) o< e~ Jo dreo(r), (1.56)

and we separate the frequency into its time average and a fluctuating part,
w(T) =w+dw(r), (dw(r))=0. (1.57)

We then perform a cumulant expansion™#4%] of S(t) and retain only the leading order

S(t) = et <exp (—i /0 t d75w(T))>

it {1 —i/oth(éw(T» _ %/Ot /Ot drdr (S (F)w(m)) ..
)
}

o it [ o= 3 I Iy drdr (du(r)dw(r')

term,

= e~ Wle9®), (1.58)

In generic processes (and in Kubo’s derivation), the correlation function (dw(7)dw(7’))

i _I . ) . .
decays exponentially, A%e” = , where our generic exponential decay function is parametrized
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with amplitude, A% and decay time, 7.. The exponent in (1.58) then becomes,

o) =3 [ [ arirourru)
_ /0 t /0 " drdr (0uw(7 ) (0))

t T ’
= / / drdr' A%e” = (1.59)
o Jo

¢
= Az/ dr(—7e"7 +7,)
0

¢ t
= A’72(e" 7 + — —1).

Te

In the second step, we performed time-ordering Hamm05, MahaO0] t}y6ygh which the factor

one-half was eliminated. We are therefore left with the standard Kubo form

Te

S(t) = exp [AQTE(e:c I 1)] . (1.60)

There are two limits to this expression. One is the fast modulation, motional narrowing

or homogeneous limit,

AT, < 1 et =0, t/1. > 1

T (1.61)
= A%rt
which leads to a Lorentzian lineshape (cf. 1.55),
A(w) = 2Re / ete ATt gy

0

= 2R !

= ez (1.62)
AT, 1

0.6 .
(A2 +w? 1+ (55)?

The other limit is the slow modulation, static limit or inhomogeneous limit,
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At > 1 7M™ 1 —t/7. +12/272

o (1.63)
T2
which leads to a Gaussian lineshape,
o A242
Alw) = 2Re/ e“te” "z dt
o 2 (1.64)
— 22w Ae 247 x ¢ 247,

In [Whit09], the Kubo form that was obtained, 2ReS(7) = e™9(7) = ¢ (1), is

g V(1) = exp _dner” (e +57 —1)| -exp [i(e’% -7 —1) (1.65)
,-—}/2 4ﬁ2
4”‘:'{2(*7%‘ 1) [ e (e AT — 1) 4 (e — 1)
=exp |— e — cexp |[——(e — e T —

L AT P| =7 AT 573 ,
(1.66)

where, in addition to x, n is the mean field population of the condensate, n. is
the pumping strength and ¥ = ny/n, is the exponential decay rate of g (7). The
first exponential accounts for the interaction induced decay while the second one is
Schawlow-Townes, enhanced by additional terms which often occur in semiconductor

systemsHerrs2

The physical origin of the Schawlow-Townes is the spontaneous emission which
occurs while polaritons both enter the condensate and are emitted into photons outside
the cavity. This process generates amplitude variations with variance, o oc 2-wv?. The
random walk phase variation subtended by this process, ¢ = §A,/A, is the quadrature
component perpendicular to the amplitude divided by the amplitude, A or v/N. The
variance of spectral density induced along the soft mode is therefore given by wvy?/N,

the Schawlow-Townes linewidth [Pasc13, Schabs]

1.3 Relation to Other Theoretical Approaches

Other than the density matrix formalism, several other theoretical tools are being used

to describe the physics of polariton condensation. In this section, we provide a survey
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1.3. RELATION TO OTHER THEORETICAL APPROACHES

of them and discuss each one based on criteria such as the use of first principles, the

physics that they capture, and the types of quantities that can be obtained from them.

We start with the Boltzmann rate equations which describes nonequilibrium kine-

tics [Tass97, Bany 00]

This equation employs densities as main variables and the transition
rates can be parametrized with matrix elements obtained from first principles!Per&10l.

There are usually one set of equations for the occupation of reservoir states

n

oy, = P(t
tTk () .

- Z W]f]?, (nk/(nk + 1) - nk(nk/ + 1))
kl

= > Wi, (nan (g, + 1) (i, + 1) = nggmy (i + 1) (g + 1))
k'kyko

(1.67)

and one equation for the occupation of the condensate
n
8tno = _7_ - Z WSZ/ (nk/(no -+ 1) — no(nk/ —+ 1))
o K

— Z W e (o (g, + 1) (nky + 1) — ngy gy (o + 1) (ni + 1)).
k' ko

(1.68)

The term P(t) accounts for the laser induced incoherent pumping of the reservoir. The
Vi Yo terms are decay rates of the polaritons. W7/, and W[E | are for polariton-
phonon and polariton-polariton scattering respectively. Notice that the Boltzmann
equations account for stimulated scattering with the (n,j + 1) occurring within them.
They can be used to determine quantitatively the threshold and obtain nonequilibrium

[Malp03] = The Boltzmann equation do not consider any form of fluctu-

phase diagrams
ations (since they treat only an average occupation), ODLRO, exciton disorder and

high density (saturation) regime.

The Gross-Pitaevskii equation augmented with pumping and decay terms embraces

Wout 07, Keel08] -~ The condensate is modeled with a

the physical reality one step further!
single-particle macroscopic wavefunction, v, the order parameter, which is normalized
to N. In the standard cold atom Gross-Pitaevskii equation the equation reads as
standard Schrodinger kinetic, V2, and potential, V', terms supplemented with a point
interaction term, g|¢)|%. For polariton condensates, pumping and decay terms, inspired
by classical laser operation, are added. In one instance of the theory, a separate,
Boltzmann type equation is added to keep track of the reservoir dynamics, ng, [Wout07,

Lago 10] while one other [Keel 08, East 08] reservoir saturation is included via a nonlinear
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term, I', and reservoir interactions appear via a trapping potential, V(r), with one

equation being used. The form which includes a reservoirs explicitly is

. VAR ) ,
ihop) = | — o T 5[3(7@3) =+ glYl* +29'nr| ¥ (1.69)
dmnr =P —yrng — R(np)|y|> + DV’ng, (1.70)

whereas the form with nonlinear pumping (and a trapping potential) is

h2v2
2m

0 = [— FV) + gl + iCregs — PW)} " (1.7)
The first set of equations makes use of a analytically more elaborate monotonic func-
tion, R(ng), for the scattering into the condensate as well as diffusion, DV?, of reservoir
polaritons. The second form presents the advantage of being contained in a single equa-
tion and being more easily manipulable, both analytically and numerically. The Gross
Pitaevskii approach allows to determine a number of quantities relating to the order
parameter: the elementary excitation spectrum™ou07 = vortices!®ee%8) superfluidity
properties €213 and multimode dynamics!F2t%8 It is a mean field theoretical tool,
and does not include fluctuations, the source of coherence decay; although the theory

has inspired the use of classical limit Wigner functions to include fluctuations[Weut09,

The role of exciton disorder and finite excitation/saturation has been studied ex-
tensively by Eastham, Littlewood and others by modeling the exciton subsystem as a

set of localized two-level systems[#2st01],

Their model is a generalization of the Dicke
model, which can be solved to determine thermodynamic properties such as the phase
diagram as well as response functions including those describing the optical emission.
Initial work on a thermodynamic equilibrium condensate has more recently been sup-
plemented by studies of nonequilibrium condensation, i.e. including gain and loss

processes using the Keldysh Green’s function approachS#m07.

The big advantage of the density matrix formalism in this thesis is that it allows
to treat the both thermal and quantum fluctuations in the order parameter of an
open quantum system. It also treats ODLRO but does not consider the saturation of

Skol 98]

excitons! in the quantum well. It is parametrized phenomenologically rather than

from first principles.
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1.4 Layout of the Thesis

Having presented both the background and the theoretical context of this thesis, we
are ready to embark into the original component of it. The original work is contained
within four chapters (Chapters 2—5). The next chapter builds our density matrix model
for many reservoir and many mode condensates and for the treatment of condensate
interactions. Chapters 3 and 4 present a general application of the theory while Chapter

5 is a specific one.

In Chapter 3, we lay out how the theory can be used to obtain the population
distributions of each mode, both directly and with analytic expressions. Chapter 4 is
dedicated to coherence functions which we solve for numerically and approximatively
in two ways, a more involved Fokker-Planck scheme and a simpler static limit approxi-
mation. The coherence functions that we use are the first order correlation of one mode

and the coherence decay of Rabi regime Josephson oscillations between two modes.

In Chapter 5, we apply the theory to the tight-binding model of a double well po-
tential. We extract the population distribution of the symmetric and antisymmetric
modes of the double well for different detuning between the wells and we show exam-
ple calculations of first and second order coherence functions with each to the three
approaches mentioned above. Finally we conclude and suggest some future work in
Chapter 6.
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Chapter 2
Pumping and Interaction Model

HIS CHAPTER CONSTRUCTS THE EQUATION OF MOTION for the reduced den-
I sity matrix describing Bose Einstein condensates of polaritons[Peng10, Keel07, Seul97]

whose general form is, (1.45),
b= Lyp+ Lap—ilH, p]. (2.1)

Here L,, L, are the superoperators describing the pumping and damping of the low-
energy polariton states. The Hamiltonian, H, is for the dynamics and interactions
of the condensate modes. We already reached a form for £; in our introduction to
open quantum systems (Sec. 1.2.2). While the physics of condensate formation was
also described (Sec. 1.1.5), we have yet to obtain an explicit form for the pumping,
L,. This shall be the first goal of this chapter. The second aim is to describe the
Hamiltonian, . We seek throughout to maintain the theory in the most general form

possible, such that it can be applied to a wide range of configurations.

Towards reaching £,, we first describe the characteristics of the reservoirs and
condensates which we use onwards to develop our model of the pumping (Sec. 2.1).
We then derive a form for £, in a simplified pumping model (Sec. 2.2) which is
then expanded into the general theory (Sec. 2.3). We also introduce the pumping

parametrization we will use throughout the remainder of the thesis (Sec. 2.4).

In the introduction, we explained how condensate polaritons can be trapped in
a photonic or excitonic potential and how their excitonic component interacts (Sec.
1.1.5). The second part of the chapter describes how we choose orbitals based on these
potentials and how interactions are approximated, leading to soluble form for H, (Sec.

2.5).
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2.1. KEY FEATURES OF THE RESERVOIRS AND CONDENSATES

2.1 Key Features of the Reservoirs and Conden-

sates

In this section we give a brief description of the essential features of reservoir and
condensate polaritons which our model will incorporate. We extract these features

from the exposé presented in Chapter 1.

In our model, both for reservoirs and condensate modes, we suppose that polaritons

m Hepf58]: their internal struc-

are the elementary excitations of the microcavity syste
ture was introduced and discussed in the introduction (Sec. 1.1.3). Towards condensa-
tion, the laser-induced high energy reservoir polaritons have thermalized via polariton-
polariton interactions, and cooled down through polariton-phonon interactionsPer&10l,
near the bottleneck (highly excitonic lower region) of the lower dispersion relation (Sec.
1.1.5); only these reservoir polaritons enter our model. Condensates are trapped (pho-
tonic, excitonic disorder; quantum well, cavity patterning; reservoir repulsion) and are
separated from one another either because of their spatial profile or the single-particle
state energy levels they occupy (Sec. 1.1.5). Their nonequilibrium nature enables
BEC to form at energies other than the lowest level["t%8l and distinction between
spatially superimposed condensates is based on linewidth. Spatial trapping causes the

condensates to spread in momentum along the bottom of the lower branchK2sp06],
&>E
dk?
m/, and are therefore effectively immobile on the long length scale relevant to the
‘Wout 08b

. . . -1 :
Reservoir polaritons are much heavier, m = ( ) , than condensate polaritons,

condensate! I. The condensate modes densities can overlap with several reservoirs

and can thereby be replenished by several distinct sources!®ic?05],

Alongside with the condensate formation mechanism, stimulated scattering, its de-
cay outside the cavity and the excitonic-based polariton-polariton interactions (Sec.

1.2.3), these observations are all the essentials that are needed to derive our model.

2.2 One Reservoir Pumping Two Modes

In this section, we first present the general approach to the one-reservoir, two-modes

problem. We then detail the two steps which lead up to our model expression.
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2.2. ONE RESERVOIR PUMPING TWO MODES

General Approach to the Problem

As is often done in mesoscopic physics!™"19  we aim for a pumping model which
captures the essential physics leading to the formation of condensates, and can be
parameterized with experimental results. Rather than deriving directly a Liouville
superoperator for many reservoirs arbitrarily pumping many modes (Sec.2.3), we first
solve a simplified model: one reservoir pumping two condensates. This simplified
treatment was obtained independently but shows similarity to that in [Sing80]. We

use the treatment to generalize towards the many-reservoir, many-mode model.

The one reservoir, two modes problem is analogous to the two-mode laser. This
problem has been treated extensively with rate equations and in the semiclassical
approximation M2k, Puri0l] - The Heisenberg-Langevin approach has also been utili-
zed [HakeT, Seul97] \While a full quantum approach was also used, it had to be tailored
to a specific problem where each mode is associated with a distinct transition5"&80.
In the other approaches, the energy detuning between the modes and their different
rotating rates could be used to isolate the dynamics of the quantities of interest. All
through these approaches, the underlying key principle resides in the fact that the field
is the synergetic component of the system, it is responsible for the common phase of
the order parameter and the non-locality. The matter component provides the system

non-linearities.

In the full quantum two-mode laser 8289 a restriction had to be applied in order
to make the problem soluble in closed form. Each mode had to be attributed a sep-
arate lower level in the transition. This obliged a break in degeneracy at this level
with, e.g., Zeeman splitting. This restriction does not apply in the case of a one-
reservoir two-mode condensate pumping model. This is because, rather than having
discrete transition energies, the polariton dispersion relation is continuous, and the
distinct levels appear naturally; transitions occur between any two localized states on

the dispersion.

Thus we consider, as shown in Figure 2.1, a reservoir of many, labeled by i, higher-
energy, incoherent polariton states above the bottleneck region, |a);. These are driven
through final-state stimulation into the lowest-energy orbitals, |n), |p), generating the
condensates, while by-product states, |by);,|b2);, take up the excess momentum and
energy. The by-product states can be polaritons or outgoing phonons. Within our
approach, these processes, polariton-polariton scattering and phonon emission, lead to
the same form for £,. This model can be solved in closed form, in the interaction

picture, using second-order perturbation theory in the scattering strength Memm05 and
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e |02)

Figure 2.1: Schematic of model of condensate formation. Reservoir polaritons |a); enter the con-
densate modes,|n), |n), through stimulated scattering. By-product polaritons/excitons, |b1);, |b2);,
carry the excess momentum, energy.

an adiabatic elimination procedure®289 This provides us with the theoretical bridge

towards our many reservoirs pumping many modes derivation (Sec. 2.3).

The interaction picture Hamiltonian describing the scattering from the i*" reservoir
state, with annihilation operator, (c,);, into low-energy polaritons (ai, az), and some

by-products (cp,, s, ); 18,

H, = ;glai (czl (i;% )Z + goal (622 (C\(/I% )Z + H.c. (2.2)

H,, is written for the case of polariton-polariton scattering; %czl acting on a state with

two reservoir polaritons and no by-product polariton, |2,0), gives |0,1). The operator
% becomes ¢, when phonons are the by-products, cacllll, 0) = |0,1). But reservoir
levels will be traced over in our expension and the final expression is parameterized
from experiments; the form of the reservoir operators do not affect the theory. The

scattering matrix elements, g;, for example, is given by

g = / drdr'V(r — )8 () B () bus(r) bua (1), (2.3)

where V (r —1') is the potential two between excitons at points r and r’. Since reservoir

polaritons are much more localized than those of the condensate, V(r — r’) can be
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approximated by a point interaction given by V,d(r — '), which provides g; the form

g~ / ArVod (1) 4(r) Bu(r) s (r)
x (1), (2.4)

where ¢7(r;) is the amplitude of the condensate orbital at the reservoir location. Matrix

elements, g1, g2, are proportional to the condensate amplitude at reservoir location, r;.

We introduce the projection of the condensate-reservoir density matrix onto the ‘"

reservoir state, p; = Tr;4; p, and its matrix elements,

Pi = Drmeg |20 | © | PXa| @ [ai)(Bi], (2.5)

with oy, 5; € {a,b1,bs} and n,m (p, q) refering to the matrix elements of the first (sec-
ond) mode. The sum over i provides the composite density matrix, p, with matrix
elements pﬁfnpq => pﬁ;ﬁ;q, for which our simplified from for the “density” Hamil-

tonian, H, (2.2), translates into (we use the version of #, phonon by-products for

notational simplicity),
H, =" gi(ale] ca+ chey,ai), (2.6)

i=1,2
and the operators, a;, ¢,, are now acting on the composite levels, see Fig. 2.2. We have
therefore greatly simplified the problem by treating reservoir levels |a); with a single

upper level |a), and similarly with |b1);, |b2); becoming |b;), |bs).

The remainder of this section revolves around solving the following schematic rela-
tion,

p = —ilHy. o) = Yo Piatsi) + Mploa) + (Lap). (2.7)

The term proportional to A, accounts for the replenishing of upper level |a) from an
other vacuum state |¢), which is schematically depicted by the subscript [¢p — a].
This corresponds to the relaxation of laser generated higher energy polaritons into
the reservoir. The 7, term is the decay of |a),|b;) levels via channels other than
the condensates, e.g., spontaneous emission into outside cavity modes, schematically
depicted by [a,b; — ¢|. Linking these two processes to a common, vacuum level,
|¢), will allow to algebraically manipulate these A, 7 terms through rate equations,
and eliminate the levels, leaving only the degrees of freedom which pertain to the

condensate, plili. = Prmpg-

Two different time scales are associated with the processes in (2.7). The replen-
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ishing A, and the relaxation 7, are much faster than the dynamics of the condensates,
—i[H,, p], Lap (1.43). The two different time scales involved allow us to make a twofold
adiabatic expansion. First we isolate the A, dynamics into an effective pumping rate r.
We then solve for a traced form, Tr,;,[p], of the slow varying processes, p ~ —i[H,, p'],
on a time scale for which p" appears to be stationary, p’ &~ 0, with respect to the ~, dy-
namics. The end result is a parametrized equation which only contains the condensate’s

degrees of freedom.

a) |

chepan / \Jcb)az

/a (’b Ca aQ(,(T) c,,\
bif *[bo)

Figure 2.2: Transitions generated by Hamiltonian H,,. This configuration allows the pumping to be
solved exactly.

In bosonic systems, Hamiltonian commutators often generate, potentially infinite,
recursive sets of equations which all have to be solved in order to reach a solution.
The level configuration presented here generates a Hamiltonian which does not have
this feature, making our problem soluble in closed form. The three levels make 3x3=9
density matrix elements which need to be visited through the action of the Hamiltonian,
H

», in such a way that the number of particles in the system is conserved. We express

this criteria diagrammatically by placing H, (2.6) in a transition diagram, Fig. 2.2.
The diagram should not possess any loops where we can pass through a transition, in
the same direction, more than once, i.e. every transition between two levels should
only be paired with its Hermitian conjugate. The general pumping problem discussed
below, Section 2.3 (2.51), also has this feature. Two quanta (one for bra, the other for
ket) are being passed between the condensate and the levels, allowing to survey the 9

matrix elements in closed form.

Eliminating the Non-Condensate Degrees of Freedom from the Replenishing
Component of the Model

We now perform the first manipulation highlighted above and in (2.7). We eliminate
the reservoir levels degrees of freedom in the A, term of Eq. (2.7). We do so by

introducing the density matrix for our reservoir vacuum level, ® = p??|¢)¢|, writing
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the equation of motion for p ® ®, projected onto |¢), i.e. the population of |¢),

0
|6) = (D[ Hprr = ®]|¢) — A (dlp® D) +7, Y {alp® Pla). (2.8)

a=a,b;

(o 122 ®) (p®<1>)

Notice the sign changes in front of \.,~, with respect to Eq. (2.7). On the r.h.s., the
H, term vanishes identically, [H,, ®] = 0. The Lh.s. is also zero,

(p®<1>)

(Bl =——=10) = (69 © @[¢) + (¢|p ® D|¢) =0, (2.9)

since the condensate is assumed to appear stationary and the level |¢) is considered

stationary. We can therefore read from (2.8) the steady-state matrix elements equation

0= =M pistpg T ¥ (Drpg  Prsg T Preig)s (2.10)
or
MPivtmpg = Y (Primpg T Primpg T Primng) (2.11)

which we use in conjunction with the trace over all the levels, Tr,, o[p ® @],

aa b1b bab
pnmpq = nglpq + pnmpq + pnlm;q + pn27712pq (212)
or
aa b1b bob
pnmpq + pnlm:;?q + pn2m2pq = Prmpg — pﬁfnpq' (213)

Placing (2.13) into (2.11) and solving for p2% . gives

Arpﬁfrz)npq = '7r<pnmpq - pgg’bpq) (214)
Tr
pnmpq = )\r _i_,}/rpnmpq- (215)
Hence
ArYr
)‘rpﬁnpq - Ar 4 ’ernmpq = T'Prmpq; (2.16)

and our schematic relation (2.7) now becomes

p = —i[Hy, p| = VrPlapi—¢] +TP- (2.17)

We obtained an effective pumping rate, r, which does away with external degrees of

[Scul97]

freedom Expressions for the term proportional to -, involves levels |a), |b;),
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2.2. ONE RESERVOIR PUMPING TWO MODES

which will be eliminated in the trace process below.

Performing the Adiabatic Expansion to Isolate the Condensate Dynamics.

Next we write the contribution to the equation of motion for the scattering into the
condensate, p = —i[H,, p|, the slowly varying processes of (2.17) (the polarization,
e.g. pzfnpq, a# 3, do not exhibit fast oscillation in the interaction picture). These will
generate the traced form, pff, .+ pf;zlpq + p%%}q, mentioned above. The components of

—i[Hp, p], are

pnmpq [ V1 + pftl—‘:-llmpq + 9o/ P + p%?zp_l,-lq (218)
—givm + 1p7a11’2711+1pq —g2v 4 + 1p(7lzl7)721pq+1:|

pl:LlTlr)Llpq = Z[gl \/ﬁpzbllmpq — g1 \/ﬁpfbﬁ—lpq} (219)
pffri?pq = [gQ\/_pnmp 1q g2\/aplr)frriqul} : (220)

We point out the standard form of the prefactors on the r.h.s., such as v/n + 1, which
generate the stimulated scattering (amplification) and, along with inversion, the term
in r, are responsible for macroscopic occupation of the low-energy modes, i.e., conden-
sation. In total there are 8 matrix elements on the r.h.s. of Egs. (2.18—2.20) which we
need to solve for. We do so with three sets of full pumping equation matrix elements
obtained from (2.17). The set we use to solve the aa part, (2.18), is

Pompg = (Bq. 218, ths) — 3 p0% o0 + TPnmpg (2.:21)
Prmiipg = =1 VI 10 g + 92D+ 120 g — SV 1080 ] — i1 (222)
Dot mpg = —Hg1VI A 1pi g — VM A Tp0 = 928/ 0+ 1003 ] — %pfﬁlmm (2.23)
perLl;rzzpq+l —i [91 \/ﬁp?zljimpqﬂ + g2 \/Impiivlﬁﬁlqﬂ — 92 \/qunmpq] - 7Tpnmpq+l ( )
oz g = —i[g2V/ P+ 1ppg — VA L0 — a1 ] — ey (2:25)
(2.26)
(2.27)
(2.28)
(2.29)

beﬁ%mpqﬂ ~i[g \/ﬁpnmpqﬂ 92 \/mpzl—glmpq] - ’erffﬁmpqﬂ 2.26
pf;zl-&-lp-&-lq Z[QQ p+ p?zl;ll-i-lpq grvm+ 1plrjb273p+1q] - ’YTpnm-&-lp-&-lq 2.27
Plr)Llerllm+1pq —1 [91 WPZ%Jrlpq - N ﬁpzlflmpq] ’V’“'O?erllm+1pq 2.28
pf7.2:12p+ 141 = ¢ [92 \/Fpnmqurl 92 \/qunmerlq:I - ’erlr)fn%+ 141 (229

The sets for biby, (2.19) and beby, (2.20), are Egs. (2.21—-2.29) shifted according to :
n,m —n—1,m—1and p,q — p—1,q—1, respectively. Notice that the evolution of all
the elements on the r.h.s. of Eqs (2.21—2.29) is contained within the set of equations,

i.e. it can be solved in closed form. The natural way to solve a set of coupled equations
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is in matrix form; we write Eq. (2.21—2.29) and their shifted version as,

R=-MR+A R=-MR+A ad R =-M'R+A4". (230

The matrix M and each of the R and A vectors are presented on page 46. The matrices
M’ and M" are obtained with the shift substitution mentioned above. The R vectors
are formed from elements of the density matrix in which two quanta are being passed
between the reservoir levels and the condensate modes. The A vectors are the driving

terms.

We solve for R adiabatically i.e. assuming A (pnmpe) doesn’t change over the time

scale set by ~,.. Formally ([Scul97], Appendix 11.A), this is performed by using the

integrating factor el Mat” _ Ml eMt  giving,
MR+ M MR =M A (2.31)
d(eM'R) ,
(eIMtR) ) t )
/ d(eM'R) = / eMP Adt (2.33)
0 —00

We assume that the condensate field term, eM!R, slowly builds up, starting from zero
when ¢ is at —oo, and that on this scale the driving term, A, is independent of time.
Thus (2.33) solves into

MR~ MMTA (2.34)

or

R~ M4, (2.35)

where the 8 matrix elements we seek are within R, R, R”. We shall obtain the inverse
matrices M1, M'~t, M"~! through the identity M~ = % or M~! = % since M is
symmetric; C' is the cofactor matrix. The use of cofactors and determinants will be
advantageous in the derivation of the generalized form below (Sec.2.3). Mathematica

can provide these terms easily.
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Obtaining the Model Expression

At last, we extract the 8 terms needed in (2.18—2.20),

ab o -1
pnm+1pq - 7,']\421 Prmpq

bia o -1
pn—i—lmpq - TMSl Prmpq

abo _ -1
Prmpg+1 = T My1" Prmpq

boa o —1
Prmp+1q = T M1 Prmpq

aby _ 1—1

pn—lmpq - TMQI Prn—1m—1pq
bia _ 1—1

pnm—lpq - TM31 Prn—1m—1pq
abs o 7n—1

pnmp—lq - 7a‘]\/[4l Prmp—1g—1

baa _ "—1
pnmqul - TMSI pnmP*IfI*l'

and (2.18—2.20) become

po g =—i[g1Vn+1 Mg + gon/p+ 1 My
—qnvm+1 M2_11 —gor\/q + 1M4_11}Tpnmpq
-biby

Prmpg = i{gl\/ﬁMéfl - glmMéfl}rpn_lm_lpq
pfﬁfﬁpq - Z‘[QQ\/Z_)MZI_I - gQﬂMgl_l}rpnmp—lq—l.

which simplify nicely into the form, p% + /)%fl;q + /')I,’L%,liqu = LyPnmpqgs

(g2 (n—m) + 30— 0))* + 2(g2(n +m+2) + g3(p+q +2))
(G20 —m) + g3 — @) + 292(g2(n +m +2) + g3(p + g +2)) +
2ry7 gt v/nm
(g2(n—m) + g3(p— 0))* + 292 (g3 (n+m) + g3(p+ g +2)) + 1
22 95/Pq
(Bn—m)+ B ) + 22+ m+2) + Blp+a) 4ok

‘C;Dpnmpq =T Prnmpq

+ Pn—1m—1pgq

+

(2.47)

We observe that, as in the form for the damping, £, (1.44), the expression obtained

contains only the condensate degrees of freedom. We shall postpone the parametriza-

tion of £, in a notation which reflects the pumping physics (Sec.2.4) until a generalized

pumping expression is derived below. Here we only point out that the two time scales

we exploited in the expansion (2.7) imply that g; 2 < ~, which in the denominators

translates as gi, < 77gf, < 7. The constant term, ', is larger than the others for
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small occupation but will inevitably be comparable at large occupations and there-
fore generates saturation. The denominators generate saturation in the condensation

occupation.

We see also that the minus sign in front of the term py,,,, means that its occupancy
leaves towards higher levels while the levels below, p,_1m—1pg, Prmp—14—1, With their

positive signs, replenish it. We have pumping action.
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aa
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1a

ab2
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R// _ baoa

0
0
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igivn+1
0
Ir
0
0
0

pnmpq-l

b1b1

202
Prmpq

0
1g2v/p+ 1
0
0
—igiv/m+1
0
Tr
0
0

All:r
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abl
pnm+1p-1q-1

pn+blmp—1q»l

pn+1m+1p-lq—1

Prnmp-1g-1

0
igivn+1
—ig1vm+1

o O o o

0

0

0
ig2vp+1
—ig2v/g+ 1

0

0

0

Yr
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2.3 Many Reservoirs Pumping Many Modes

We now derive the expression for £, in the general case where u reservoirs replenish v
condensates. We shall make use of the derivation above and, while still being driven

by the physics, draw guidance from algebraic patterns which appear within it.

In deriving £, (2.47) above, we made use of brute analytic force. We learned
by doing this, that even though the determinant of |M| goes as O(1?), its inverse,

T

M- = %, simplifies and the form left in the denominator only goes up to O(v2); the
same as in the one-mode problem!5"971 There is an algebraic pattern to be exploited
in solving the types of many-reservoir pumping many-mode problems which obey the
configuration in Fig.2.2. One can think that this pattern should indeed occur when
observing that we started with individual reservoir polaritons in our Hamiltonian (2.2)

which we then grouped into a single, composite three-level system (2.6).

Indeed, in the single reservoir, two-mode Hamiltonian (2.6), the choice of grouping
individual states, |a);, together to form a single state, |a), was theoretically convenient
but should not distract us from the actual physical problem. Here we shall group the
individual reservoir polariton states, |a);, into distinct reservoir states, |a;), and keep
the notation separate for each of them. By doing this, each reservoir obtains its own

adiabatic term (2.9) and therefore its own effective pumping rate, r;.

In order to continue with the second part of our general adiabatic expansion, we
recast the one reservoir, two modes notation into the general wu-reservoirs, v-modes

notation. The composite interaction picture Hamiltonian (2.6) now takes the form,

H, = Zgij (a}czijcai + ¢l aa4), (2.51)

irj
with ¢ labeling the reservoirs and j the modes. The v-modes reduced density matrix
elements take the form pnin, n.. . We see from (2.51) that for each of the u levels,
la;), there are now v levels, |b;;), therefore making 1 + v levels per reservoir. The
matrix M, which associates the i*" reservoir with all v condensates, will therefore have
(14v)?x (14v)? elements. And the full matrix is a Kronecker sum, M = > 1 ® .. ®

M; ® .. ® I. In taking the adiabatic expansion however, each term of the Kronecker

m1Mmse..
ning.. ?

and can therefore be solved for independently. Since (A ® B)™! = A~' @ B™!, we can

sum gives its own instantaneous change, r;, to the composite density matrix, p

focus on obtaining M, !, and the trace over the reservoir levels, Trqp,, p, shall provide

the summation which is explicit in the Kronecker sum.
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For the ™" reservoir, the trace is primz-®iti 4 Z Prng.” Yia% with each element
given by,
Prgmg " = (ai| =i[Hp, pl|ai) (2.52)
— Z |:‘g7/‘7 /nj pnll 7::’11’ ij O _ gz] / pzlll 7;7;]"'1 ,ag ZJ:| (253)
mi..m;..,bjia; mi..mi+1..,a;b;;
= Z [f?j pnll.‘njj—l.. ! + f2j+1pn11..n]-?.+1 ’ bj} (254)
J
Pz 0 = (b —i[Hy, p]|bi) (2.55)
= i G TR — gy ps 0] (2.56)
= f e f2]+1p?ﬁ:$?f1“”’”“" (2.57)

with the first 2v + 1 elements of £, () written in vector form,

0
1gi1v/mi1+1
—igiivni+1

- " =
f{1 o1} = | 9i/my+1 Fs0sny = | —i9iy/75 (2.58)
—igij\/nj—i—l igij\/ﬂTj

igiv V1M + 1 0
—1GivV/ Ty +1 0

In our one reservoir, two modes derivation, we did not need the complete inverse of
M. Rather, we only needed elements of the first column M;,", (2.36—2.43). Here this
iS, (M )zll = (Z)

7 )

w_Ccy oy

)

M] " Ym0

(2.59)

where we also adopted a simplified notation for the elements of the first column of
the matrix, (M;);1 = mg-i). The determinant, |M;|, is written as a column product of
matrix and cofactor elements. We observe that all the cofactors in this column, C’i(f),

contain terms in the form,

(v-1) (v-1)
o (ng n; + +73) (Zgij(m]’ +1) +’73> (2.60)
j
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and they cancel while forming the inverse matrix elements,

: 2 2
n = Ccé) @ . @ 0 (2.61)
2myCe Xyme
This will indeed make the denominator stay of O(v}),
log(O(|M;])) —log(O(Q)) = (v+1)* = (v —=1)>+2-2(v—1)) =4, (2.62)

Physically, these terms cancel because when deciding to keep the notation separate for
u reservoirs while grouping the |a); levels into |a;) composite level, we also introduced
transitions which otherwise would have been accounted for only once. These additional
transitions while modifying the algebra do not change the power of the terms involved.

They end up in the term ¢ and cancel out in the derivation of the matrix element.

The first 2v + 1 terms of the simplified ¢ are

Yo (Xon 95 (e +mi+2) +72)
iginVma+1(2,, g3, (my —nk) +7)
iginvVm 10, g5 (me—ni) —77)

& sorny = | 195 /M 1S, 93, (ma—ni) +2) (2.63)
i9ij\/n 1, g7, (mp—ng) —~2)

igio VMo F 13, 95 (mi —nk) +77)
19iv VM +1(3, gfk(mk —ng) — %%)
(@)

and the ones for m;° are

Y
—igi1y/mi+1
1g;1vn1+1
I R 2.64
My opp1} = tGijn/mi+1 1. (2.64)
19i5+/Mj+1

_Zgw V mv+1
igi'u Vv nv+1

mimse..m;j..,a1a1

We note that the first column of M; multiplies the first element of R;, i.e. pninyn;.:
Looking back at Eq. (2.17), the first term in (2.64) originates from ~,(a;|p|a;) while the

next 2v terms originate from, (a;|—i[H,, p]|a;) and all the other terms in that column
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are zero. This explains why we only focused on the first 2041 terms of CZ@

We now determine that the generalization of manipulating (2.36—2.43) into (2.18—2.20)
to reach £, (2.47) is,

mim, E : 7 m 2 : i 7 mimeo..m;i—1..
‘Cppn1l7122 = |:f( ,rlpnllnzz + f J h’( J Zlonllng2nj—]1 i|
(2.65)

(@) . (i)

_ f Z mimsa.. f mlmg mjfl
me anm + TiPnins. nj—1..

(J) (lJ)

where m;”’, ¢;” are the same as (2.64, 2.63) except for m;,n; — m;—1,n;—1.

Notice in (2.58) that n;, m; are inverted in f () with respect to the way they appear
in (@ (see ¢, (2.63)). This along with the =+ sign in front of 2 in (2.63) gives

fO ) = (—igi;\/nj) [igz‘j\/ﬁj(zk;ﬁj g (me—n) 4 g7;(mj—n;—2) + 73)}
+ (igij/m5) [igij\/nj(Zk;éj gi(mi—ng) + g7;(my—n;—2) — 73)]
= GG 4 gl mgn

= 2g5\/nm;;
(2.66)

The product f@. ¢ does not have this feature,

FO e = 32 [~ g ms 1) + g3 (ng + 1)] L glmp—mi)|
+ %, | = ghm; + 102 = gh(n; + 132 (267)
(X, G3(my—ny))* =252, gh (g +my + 2)

The product m®. ¢ differs from f@. ¢® only because of the v, instead 0 at the top
of m®¥ with respect to f® and a sign difference in front of the other elements. This
generates a factor of 2 and a v* term which make the denominator differ from the

numerator in the prefactor for p;''/"2--. And we obtain,

(X, 0505 —m))* +2 5, g5 (n; +m;+2)
ZTi - 5 Nt tig ..
i (ZJ gij(nj - mj)) + 277 Zj gij(nj +m; +2) +
mimsz..m;— 1..

2’73922] V njmjpnl ng . TLj—l
2
(X% 97 (ni — mu))™ + 292 324 g3 (g + mi + 2) — AV2g3 + vt

mM1Mms..

£ppn1 ng ..

(2.68)

+

We have therefore obtained a generalized form for £,.
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2.4 Notation

Until now, we postponed to establish a notation which reflects pumping and damping
physics, rather than original Hamiltonian matrix elements. Here we define the para-
meters which we use throughout; these are a generalization of those used in [Whit09]

for the single mode case.

We first define the dimensionless pumping strength, which is the ratio between the
pumping parameter and the decay parameter. The factor of 2 gets absorbed when

going from amplitude to density (Chapter 3),

= L o=l (2.69)
n n; :
C 27 7 27 )

We separate with an arrow the one-reservoir two-modes notation (Sec. 2.2) from the

many-reservoir many-mode notation (Sec. 2.3). To simplify the notation, we also

assume that the decay rates, v in the damping £, (1.44) and ~,., are the same.

Next is the saturation parameter, the ratio between decay into other channels and

condensate modes scattering coefficients,

2 2
__ 7 s
Ng = ——5——>5v —> N

y
. 2.70
4(g7 + 93) 437,595 (2:70)

and finally, we use a normalized transition strength for the coupling of the reservoirs

to each mode,

2 2 2
91 (6% 92 5 — Q5 —g” (271)

g+ g3 DN

G +g3

a1

In this notation, the pumping superoperators (2.47, 2.68) in the equation of motion
read as follows,

e (ar(n —m) + as(p — ) + L(ar(n+m+2) + az(p+q+2))

FpPrmpg =~ Prm
o o (ar(n —m) + az(p — )" + L{ar(n+m +2) + as(p+ g +2)) +n, pa
Yne ag/nm
* 1 2 1 pn*lmflpq
Ton: (1 —=m) + aa2(p— @) + z(aa(n+m) + aa(p+ ¢ +2)) +ns
YNe C24/Pgq
* 1 2 1 Prnmp—1qg—15
Ton; (@1(n —m) +as(p — )" + 5 (ar(n +m+2) + az(p + ) +ns
(2.72)
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2.5. THE APPROXIMATIVE HAMILTONIAN OF THE CONDENSATE

2
L (ZJ aij(n; —m;))” + %Z] a;j(n; +mj+2)

Loppime =y nf| — : 5 pme
: Tonr (205 ij(ng —my))” + 5 305 aij(ng +my +2) +nj
.mji—1..
" Z az'j\/njmjﬂﬁﬂzf'ij_lu
2 .
J #"f(zka““(”kfmk)) + 5 2k ik (g + M + 2) — i + s

(2.73)

2.5 The Approximative Hamiltonian of the Con-

densate

In this section we present the Hamiltonian, H, appearing in the equation of motion
(2.1), and point out which manipulations and approximations can be exploited to sim-
plify the many-mode condensate problem. While the choice of reservoirs and the choice
of Hamiltonian, H,, allowed us to simplify the problem for the decay and pumping,
here we shall resort to choice of basis and rotating wave approximations to achieve that
goal. As described in the introduction (Secs. 1.1.5, 1.2.3), condensate interactions stem

Roch00] ' which are

from electron-electron, hole-hole and election-hole interactions©omb07,
parametrized as exciton-exciton interactions and incorporated as interactions between
the elementary excitations of our system, polaritons"&1%  These interactions are

Tt

treated up to two-body terms, a;a;ara;, with matrix elements

gkt = Vo / &t (1) 5 (P L (r) (). (2.74)

In the pumping sections above (Secs. 2.2, 2.3), we used the interaction picture
to find an exact solution for the pumping superoperator, here we use the Schrodinger
picture, in order to make use of the difference in energy between modes (detuning) to
build an argument to discard rapidly oscillating terms which remain small upon time

integration. The general many-mode Hamiltonian reads,

i#j ijkl

where we also used a general definition for the operators A; acting on arbitrary orbitals
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2.5. THE APPROXIMATIVE HAMILTONIAN OF THE CONDENSATE

for our modes. We shall provide a justification for approximating this Hamiltonian as,
H = sza a; + Zg”a aja;a;, (2.76)

where the operators a; are associated with a new mode definition and the terms that are
non-particle conserving within each mode have been eliminated. The forms for pumping
and decay superoperators, £,, L4, (2.73, 1.44), are particle conserving as well. This
translates into the evolution of the condensate density matrix, pj''/"2, necessitating
only a subset of the full space it spans. More precisely, having an equation of motion
that is particle conserving translates into using O(n'Y) elements of the density matrix
rather than its full set of elements, O(n*Y); n is the maximum number of particles

included in each mode and N is the number of modes.

The operators O, that we apply on p to obtain any particular expectation value (O)
are partly immune to this criterion, given that they operate on a steady state which is
diagonal (see Sec. 4.2.3). We shall see in Chapter 4 that the first order coherence and

Josephson decay operators that we use are particle conserving within each mode.

With the equation of motion being number conserving, the problem remains nu-
merically tractable up to 2 modes and possibly 3. We therefore focus in showing in
which circumstances one can treat the physics of the problem with (2.76) instead of
(2.75).

The first step in doing so is to eliminate the hopping term, ¢;;. This can be done

exactly by diagonalizing the quadratic part of H, (2.75), [East08],
=) A} {t ) A; (2.77)

wi = fil{Q}, {ti}) (2.78)
gijk = fijn ({2}, {ti }, {Gijwi})- (2.79)

In other words, we rewrite H using a linear combination of operators A; and we obtain

H = Z wla a; + Z g”kla al jakay. (2.80)

ijkl
A specific example of this procedure is presented in Chapter 5.

It is more difficult to justify g;rditdy — gij. Table 2.1 shows the forms that

the interaction terms can have. Our model only allows to solve the forms 6;;,; and
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2.5. THE APPROXIMATIVE HAMILTONIAN OF THE CONDENSATE

0i;0k. The other forms are non-particle conserving within each mode and we attempt a
justification for neglecting them. This exercise is challenging because we try to contain
all the possible scenarios in an situation where the density matrix has potentially

infinite number of dimensions.

dijk i#j#k#l
Form of g;; 010 0; £k, #£1
Gijkl (Sz]kl 5%’66]1 62]6kl 67,kl t 7& yJ 7é
10k ijl i £l
5jkl Total
Nb of occurences N 2N(N—-1) | N(N-1) | 4AN(N—1) | N*~7N%*+6N | N*
2 4 2 8 0 16
Number of alalagag | alalaga aalarar | alalaga
0%o“0%0 0%1%0%1 0% 1%l 0% 01
occurences a}a{alal aiagalao a}a{aoao aIaJ{alao
and operator aiagaoal agaiaoao
forms in agaIaIaO aiagalal
two modes aéa&amo
(with a{a{aoal
redundancies) a{agaoao
agaialal

Table 2.1: Forms of the two-body interaction operator and occurrence of each type in an N-mode
condensate. The two forms on the left of the thick line conserve the number of particle in each mode.
The ones one the right do not and cannot be included in our model. The lower part of the table shows
how each form occurs in two modes.

To do so, we first write the density matrix in the Schrodinger picture, giving all
the time dependence to the density operator, but nonetheless making a distinction
between the time evolution due to the linear terms and the interaction term of the
Hamiltonian (2.80),

p= Z p"TZie—iwi(ni_mi)t

ni,mj

We look at the evolution of p, in a perturbative scheme and estimate under which
circumstances the non-particle conserving terms provide a transition probability over
infinite time that is finite rather the infinite and therefore do not contribute to the
dynamics. The evolution p = —i[H, p], with (2.81) on the r.h.s and the commutator of
(2.80) on the r.h.s. is,

Z [pnmii—iwi(ni—mi)Pmi]e_wi(ni_mi)t ni)m;| = —Z[Z ajaiap]—i[z gijualatagar, pl.

ni,mj 7 ijkl

(2.82)

The term with —iw;(n; —m;) cancels with i[Y", ala;, p] on the r.h.s., and we are left
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2.5. THE APPROXIMATIVE HAMILTONIAN OF THE CONDENSATE

with,
Z p';’?ie_iwi(ni—mi)t m1| = Zg”kl a;a akah P} (2.83)

ni,mj 17kl

We focus on the terms where none of the indices are the same, > 4 8ijkls the second
last column of Table 2.1. We then note that in this case the commutator in (2.83)
generates states,

T al kol —
@arar P T e ke e k] =

Vniy/mivng+1vn+1p. Zl fffkﬂ 41 -~m,j,k,l-~><--mi,j,k,l~|

(2.84)
with time dependence e %22 wilmi—mi)tg—i(—wi—wjtwitw)t - and
[0 g kot Yo i1 1,1, 0—1 -+ |0 n,:iiﬂ i aTaTakaz
Vi 1/ mg+ 1y mgy/mup e P g e X e
(2.85)

with the same time dependence e? 2 «i(mi—ni)t giwittw;—wp—w)t,

We can now cancel the state vectors and the linear time dependence on either side
of the form p = —i[H, p], reaching,

Mmims..

P = —iZgijkze_i(_wi_‘“ﬁw”“‘)t(\/77“ /My + Ing + Lpn b
" (2.86)

= Vi Ly L),

We treat each matrix element of (2.83) individually.

We shall determine if these terms gives a finite change in occupation by examining

if the integrate evaluated from minus infinity diverges,

t t
SULN NN _ ; E —i(—wi—wjtwg+w)T
/ p..niyjjyk,l.. dTn =—1 / dTn gljkle ( ! J F l) " X
7& —0o0

—00

Tn

(\/n_z‘\/nj\/nk + 1\/nl +1 / ATy 1 p. Zzz ]1le 1k41,041-

o0

_\/mz‘i‘l\/mj—’—l\/ \/_/ dr,_ lpmlj;tfﬂk 1,0—1- )
(2.87)

This will iteratively provide an integration over the entire Fock space
ffoo dry [T dry_y.. [7_drf(f..(f(p:))), with each integration giving a factor of order

—w; — wj + w +wp)

> —i(—w i (\/771‘\/771’\/”1@ + I+ 1=vVm; + 1y/m; + 1mm) (p). (2.88)
;é K3
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2.6. DISCUSSION

We note that (p) is bounded between [0, 1] and are of same magnitude in each iteration
since the distribution is either smooth or symmetric on either side of the matrix element
being considered. We choose to make p- equal to one. Since we are mostly concerned
with diagonal elements we can pick a set of non-trivial indices n; j x; = n+1, m; jx; = n.

Conservatively, we also let >, giju ~ N*g (see Table 2.1), and the factor becomes,

i giju((n+1)(n +2) — (n+ 1)n) 5 Nig (n+1)
2 ; —i(~w; — wj + wg + wp) ~ (—w; —wj + wi + @) (2.89)

When this term is smaller than 1, the integration (2.87) will tend towards zero, I, (x,, <
1) — 0. Otherwise it may diverge, setting a finite transition rate. The two other forms

of the non-resonant scattering processes in Table 2.1 create criteria which scale like,

N3gn

wi—wj

(2.90)

We have therefore generated a criteria for using g 001 — gij. When the matrix
elements and number of modes, Ng, times the average occupation of the condensates,
(n; k1), is comparable to the difference in energy between them, (—w; — w; + wy +wy),
the particle non-conserving interaction terms can be neglected. When these conditions

are met, we shall say that we are in the strong trapping regime.

Having set an argument for the neglect of certain terms, we now switch back to the

interaction picture and write the Hamiltonian of the condensate as,

1

H= Z /iiazazaiai + 5 Z mjajaia}aj. (2.91)
{ i#£j

Throughout, we will reserve  for condensate modes self-interactions and 7 for energy

(density) interactions between condensate modes.

2.6 Discussion

The physics of bosonic systems, when treated quantum mechanically, presents the
particular challenge of generating potentially infinite sets of equations. Both for the
pumping superoperator and the condensate Hamiltonian, we had to invest significant
effort to prevent this from happening. We managed, after selecting the problem ad-
equately and imposing certain quantitative restrictions, to obtain a full equation of
motion which we can exploit (£,, 2.73; L4, 1.44; H, 2.91).
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2.6. DISCUSSION

The questions naturally arise : what interesting physics did we miss by imposing
these restrictions? What can this or that term do for our problem? The description
that we have at the moment is very near the diagonal. It presents occupation fluctu-
ations, which are absent in mean-field theory, but limits strongly the incorporation of
off-diagonal terms. Careful addition of these other interaction terms (see Table 2.1)
will mix the Fock states and introduce very rich phenomena (the most obvious here are
certain regimes of Josephson oscillation, see Chapter 4). The answer for how to intro-
duce these terms in the Hamiltonian H to obtain new physics is not at the model level,
but rather lies within the approximative schemes of the next two chapters. Nonetheless
we did not solve for them in this thesis. The conclusion will present some ideas for

how to incorporate them.
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Chapter 3
Population Distribution Functions

AVING OBTAINED our equation of motion for many-mode polariton condensates,
Hand pointed out the physics it captures and the approximations it entails, we
now move from theoretical description to extraction of physical information. The
first and simplest physical quantity we will seek is the population distribution, i.e. the
probability distribution of the occupation numbers for the low-energy polariton modes.
It corresponds to the diagonal elements of the reduced density matrix, p. We obtain
expressions both for one reservoir pumping two modes (Sec. 3.1) and many reservoirs

pumping many modes models (Sec. 3.2).

We use two analytical tools to obtain the distributions. The first relies on the
detailed balance form[Cam 7 Seul97 of individual steady-state transitions. This provides
two equivalent steady-state subequations, one of which we either use as is to obtain
the population distribution directly, or feed in our second analytical tool. In it, we
approximate the occupation numbers with continuous variables and turn the transition
steps within the detailed balance equations into first-order Taylor expansions (Secs.
3.1.1, 3.2.1). The approximate differential equations we obtain from this process are
solved, either exactly (for the one reservoir, two modes case) or approximately (in the

many reservoir, many mode case). The solutions are multivariate Gaussians.

Two follow-on sections are added to each main derivation. To the one-reservoir,
two-mode section, we add how our solution reduces to the one mode problemWhit09]
or can be generalized to one reservoir pumping many modes (Sec. 3.1.2). After the
multi-reservoir, multi-mode derivation, we show the source of the approximation in the
multivariate Gaussian solution (Sec. 3.2.2). We also select example solutions in each
model and analytical tool: a mode competition example obtained numerically (Sec.

3.1.3), and an analytical three-mode distribution (Sec. 3.2.3).
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3.1. POPULATION — SINGLE RESERVOIR, TWO MODES

3.1 Population — Single Reservoir, Two Modes

We keep a separate section for the special case of one reservoir and two modes, rather
than directly presenting the many reservoirs pumping many modes solution, for two
reasons. First an analytic solution for the population distribution can be obtained in
a controlled way, by approximating the occupation numbers as continuous variables.
Second it exemplifies, in a full quantum description, the principle of mode competition,

as understood in laser theory Hakes6l

Population distributions are obtained with the diagonal elements of the density

matrix equation of motion,

In other words, we let m = n and ¢ = p in the equation of motion for pmp,,

1 1
Poy = yne an QP ar(n+1) + az(p+1)

P, 1, + P,,_1—
an + az(p+ 1) + ng n-lp ar1(n+ 1) + asp + ng mp—1 ar(n+1)+as(p+1) +n, np

+ ’Y[(n + 1>Pn+1p + (p + 1)Pnp+1 - (n + p)Pnp} ,
(3.2)

where the first line corresponds to the pumping term, £, (2.72) and the second line is for
the Lindblad decay, L4, (1.43). Notice that the condensate Hamiltonian is seemingly
absent in (3.2). This is because the Hamiltonian we approximated, H (2.91), is particle
conserving within each mode, and its contribution to the evolution of diagonal elements

is therefore zero,
> (n.pl-i[(afa:;)’+3alaala;, p]In, p) = -i[(n*+ D> +1p)punpp — (0> +P°+1D) prngp)
1#]
~0. (3.3)

Throughout, we will be interested in population distributions in the steady-state, Pnp =
0.

3.1.1 Detailed Balance Solution and Analytic Solutions

To solve the population distribution equation and find the steady-state, we use detailed
balance. Eq. (3.2) describes the change in the occupation probabilities, due to tran-
sitions which increase or decrease the number of particles in each mode, i.e. pumping

and decay. The first two terms on the first line correspond to transitions into the state
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3.1. POPULATION — SINGLE RESERVOIR, TWO MODES

of n,p particles due to pumping, while the third term describes transitions from the
n, p state to higher occupation, also due to pumping. The second line, similarly, gives
the dynamics due to loss processes. We can find a steady-state solution by requiring
that the growth of an occupation probability due to pumping matches its decay due

Carm 74]

to loss, and vice versa. This is a form of detailed balance condition! Specifi-

cally in (3.2), this corresponds to the steady-state equation splitting in two equivalent

subequations,
B an Q2P o
0= arn + az(p+ 1) + ng Foo1p ¥ a1(n+1) + asp + ng P””ll (1 +P) Py, (34)
_ at(n+1)+as(p+1)
O e D st D T A DBy + 0 P (35)
Rearranging (3.4) gives,
(
PO 3 n7p = O
ncalpn—lp
—— ,p=0
an + Qg + N
P, = P 3.6
P NeQalnp—1 n= 0 ( )
oy + QoD + Ng
N ankby, 1 aapPy,,—
P + 2D np-1 ,n,p # 0.
| n+p amn+a(p+1)+ns ar(n+1)+ asp+ns

We separated the solution in cases because, by only having matrix elements and no
state vectors in the equation, there is no vacuum state to indicate the unphysical
states (e.g. Pn_1pln=o — P-1,) which are otherwise implied in the case n,p # 0.
Repeated application of these forms allows us to develop the full distribution from the
probability of the vacuum state, P,, which is simply a normalization. Using (3.6),
it is straightforward to obtain the distribution numerically for a given set of control

parameters, n., ng, 2.

The second analytical tool is to approximate the occupation numbers as continuous
variables and to replace index differences in occupation probability elements with first

order Taylor expansions,

Pn,lp — P('mp) — 1-6nP(n7p) and Pnp,l — P(mp) — 1-8pP(n,p). (37)
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3.1. POPULATION — SINGLE RESERVOIR, TWO MODES

Doing this, Eq. (3.6) transforms into,

Ne arn(l —9,) asp(l —0,)
Pnp) = + = | Py (3.8)
n+p\on+oap+ng on+ e+ ng

The brackets around indices indicate that they are now continuous variables. We
simplified the denominators by neglecting the +1s which appear in (3.6), since ng > 1.

The solution is the multivariate Gaussian

1 n+p)?  ane —n QoM — Mg
Ponp) = exp<—< P) + =2 n+ — p). (3.9)

7 2n, 1M QoM
This solution can be manipulated into the form (3.8); we postpone the steps until the
one reservoir, many modes example below, (3.16).

To demonstrate an important feature which occurs in multimode population distri-

butions, we write (3.9) in matrix form

1 [ 1 11\ (n Cne agne—ney [
P(”vp) = ZXp| — (n p) ) ) + (algfnc : 2onCnc S) )
A 2n,. 11 [ p

:%exp__%(n p)-A- <Z>+B<Z>],

to point out that A is singular and that the variance, A~!, therefore diverges. This is

also seen by changing variables according to

(3.11)

u =

1
E(H—P)
b= —(n+p) (3.12)

>

and choosing ;2 = 0.5. Under these circumstances, Eq. (3.9) becomes

Z Ne Ne

1 2 0_2 s
Puw= L. exp( 2 _@) 3.13)

The equation is satisfied with any value of u. There is a soft mode which occurs along
the n+p = const direction. The simplest example of a soft mode is in the relative phase
between two oscillators, there is no restoring force associated with this parameter and
it is therefore free to take any value. New physics arise along a soft mode when a

1 [Piko01]

small pertubation is added to the otherwise free paramete The population
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3.1. POPULATION — SINGLE RESERVOIR, TWO MODES

distribution has large uncertainty along the soft mode, so long as n,p > 0. The
vacuum therefore adds an additional complexity to our description i.e. a cutoff to the
distribution. This peculiar soft mode is already present here, in the one reservoir two
modes model, but will also occur in the general model. We call this specific distribution
by the name “ridge” because of its visual appearance when plotted on a mesh, as in
Fig. 3.1.

We also note in Figure 3.1 the depence of the population distribution in the pumping
paramaters, n.,n,. In Fig. 3.1A-C the effect of increasing n.. is to place the distribution
further above threshold. As n. increases the width of the distribution also increases. In
Fig. 3.1D-F, with ng increasing and n = n.—n, constant, the spread of the distribution

increases but its position above threshold remains constant.

A Ne, g = 50, 50 B Ne, ng = 70, 50 C ne, s = 120, 50
(n,p) =4.3 . (np) =117 (n,p) = 35.8
0.015 210 : 5.x10"
1.5
0.01
& g2 9
o
0.005
0.5
== eSS
e ==
8040A\§ ===5 R T = S
p 20 “40 60 80 100120 p o0 40 60 80 100 120
n n
Ne, 1 = 5400, 5000 e, s = 10400, 10000 ne, s = 25400, 25000
D 107 (n, p) = 206.7 E <10 (n,p) = 213.0 ‘ F «10° (n,p) = 23L.5

600 800 0 600 800 1000

200 400 200 40

n n

Figure 3.1: Dependence of the ridge population distribution on pumping parameters, n.,ns. (A-C)
For ny, = 50 and increasing n., the population goes from threshold, n. = 50, to above threshold,
n. = 70, and far above threshold, n. = 120. As n. increases the spread of the distribution, o \/n.
in the n+p direction, also increases. (D-F) This is also observed for ny = 5000, 10000, 25000 and
constant 7 = n. —ns = 400. The position of the ridge stays constant, but its spread increases.

3.1.2 Corollaries of the Single Reservoir, Two Modes Solution

The single-reservoir, two-mode solution obtained above, Eq. (3.9), can be used to either

‘Whit 09
e[ it 09] ,

recover the known solution for a single-reservoir, single-mode condensat or
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3.1. POPULATION — SINGLE RESERVOIR, TWO MODES

generalized to obtain the solution for a single-reservoir, many-mode condensate 580,

These two solutions are presented for completeness.

To recover the single reservoir, single mode solution, we set a;o = 1,0 and Eq.

(3.9) is rewritten as

1 n?  ne—ng 2np +p?  ng
Py =—=" — — — . 3.14
(o) = 7 exp( 2n, * Ne n) exp( 2n, 0n’ (3:14)
The second exponential is either one when p = 0, or zero when p > 0. We therefore
obtain
1 n? —2(n. —ng)n + (ne —ng)?  (ne — ny)?
Py =— - _
=7z exp( 2n.. + N,
- ( - (3.15)
ene n—n
= e (=750

where . = n. — ng. This agrees with the form quoted in [Whit09], as expected.

Our form (3.9) can also be generalized to the general case of one reservoir pumping

many modesS"e80]

1 (3;m)° Qine — N
P(nl,ng,ng.‘,) = ? exXp < -+ Z T’I%), (316)

()

which we show is the exact solution of the many-mode version of (3.8),

Zni nczanz (P =0, P), (3.17)

Z a;n; + ng

by placing the derivatives,

1

;e

anip(nl,nz,TLs...) = < o (ai an + ns) + 1>P(n1,n2,n3--~)7 (3'18)
J

nto 1it.
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The Ps on either side of (3.16) cancel and we reach

1
i+ ——(Q; ) - nj + N
S, Y S 2y ) (3.19)

i D25 Qg + 1
B Z n; (Oéi Zj n; + ns) (3 20)
B —~ D oyn '
_ Zj n](ZZ on; + ns) (3.21)
> g+ ng '

=> ;. (3.22)

We interchanged the two sums between lines (3.20) and (3.21). The two sides are
the same; Eq. (3.16) is the solution of the single-reservoir, many-mode continuous
population equation (3.17), so long as the discreteness of the occupation number can

be neglected.

3.1.3 Mode Competition Example

While non-equilibrium physics gives rise to stable situations which do not otherwise
exist in equilibrium (e.g. multiple BECs, [Tosi12]), it can also give rise to unstable
situations, where a minute change in a control parameter generates completely different
outputs. One such phenomenon is mode competition!®2t%8] which is present when one
reservoir pumps more than one condensate. Mode competition is well known in laser

physics [Hake 86, Sing80]

The underlying physics of mode competition can be explained quite simply by
noting that if the coupling strength, g, of one mode is slightly higher than in the
others, it grows more rapidly. Due to stimulated scattering more reservoir polaritons
will then enter this mode which will grow even bigger. The other mode will receive gain
with much reduced stimulated scattering enhancement, gv/n+1, and will not be able
to compete for the gain medium therefore remaining at low occupancy. In contrast, by
having multiple reservoirs, Sec. 3.2, the coupling can be preferentially directed to each

mode specifically so that they do not compete for the same medium.

In order to show mode competition, the notation we defined in Sec. 2.4 has to be
adapted to the phenomenon. We let g; be the strongest coupling that the system can
present, g, and ¢go be a fraction of it, ag, with a varying between zero and one. We

also define a new saturation parameter, n’, as the decay strength, v, normalized by
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A . @=1pop, =2125 pop =2125 B o = 0.999, pop, = 225.6, pop_ = 195.1
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Figure 3.2: Dependence of the population distribution on v = 22 = 1, 0.999, 0.99, 0.5, (n}, = 10000,
n. = 10400). The population shows a strong dependence on the a The two modes both get populated
only when they receive the same coupling to the common reservoir. As soon as the coupling to one
mode becomes slightly bigger, the population largely ends up in that mode. This exemplifies mode
competition.

the maximum coupling, g2, rather the sum of the couplings. We therefore have

g2 _ 02 0 _ M i . (3.23)

This turns the steady-state population algebraic difference equation (3.6) into

Ne npnflp + C“ppnpfl
P, = —, (3.24)
n+p n+ap+n;

where we also dropped the +1s in the denominators, and combined them into a single
term. (This can be done since we will not use this distribution as an initial condition
in time involving coherence functions (Sec. 4.2.2).) Population distributions obtained

from (3.24) are shown in Fig. 3.2 and demonstrate the steep dependence of the popula-
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3.2. POPULATION - MANY RESERVOIRS, MANY MODES

tion distribution on a. We see from it that by changing o by one percent, the solution
shifts from being in either mode to being mainly in one mode. The total average pop-
ulation in all cases stays the same, (n),(p) ~ 200,200 becoming 0, 400. For this reason,

we normalized n/ by the maximum coupling, g.

3.2 Population — Many Reservoirs, Many Modes

We now move to u reservoirs pumping v modes. We take the Lindblad pumping
operator we developed, £, (2.73), along with Lindblad decay, £; (1.44). Once again,
the terms we kept for the Hamiltonian (2.91) mean that the term —i[H, p] does not
contribute to the population dynamics. We find

/yz Z |: OZUTL] ning..n;—1.. . aij(nj + 1)Pn1n2..
Frana- > op k(e + 1) — o +nf Do app(ne + 1) +nf

(3.25)
+ 'VZ [ nj + 1)Pn1n2..nj+1" = 1 Paing. |-
J

As was emphasized in the mode competition example above (Sec. 3.1.3), we see in the
general pumping term, that the growth rate of mode j is reduced by the occupation
of all the other modes, giving rise to the sums over modes in the denominators, »,.
Here however, as long as u > v, each mode can be preferentially replenished by its own

reservoir.

3.2.1 Detailed Balance Solution and Approximate Analytic

Solution

Separating Eq. (3.25) using detailed balance, as in Sec. 3.1.1, gives

al n nino..n;—1..
' et D) = - i Prin 3.26
VZ ZZk&Zk nk+1)_azj+nf 7;”] 1m2..) ( )

a” n] + 1 Pn1n2..
- _ i+ D) Pnsmit1.s 397
VZ szazk nk+1)+nf+’7;(nj+ )Pring.m+1. (3.27)
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and the recursive algebraic difference equations are

(

P, y N12,.. = 0

O[’L]njpnl’ﬂ2 g —1.. 7 El nj _ 0 (328)

Priny.. = 0140 Sy o et —ag

azjn]Pnan mj—1.
Z nj Z Zj Zk ik nk+1) az]+n ) n1’2"' % O
Again we ascribe the normalization to the vacuum state, P,. The primed summation,

Z/ i(n;£0) indicates that any term where n; = 0, which connects to unphysical states

with negative particle number, is omitted.

The solution to this difference algebraic equation is well approximated, in the special
case where oy, = Bj,i =1,2..u,j = 0,1,2,..,v—1, i+7 is circular around v, and nj,n

all the same, by

1 1 = "
P(nl,ng,..) = 2 + €Xp <_ 5 <’I’L1 N9 ) “A- D) —+ B- P ) (329)
with
Zi 5{2 Zi,j;éi ﬁiﬁj
A= | ZuzlfB BB (3.30)
and
B (nene meme ) (3.31)

The off-diagonal terms in A are all the same. So are the diagonal terms.

Eq. (3.29) can also be written with matrix A factorized as a sum of v linear terms,

squared individually,

—_

1 —
P(nl,nz,..) = EeXp(% (61’”1+6modu(i+1)n2+Bmodv(i+2)n3+'~)2+ncn;cns an>7 (332)
J

Il
o

%

where the index for 3 is given by the modulus v expression, e.g. Bmod,w-1+1) = Bo-
We see from this form that even though the number of labels for f§; only depends
on the number of modes, v, due the sum Zf;ol , the approximation has to have one

reservoir associated with each term within it. From this we see that in order for our
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3.2. POPULATION - MANY RESERVOIRS, MANY MODES

approximation to be physically realistic, there needs to be as many reservoirs as there

are modes, u > v.

3.2.2 Approximation Error of the Analytic Expression

To prove the validity of the multivariate Gaussian (3.29) as an approximate, special
solution for the population distribution (3.28), we isolate the residual of (3.29) when
placed into the continuous version of (3.28), in two modes. The steps illustrate the
intricate algebraic interplay in the solution and might be indicative of a way to obtain
an exact solution. We start with the two mode version of the last case in (3.28) in the
special notation we proposed for the coupling terms, 3, 81,

P, = (3.33)

Ne 5onPn—1p + Blppnp—l ﬂlnpn—lp + Boppnp—l
n+p Bon+51p+ns 51n+ﬁop+ns i

We dropped the ones in the denominators of (3.28), and grouped the resulting expres-

sions together. The approximate solution for it, (3.29), in two modes becomes,

63—’—6% ﬂlﬂo n n
— 2nc c Ne—Ns Nec—Ns
Pup=exp| = (n p)-| % s |- ) + (Rehe  mena) ) B3y
Ne 2nc

The derivatives of (3.34) are,

1

OnPnp) = n—( — (B3 + B7)n — 2B,51p — ns + 1)P(n,p) (3.35)
1

pPiny) = n_< — (B + B)p — 2B,6im — s + 1) Ponp)- (3.36)

C

P,_1p and P,y in (3.33) are turned into P, ) — 1 - 0, Py and P p) — 1 - 0pF ).
Egs. (3.35, 3.36) are placed into (3.33), the P, cancels on either side and we are left
with

n+p Bon + Bip + ng

n Bin((B2 + BT)n + 280810 + 1) + Bop((B2 + BT + 2601 + 1)
Bin + Bop + ns )

L (&n((ﬁﬁ + BE)n + 2B,61p + 1) + B1p((B2 + BY)p + 28,611 + ns)

(3.37)
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We focus on showing the validity of this expression. We first use the identity 5,4+, = 1
to manipulate, e.g.,

Bon((ﬁg + B%)n + 2B,61p + ns) = 60”[(1 - 26061)” + (1 - (ﬁg + 612))]7] +nng — Binng
= Bon[n +p] +nng — Bon [26061'” + (63 + B%)p] — Binng

and, focusing on the first line of (3.37), we complete terms which factorize in (n + p),

1 [ Bon(n+p)+nns+ fip(n+p) + pns
n+p Bon+51p+ns

(3.38)
n — Bon(2Bof1n + (62 + 612)]7) — Binng — Bip(2Bo61p + (ﬂg + ﬂ%)n) - ﬁopns>

Bon + Bip + ns

The subtle interplay in grouping the terms employed here occurs on three other oc-
casions during the expansion. The first line of (3.38) is 1 and we group terms on the

second line,

(3.39)

1 ( —2B0B1(Bon? + Bip?) — (B2 + BE)np — (Bin + ﬂop>ns>
1+ .
n+p Bon + Bip + ng

The term (82 + 3?)np had a prefactor 3, + 8, which simplified to one. We use the same

identity once again on one of the term which occurs twice, —2...,

—BoB1(Bon® + B1p*) = —BoBr((1 — B1)n* + (1 — Bo)p?)
= Bob1 (ﬁlnz + 50172) — B (n2 +p2)a

to obtain,

1+

1 — BoBi(Bon® + B1p?) + BoBi(Bin® + Bop?) — BoBi(n? + p*) — (B2 + BE)np — (Bin + Bop)ns
n+p Bon + Bip + ns '

(3.40)

We now factorize the first two terms and the last three terms together,

Ly L (BB B o= B (Bt BBt )
n+p Bon + 1o + 1 Bon + Bip + ng .
or
1 ﬂoﬁl(/gl - /80)(”2 _pQ)
L+ n-l-p( Bon + B1p + ns - (51n+ﬂop)>. (3.42)
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The manipulations (3.38-3.42) are also performed with second line of (3.37) which
now becomes

1 Boﬂl (Bl - ﬂo)(n2 - p2)
1N1+7’l+p< 180n+51p+ns _(ﬁln—'_ﬂop)) (343)
1 (BoBi(Bo — Br)(n? — p?) '
e n+p< Bint Boptns (6°n+ﬁlp)>'
This further simplifies as
- 1 5061 (ﬂl - ﬁo)(n2 - p2) ﬂoﬂl (Bo - 51)(”2 - p2)
“ntp Bon + Bip + ns Bin+ Bop + 1 (3.44)

1
F1t m(= (Bunt Bop) = (Bon + Bi))

The 1/(n+ p) on the first line cancels with (n? — p*) = (n+p)(n —p) while the second
line vanishes identically. We obtain the residual for (3.37),

(3.45)

0%5051<(51_BO)<n_p) (50_61)(n_p)>.

Bon + Bip + ng Bin + Bop + ng

Our expression (3.34) is therefore exact at S,7 = 1,0 or 8,1 = 0.5. We shall see in
Chapter 5 that this corresponds to either independent pumping or equal pumping (the
ridge). With values of 5,1 in between (3.34) is approximate. Careful study of this
derivation along with the factorized expression (3.32) could lead to the formulation of

a fully general analytical expression for the population distribution.

3.2.3 Multivariate Gaussian of a Three-mode Population

The three-mode population distribution has the highest number of modes which can
be visualized at once by using the three physical dimensions along with color coding.
It is also the highest one for which the full Fock space steady-state solution (3.28) can
be easily reached computationally (the three-mode population presented here would
have 1500% = 3.38 x 10% elements if obtained computationally). Beyond three modes,
one has to rely strictly on the mathematical representation and marginal probability
distributions to study population distributions, and the analytical expression (3.29)
becomes the primary tool. We therefore use the three-mode analytic solution to show
a full size population distribution and to illustrate the relationship of this distribution

to the marginal ones.
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Figure 3.3: (A) Marginal, P, ,) = [ Pip.qdg, and (B) joint, P, , ), population distribution of

a 3-mode condensate obtained with the analytical expression (3.29), with (512 = %, %, %, (ns =

10000, n. = 10400)

The analytical expression we obtained is symmetric in all the modes. One can think
of a triangular configuration of three reservoirs and three modes where it is possible,

Bo = a1, 92,033, Bi = iz, 3,031, P2 = 3, 01, az2. We chose values of 50,1,2 =

1411
367 367 36°

obtained with (3.29) as well as the full P, representation (Fig.3.3B).

Figure 3.3A shows the marginal population distribution Py, ) = [ Pyp.qdq

One can see from Figure 3.3B that the probability distribution is concentrated
over a plane in the space of occupation numbers, generalizing the near-ridge shape
distribution of the two-mode case. The marginal distribution of the two-mode case
(Fig. 3.3A), is seen to be a truncated ridge. This quantity describes the probability of
a given occupation of the two modes, irrespective of the occupation of the third. Note
that although the marginal distribution is non-zero at n=p=0, there is no probability
for the vacuum state in the full distribution. This is due to the finite probability of
states in which two of the modes are empty, and all the occupation is in the third mode.
This should be borne in mind when interpreting marginal distributions for many-mode

condensates.

3.3 Discussion

Having a theory which is fully quantum mechanical allows to obtain population distri-
butions of many-mode condensates. Averaging over quantum and thermal fluctuations
leads to semiclassical or mean-field theories. Having a distributed value for occupation
numbers does however increase substantially the complexity of the problem at hand.

In the steady-state and with a particle conserving equation of motion, obtaining the
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population directly requires the use of the entire relevant diagonal space of the density
matrix. This is done with one of the two detailed balance difference algebraic equa-
tions that the model provides. In many modes, this makes the problem intractable
quite rapidly. The difference algebraic equation can be manipulated such that only
multiple integer of the Fock space need to be visited, but this type of solution loses ac-
curacy very rapidly outside of trivial sets of parameters such as independent pumping

and equal pumping (the ridge).

The analytical solutions we developed alleviate this problem. They take the form
of multivariate Gaussians which express the population distribution in single-reservoir
pumping two (3.8) or several modes (3.9), or many reservoirs pumping many modes
(3.29). This type of solution is obtained by observing the patterns in formulas and in
plots obtained from them, in combination with formal derivation. The work presented
here could only provide an approximate solution for the many-reservoir many-mode
model but we have paved the way for more general and accurate solution by point-
ing out the patterns which occur in the isolation (3.37-3.45) of the residual in the
approximation, (3.45).

We shall see in Chapter 5 how population distributions and the way that they de-
scribe how fluctuations are correlated play an important role in determining the deco-
herence of exciton-polariton Bose-Einstein condensates. We also observe in Figs. 3.2A,
3.3B that, while for a single mode condensate!""t%] the zero-particle cutoff could be
neglected above threshold in order to make the analytical steps simpler, in multi-mode
condensates the cutoff continues to plays an important role, even far above threshold.
This is because of the occurrence of a soft mode in the population distribution which

allows the distribution to reach the zero particle boundary.
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Chapter 4
Coherence Functions

‘ N T E NOW CALCULATE TIME-DEPENDENT EXPECTATION VALUES. The last chap-

ter merely provided us with the steady state reduced density matrix. Here we
introduce an extra level of difficulty by considering the action of operators as well as
dependence on time. The physical quantities we now extend the theory towards are

correlation functions, both first,

V{at(t)a(t)){a’(0)a(0))
and second order, e.g. ¢® o (af(0)a'(t)a(t)a(0)). The second order function we fo-
cus on corresponds to the coherence decay of the intensity oscillations due to beating
between the modes. This can be understood as the dephasing of the Josephson oscil-

lations.

As a first step, we shall spend some time looking at the physical grounding for
coherence functions (Sec. 4.1), drawing their link to power spectral density, the physical

quantity of the system that they describe.

We then move to compute the first order coherence function (4.2) which is the
inverse Fourier transform of the emission spectrum; we obtain a matrix equation which
allows us to calculate it (Sec. 4.2.1). We show how it is solved numerically for two
reservoirs and two modes, and give an example solution which highlights how the
correlation of fluctuations between the two modes gives rise to extended coherence

times. This is a quantitative manifestation of multimode dynamics (Sec. 4.2.2).

To make it easier to calculate the coherence function, we approximate the matrix

equation with a continuous, linearized Fokker-Planck-like equationVPit%] and reveal
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4.1. PHYSICAL INTERPRETATION OF COHERENCE FUNCTIONS

how it is solved. We show how the solution compares to full numerics (Sec. 4.3.1). As

well, we present a simpler approximation scheme, namely the static limit derivation of

the linewidth (Sec. 4.3.3).

On Josephson coherence decay (Sec. 4.4), we first explain the origin of the corre-
lation function we calculate (Sec. 4.4.1). We then obtain the matrix equation which
describes it and the static limit approximation for it (Sec. 4.4.2). Finally we show how

2)

the correlation function for the beating, ¢(®, can factorize into an absorption and an

emission function, g,(ll) . gél), depending on the form of the population distribution (Sec.

44.3).

4.1 Physical Interpretation of Coherence Functions

Quantum coherence functions are the expectation value of the two-time correlation
of operators, (AT(7)A(0)). They serve to describe the wave nature of a system and
the random fluctations within it. In quantum optics, coherence functions, along with
coherent states, were introduced by Glauber, in relation to the classical limit of quan-

[Glau63]

tum electrodynamics The first order coherence function, ¢(!), is the Fourier

transform of the power spectrum of the system. The visibility in an interferometer

Scul 97

gives a measure of it! I. Second order coherence gives a measure of intensity fluc-

tuations. The Hanbury Brown and Twiss or intensity interferometer provides second

order coherence measurementsBo¥57),

The link between coherence functions and fluctuations in the system is often drawn
in a way that is historically and experimentally relevant but physically obscure. The
fact that two time variables appear in them is the result of a mathematical manipu-
lation, which is also mimicked by an interferometer (dividing a signal and imposing a
delay). Most importantly, the underlying and intrinsic properties of the system that
it describes however, is its power spectrum. We spend a few paragraphs going from
spectral density to coherence functions, with the use of little more than the operator

version of the Wiener-Khintchin theorem Weis!,

When considered with the theories of thermodynamics, coherence functions can
be presented by using the fact that the spectral density has the same form as a lin-
ear response function (Sec. 1.2.4). This is used to invoke the fluctuation-dissipation
theorem [Cl151, Lax60, Lax63] which then prompts the use of a measuring /response element

[Scul97]

to introduce coherence functions We shall stay focused on the fluctuations in
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our system and show that the inverse transform of our spectral density is indeed the

coherence function.

Coherence functions are deep-rooted in the concept of long-range order, ODLRO,

e [Pita03]

[Yang62]. ODLRO is readily seen from the momentum spac and Fourier do-

main (Sec. 1.1.4). We therefore start with the power spectral density of an arbitrary

operator, A(t) whose Fourier transform is A(v),

(ATA). (4.2)

We first need to review the sign convention for ¢ in the Fourier transform of opera-

tors. To do this, we start with the Schrodinger equation,
U=—iHV = U{t)=U¥,, U= (4.3)
which leads to our standard expression for the evolution of p(t),
p(t) = Up,U' = p= —ilH, p). (4.4)

Moving from the Schrodinger, Ag, to the Heisenberg, Ay, picture and using an expec-

tation value as a representation invariant reference,

<A5'p(t)> = <ASUPOUT> = <UTASUp0>7 (45)

we read the correct sign for ¢ in the evolution of A(t). One has to be careful in

determining the sign convention of A'(t),
Al = —i[AL H]. (4.7)

We have therefore established the form of the transformation of Heisenberg picture

operators from time to frequency domain,

A(v) = /_OO TA)dt & A(t) = /_Oo e A(v)dy (4.8)
AT<I/):/_ e TMIAT () dt = AT(t):/_ ™ AT (v)dw. (4.9)

Going back to the spectral density of our operator, its inverse Fourier transform is
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given by,

/ @%iW(AT.A)dV — / 2Ty [AT(V)A(V),O} dv

e (4.10)
= r[//oo T AT (W) AW (Y — V)dudl/p].

We used the fact that the density operator doesn’t have any time (frequency) depen-
dence in the Heisenberg picture to apply the Fourier transform solely on the operators,
and added a dummy additional frequency v/ along with a delta function. The delta
function is where the second time dependence originates from in the correlation func-
tion:

oV —v) = / e~ 2 =t gy (4.11)

We group the frequencies, v, v/, and rearrange the integration as follows,

/ [/ eQﬂiV(tJrT)AT(V)dV/ €2ﬂiV/tA(V/)dl//:|pdt]

— Tr[/_oo At +7)A)p dt]

o0

/ &m0 (AT Aydy = Tr

[e.9]

(4.12)

We then invoke ergodicity along with the mixed state nature of our density matrix
formalism to group the ensemble average provided by the trace with the integration in

time. And we thereby reach a coherence function,
G(1) = (AT(t + 1) A(1)). (4.13)

At last, the fact that our system is statistically stationary allows to choose any reference

time and, in particular, ¢ = 0,

G(1) = (AT(1)A(0)). (4.14)

Having obtained the standard form of coherence functions, we revert back to the

Schrédinger picture, A = Ag,

G(r) = (UTATU Ap,)

(4.15)
= (ATU Ap,U™).

And we adopt a Liouville notation, which is more appropriate for open dissipative
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systems(Thom02] " 5 — £ since the time evolution of the reduced system is not unitary,

and we write,

G(1) = (ATe " Ap,). (4.16)

We note that feedback from the reservoirs, inherent with treating open dissipative
systems, is implicitly neglected while transitioning from unitary evolution to Liouville
operator. The feedback traces back to the Born and Markov approximations introduced
in Section 1.2.2 and the adiabatic elimination in Section 2.2. The short exposé in
[Swai81] isolates the term giving rise to this feedback from the Laplace transform of
the “unitary” evolution operator of the weak form of the quantum regression theorem.
This form of the theorem consists in defining an operator p’ = Ap and making use of

a single operator form [Svais1],

G(r) = (ATp/(7)). (4.17)

As a side note, there also exists a stronger form of the quantum regression theorem,

(AT(1)) = c(T)(AT) oc (AT(T)A) = c(7){ATA), which applies only in linear Markovian

systems!Sew197

Having interpreted the use of coherence functions to describe the condensate order
parameter, the remainder of the chapter shall calculate them, in specific first and second

order forms.

4.2 First Order Coherence

The first order coherence, gV, the inverse Fourier transform of the spectral density of
the energy fluctuations in the system, also corresponds to the lineshape of the emission
from the cavity. In this section, we go through the full derivation of the general first
order coherence function and present the numerical solution for it, in two modes. Also
we show how, the phase between condensate modes being free, the cross-correlation,
(al(T)ax(0)), is zero in our system (Sec. 4.2.3). This will lead us in Section 4.3 to

develop approximate solutions for (a!(7)ay(0)).

4.2.1 First Order Coherence Function

Based on the equation of motion we obtained for a many-reservoir pumping many-
mode condensate (2.1), we shall derive an equation of motion for the field distribution,

Unyny.., the magnitude of which shall provide us with g, In light of the discussion
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held in Sec. 4.1, we start with the power spectral density of the first mode, given by,
gV (w) = (afa) (4.18)

where a;(v) is the Fourier transform of the operator a;(t). The choice of the first mode

is arbitrary. The corresponding coherence function we shall work with is
D7) = (al(r)a: (0)) (4.19)
g(T a;(7)a1(0)). :
In superoperator form, it reads,
g (7) = (aieTaip,). (4.20)

And we define p'(7) = €“"a1p, such that

g (1) = (alp (7). (4.21)
Next, we introduce the distribution wy, n,.. = \/n1p’;,_1,2" which provides a convenient

way to manipulate the prefactor terms but should not be strictly interpreted as a
physical density matrix object since its magnitude is not conserved. Also, as we will
see below, the equation of motion of its elements regroups terms which do not have

the same physical origin.

/my M.
ni—lng..*

We start our expansion with t,,,,. = /n1Lp We consider separately the
contribution from the pumping (£,, 2.47), decay (L4, 1.44) and condensate Hamilto-
nian, —i[H, p|, (2.91). We neglect terms of O(n/n;) in the denominator of the pumping

component since ny > (n) for our system.

Z Qjj (nj +1) — )Pl 21—17122
> aij(ng +1) — az” +n;
a;1v/n — 1y/nip 21:522
>k ik (ne +1) — 255 + ng

yn1 nz.mi—l..

+ Z Q150 ni—lngz..n;—1..
s
et Dok Qik(ng + 1) — iy — %4+ + 0§

VI Lpp iy = VY Z ng

+ (4.22)
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The decay term gives,
VL iy = [ (Z nj — *)P’ e g+ 1 (4.23)

ny ns..n +1
S+ 0 |
1

while the condensate modes Hamiltonian gives,

VAL <n1_17”(j751)| - i[H’ Pl] |n(j)> = —ty/n [Hl((nl_ —n1 + ZUJ ni—1 nlnj)] Pl 21—17122 .
J#1
(4.24)

In the condensate Hamiltonian, H (2.91), we simplified 7;; = n;;1 = n; and absorbed

the factor =, since the matrix of interaction coefficients is symmetric.

We now come to group the terms in /ny, v/n1 £1 to form w_, ,u_p,,.. One
can see in (4.22, 4.23) that the offset factors y/n; & 1 originate from inside the square
brackets, meaning that they come from the evolution, £, whereas the factors /n;
come from outside and therefore originate from the operator, (al...). As mentioned
above, the evolution of the distribution w,,,,.. combines terms of different origin. Our
manipulations provide the general expression for the evolution of the matrix object

Upyny.. 10 OUr system of many reservoirs pumping many modes,

azj(nj +1)— umng ogwnjunln2 my—1..
U = n; v
e VZ l J agj(ng +1) — %t +nf Z >k Qik(ng + 1) — agj — 4 +nf
(Zny )Un1n2 + MUny+1n,.. + Z nj 4 D nyny.n;+1. ] (4.25)
J#1

+Z(Hl(2nl - l)unlnz.. + 1 annjun17lz..'
i#1

To write the initial condition for u,,,, , we note that at 7 = 0 (see (4.20)) we

sample the steady state component of the system,
Un iy (0) = (n1, 7m0, ...|ala1po|ny, na, ) = 1Py, (4.26)

with P, n,.. given by (3.28).

Lastly, the magnitude of 1,,,,.. gives the coherence function,

IOT) = = 3 s (7). (4.27)
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For up to several hundreds particles and in two modes, (4.25) can be integrated

numerically, allowing us to obtain ¢(!)(7) without further approximations.

4.2.2 Numerical Solution for the Coherence Function

We briefly discuss the numerical approach for solving (4.25). The solution was imple-
mented in two modes (ny,ny — n, p; for a two-mode form of (4.25), see (C.1)) using the
simplest numerical scheme, forward Euler. The challenge of having to solve in the order
a one million coupled equations dissuaded us from investing further effort in developing

Pres07
I, after

a code with more elaborate the numerical techniques, e.g. Runge-Kuttal
we obtained reliable numerical solutions. The numerical toolboxes we investigated in
Matlab would not support such a large system. We used the code to explore how the
linewidth varies with the parameters «;j, x,n in a reduced, i.e. smaller n.,n,, two-
reservoir, two-mode system, out of which we found an interesting multimode feature,
also shown here (Fig. 4.1). In Chapter 5, we will present results obtained in a two-
reservoir, two-mode system system containing several hundreds particles, as seen in

[Tosil2, Abbal3, Love08, Whit 09]

experiments These full runs, being quite time consuming,

were generated only a small number of times.

The size of the numerical problem is determined by the maximum occupation num-
ber which must be considered, in turn depending on the model parameters. In practice
we chose ppaz, maer such that the occupation probability in the steady-state, Py,... pmass
is at one-thousandth of its maximum, (P,;,)maes- The edges of the occupation matrix
that we treat form “natural” and “artificial” boundaries®®2™%7 The “natural” bound-
aries occur at n = 0, p = 0 where, if treated naively, some prefactors would imply
unphysical transitions, e.g. ug, <> u_1,. We do not need to impose any additional
conditions on these boundaries, only pay close attention to the terms which would give
rise to these unphysical transitions. They occur in pairs (one linked with £, the other
with £4), and we eliminate them appropriately along these boundaries. The “artificial”
boundaries occur at piaz, Mmaee- 1The prefactors corresponding to transitions outside
these boundaries do not vanish i.e. there is some “probability flow” in and out of the
region treated numerically. To deal with these boundaries we set 1,, = 0 on them.
We found that this procedure, along with the criteria for the size of the region of in-
terest stated above, generates convergent results and reproduces published results for

e[Whit09]  YWe observed that more elaborate schemes such as that

the single-mode cas
used with natural boundaries would introduce mismatch in the complex phase of the

elements within the distribution as it evolves and fail to produce converging results.
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In implementing the solution, the time steps have to be kept very small, 0.0001~
so that the evolution, produced by the weighted difference between neighbors, remains
consistent, i.e. equilibrates, across the distribution. We also note that it is important

in defining the coefficients in (4.25) to observe as written the factors +0.5, +1. Even

A

x10° (n) =21.2, (p) =21.2

C .y % = 0.0005
e
:U)
107 - ' , , : . 107" - , , ' —
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
T T
1o K = 0.005 o K = 0.05
D E —— =005
n = 0.005
1 = 0.0005
—n = 5e-05
G
)
10" - ' : : : ‘ 107" : ; :
0 5 {10 15 20 25 30 35 0 05 1 15 2 25
YT YT

Figure 4.1: Sampling of the parameter space with numerical solutions in a reduced system (c;; =
0.5, ny = 50, n. = 70). (A) Population distribution. (B-E) Coherence decay with £ = 5e —
5, 0.0005, 0.005, 0.05 and corresponding values of 7 in each pane. The coherence time increases for
increasing n up to a value of n = k and then decreases again.

though they appear small compared with n and p, they are the ones which generate the
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difference between two coefficients in (4.25) and are therefore ultimately linked with

transition rates. Appendix B gives relevant extracts of the code implementation.

We used a reduced system to explore the parameter space of our model (Sec. 2.4):
saturation parameter, ngy = 50; pumping strength, n. = 70; reservoir ¢ to condensates
J normalized coupling, c;; = 0.5 and decay rate v = 1, which also sets the unit of
time. The ridge-shaped population distribution obtained with these parameters is
shown in Fig. 4.1A. Also shown (Fig.4.1B-E) are 16 runs of the code with intra- and
inter-mode interactions (Sec. 2.5): k,n = 5e—>5,0.0005,0.005,0.05. We notice that, in
the ridge case, fluctuations in n and p are anti-correlated®™e8% This translates into
energy fluctuations due to x and 7 partly canceling each other when both terms are of
equal strength. This is observed in Fig.4.1C-E where the coherence time increases until
n = k and then (Fig.4.1C-D) decreases with 1 becoming stronger than k. We will come
back to this in a specific example in Chapter 5. We also notice the typical exponential
(linear on a semilog plot) decay in Fig.4.1B which gradually becomes Gaussian Fig.4.1E
(parabolic on semilog) as the interaction strength increases. The Gaussian decay is

characteristic of the static limit, as we shall see in Sec. 4.3.3.

4.2.3 Cross-Correlation Function

Without the non-particle conserving terms in the Hamiltonian (2.91) the phase between
any two condensate modes is free. This is shown by the cross-correlation function,

(al(T)ay), being zero. We show it in a two-mode system, where uy,,(0) is zero,

ub, = (n,p | ale"azp | n, p)

= (n,p | alp(r) | n,p) (4.28)
= \/ﬁp;z—lnpp (1)

with
L ={n,p|asp | n,
=D+ 1 punpr1p
such that

u;p«)) = \/ﬁp;—lnpp(o) = \/ﬁ V p + 1 pn—lnp+1p758 = O? (430)

since the steady state, ps, is diagonal in the absence of non-particle conserving terms.

Had there been particle exchange induced by the condensate Hamiltonian, the steady
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state would not be diagonal, the phase between the modes would be determined and

the cross-coherence function would not vanish.

4.3 First Order Coherence — Approximate Solutions

In order to make further headway towards extracting the physics of multi-mode con-
densates, we need to move beyond the direct numerical solution for the density matrix
in Fock space. Here we present two semi-analytic approaches to obtain the first order
coherence function. Some computational resources are needed, but in a problem with

reduced effective dimensionality:.

Analytic work is being made more difficult in this chapter compared with the work
on population distributions (Chapter 3) for two reasons. In Chapter 3, it was possible
to transform the steady state equation into a differential equation without having to
consider the zero-particle cutoff until after an expression is obtained. In contrast, for
coherence functions the cutoff enters the problem in the first step, it is part of the initial
condition. Also, since we are dealing with off-diagonal terms, the commutator of the
condensate Hamiltonian contributes to the equation of motion. These two elements

make the solution of multi-mode coherence functions beyond the reach of analytic work.

The first approach we shall present emulates the method of solving the second
order continuity equation that is often used to solve for one-step (Poisson), time-
local (Markovian) processes, the Fokker-Planck equation [Kamp07. Whit09], a1though here
additional terms are present to account for decay. The second, and much simpler,
approach is to neglect the dynamics due to pumping and decay between the times
where the two operators, af(7) and a(0) in g(!)(7), are evaluated. The decay of g(!)(7)
is then entirely due to the effect of the condensate Hamiltonian. This is the static limit

approximation, previously employed in the single-mode case[ove08, Whit09]

4.3.1 Fokker-Planck Approach

The Fokker-Planck approach combines two approximation schemes. First the discrete
occupation numbers are treated as continuous and transition operators are approxi-
mated by differential operators. This is known as a Kramer-Moyal expansion [G2rd98],
This first approximation is done in the same way as we have done to obtain population
distributions, in Chapter 3, except here the step operators are turned into derivatives

taken up to second order. The resulting equation is a Fokker-Planck form, i.e. a
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convection equation, in which the distribution u undergoes drift and diffusion. There
are however, additional terms which induce a decay. The second approximation is to
expand the prefactors in u into a Taylor series around the maximum of the initial con-
dition, u, (4.26), and to include all the terms which still allow for an analytic solution
to the Fokker-Planck equation i.e. at most a linear drift component and a constant
diffusion rate. The solution is obtained by placing the equation thereby obtained in
reciprocal space and by solving it with the method of characteristics. We present our
solution in the general many-reservoir many-mode formalism. In Appendix C.1, we

show a parallel set of equations expressed in a two-reservoir, two-mode formalism.

Kramer-Moyal Expansion and Linearization

We start our Kramer-Moyal expansion by rewriting our distribution function (4.25)

with prefactor functions and step operators,

unlng.. = (Eil - 1) : [qnlnz..uanLQ..] + (E - 1) : [rnlnz..unlng..] + hnlng..unlng.. + Snlng..unlng..a

(4.31)
E = (Epnys Eny, -.) is a step operator vector. The " step operator, E,., acting on the
th

i element @ nyny. Uniny.. SIVES Qining.ni+1.Uning...mi+1..- Lhe Ry, term arises from
the fact that for mode one, the prefactor of w,,,,. (4.25) has an additional —% in
it, both for pumping and decay. This —% component has to be brought out of the
step operator expansion; it will give rise to the Shawlow-Townes decay. The term
Snyny.. carries the interaction induced decay component of u. The exact realizations of
Qning..s Tning., Payng.. and Sp n,. are not shown; for a two mode version, see Appendix
C.1, Equations (C.3—C.8).

We then use the fact that ,,,,. is smooth with respect to n; to make it continuous
and Taylor expand the step operators into derivatives, Eil - 1£0,, + %8,2”, up to

second order. The step operator distribution function (4.31) takes a Fokker-Planck

form,

u(mnz--) =V- [(r(mnz--) - q(mnz--))u(nmz--)] + %vz : [(r(mnz--) + q(nmz-.))u(nlm--)] (4 32)

+ h(nlnz..)u(nlng..) + S(nlnz..)u(nan,.)

where V = (0,1, 02, ..), V2 = (02, 0?

n.

9, ). The first order or drift term, V, has coeffi-
cient, (r(nm“) — q(mm“)), while the second order or diffusion term, V?, has coefficient,
(T(nins.) + A(nins.)). The terms in h, s are the ones which make (4.32) differ from be-

ing a Fokker-Planck equation. As stated above, because of them the integral of % is
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non-vanishing, i.e. the integrate of u evaluated at the boundaries is non-zero because

of them, causing the magnitude of u to decay, hence the finite linewidth.

In the next steps we will, (i) determine how the coefficients can be Taylor expanded
and which terms we can be include towards the solution, (ii) place a general function
which reflects these terms in reciprocal space and in a form that can be solved by
the method of characteristics, and (iii) show how the coefficients of the transformed

equation are obtained.

(i) The partial differential form (4.32) we obtained, like the Fokker-Planck equation,
is soluble when h,s and the drift coefficients are at most linear functions, and the
diffusion coefficients are constant. We therefore rearrange (4.32) such that these terms

are easily read from it

u=(h+s)u+V- [[r—p+§V®(r+q)} u+ 3 (r+q)©Vu (4.33)
li h Vl tant
mnear at most linear constan

where ® denotes the element-wise multiplication.

(ii) We now introduce a general form which contains all the terms which appear above,
1
) — . / . ’ .. ’ /4 —_ .. 2/ ’
U =av+ Z Bin;v + Z%@niv + Z 0ijOp v + 5 Z ewaninjv, (4.34)
A % ] )

where n/ will become the linearized occupancy (see iii below). This form will allow to
keep track of the coefficients while we switch to the (two-sided) Laplace domain. The
coefficients will be obtained by linearizing the prefactors. Placing (4.34) in recipro-
cal space interchanges the partial differentiation operators with multiplication by the

conjugate variables, 0, — ik;, and vice versa, n, — iJy,, so that,
k2

a / e Zimkiy din’ = ag (4.35)
Bi / e Xty d'n/ = iB,0k,g (4.36)
'yi/e_iZi ”gkiﬁn;v d'n' = ivikig (4.37)
5§j/e_izi,j "Q,J'k"’fan;n;v d"n' =16}, ki/elzj kil d/n!
kg (439
. / eI, v d = — kg, (4.39)
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Hence instead of being second order, the equation becomes a first order partial dif-
ferential equation and the linear term (with coefficient d,;) now appears before the

derivative,
g= ozg+1z&8kg+1z% g — Zé ki, 9 — Zeijkikjg. (4.40)
]

With the method of characteristics/®2™P07 " all the derivatives are expressed in terms

of differentiation with respect to a single independent variable, t,

dg
dt

dk

glt) = g(LK() atg+zakg

We rewrite our partial differential equation (4.40) to reflect this,
g+ Z (aj + Z bijki)akjg =cg+ Z dik;g + Z eijkik;g, (4.41)
j i i ij
or, in vector form,
§g+Vg-(A+ BK)=cg+DKg+ KEKy, (4.42)
where K is the transpose of K, and the final set of coefficients we will use on is,

. . -
—(i8)), by =—(=0}), c=a, di=iv, e;=-7" (4.43)

(iii)) We are now in position to extract the coefficients in (4.42), from (4.33). The
linearization point, n’ = n —n’, that we use is the maximum of u at t = 0, u, given by
(4.26), or (C.2) in two modes. The elements of n' are given by,

<nin1P(n1 n2 )> <niuo>

l b bl
n; = = , (4.44)
<n1P(n1,n2,..)> <u0>

(C.9) in two modes, and the Taylor expansion of the various terms in (4.33, C.3—C.8
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in two modes), around n; provides us with the coefficients,

a; = =10y, (h + $)|n, (4.45)
by = 3nj (Timina.. = Qining..) |ny ( )
¢ = hln, (4.47)
di = i(Timing.. = Gimina.. + 50, (Tima.. + Qimins..) )|, (4.48)
(4.49)

€ii = _%(ri,nﬂzg.. + Qi,nlng,.)’nla

or (C.10—C.14) in two modes. For simplicity, in the linear drift coefficient B, we
neglect the quadratic terms (coefficients for n/?, p/?, n;p;) in the expansion of r + q,
which our form also allows to treat; they would contribute a small linear term to the
drift coefficient. We point out that the subscript ¢, i.e. 7;, ¢;, in B (and the second
terms in D) originate from the subscript in E,, while the subscript j, ([j — i] in D)
is linked to n/; in the linearization of the drift (and diffusion) terms. Also, since the
Kramer-Moyal expansion we are using only employs diagonal step operators (in E,, E,

as oppose to a mixture E,E,), the last term, e;;, is diagonal.

Solution of the Linearized Differential Equation

We now provide the solution of the linearized differential equation (4.42), the last step
before reaching ¢'* (7). The remaining steps being in matrix form can be carried either
with the general forms above or with the two mode expressions in Appendix C.1. Along

the characteristics given by

k;j = Gy + Z b”kz or K =A + KB, (450)

The characteristics equation (4.42) becomes,

dg(K(t),t)

= [c+ DK+ KEK]g, (4.51)

and solves into,

t t
g = golIs) explet + D / Kadt' + / KEKat|. (4.52)
0 0

In the next steps, we (i) solve the characteristics, (ii) perform the inner integrals in
(4.52), and (iii) provide the full solution and the initial conditions for (4.52).
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(i) The characteristics (4.50) have to be solved in the eigenbasis of B. We define the

eigenvector matrix P and the relations,

B=P'BP (4.53)
A= AP, K=KP. (4.54)

such that, with B being diagonal, the characteristic equation (4.50) can be written in

the form of uncoupled equations,

KP™'=A+KP'B (4.55)
= K= AP +KP'BP (4.56)
= (AB™!' +K)B (4.57)
= In(AB~' + K')|, = Bt. (4.58)
This gives,
K=—AB™' + (AB™' +K,)e®, K, = —AB™' + (AB™! 4+ K)e B, (4.59)

Using the eigenvector relations (4.53, 4.54) and e BF = P~1eP P, we reach

K =—-AB™ '+ (AB™ + K,)e", (4.60)
K,=—-AB™' + (AB™' + K)e 7" (4.61)

It is important that K, be defined as written here; AB~! cannot be absorbed into its
definition. This is because for K and t being zero, K, also has to be zero if ¢,(K,) in
(4.52) is to be consistent with the rest of the solution.

(ii) Next we solve the integral associated with D in (4.52) by making all the time
dependence in K(t) explicit, placing the integrand in the eigenbasis of B once again

generates a set of uncoupled equations which solve as,

t t
/ Kdt' = / dt'’KP~! (4.62)
0 0

_ [ — AB~t + KB~ (eB — 1)] P (4.63)
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We then bring the solution back to the original basis
t
/ Kdt' = —AB 't + K,B~ (' — I, (4.64)
0
and substitute K, (4.61) into the solution,

t
/ Kdt' = —AB 't + (AB™' + K)B™*(I — ™). (4.65)
0

The integral associated with £ in (4.52) is more involved,
t ~ ~ ~
/ KEKdt' =AB 'EB ' At
0
t
- / ((AB-l +K,)eP EBA + T.c.)dt’ (4.66)
0
t it ~ ~ ~
+ / (K, 4+ AB YeP' EePY (K, + Bt A)dt.
0
The integral in the second line of (4.66) in performed in the same way as (4.62—4.64),

and gives,

— ((AB™' + K,) B (e™ — BB A+ T.c.). (4.67)

Substituting K, (4.61) in the solution provides,

- ((AB—1 Y K)B VI — e PYEBA + T.c.>. (4.68)

To determine the last integral in (4.66), the eigenbasis of B also has to be used,

but this time it remains explicit in the solution,
t
(K, + AB‘l)P[ / eBt’P-lEP—leBt’dt’]P(Ko + BUA), (4.69)
0
and K, (4.61) can already be substituted,

(AB™' + K)P P(BT'A+ K). (4.70)

0Bt [/t eBt’P—lEp—leBt’dt/} Bt
0

—PBP‘ltP [

Here we used the manipulation, ...e™?'P[ ... = ..e¢ . = L P[e®

and its T.c.. We further define a matrix which combines the eigenvector matrix of B
with F,
E,= P 'EP! (4.71)
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and solve the centre part of (4.70) as,

¢
_Bt Bt/ Bt/ 7| —Bt A~ o~ Cpij —(bsi+b;;)t
E dt] = — (1 - Z2R 4.72
o] [ mear)e® = Vi g e ) (1.7)

since the B on the left of E, applies to it row-wise, whereas the one on the right
applies column-wise. The outer product of unit vectors 7, ) produces a matrix with all

zeros, except for a 1 at position ij; b;;, bj; are the diagonal elements of B.

(iii) We therefore write the full solution of our characteristics equation (4.52) as

e [d ~DAB™'t+ AB'EB ' At

+ D(AB '+ K)B™ NI — e 51
- ((AB—1 +K)BNI — e BYEBA + T.c.>

AB™! KP[A uﬁi_L_%WWﬂpyq K
+(AB™! + K) %:””bﬁbﬂ( e )|P(B™' A+ K)

9

(4.73)

with e,;; being the elements of E, (4.71). The initial condition, g,, is obtained by

placing u, (4.26), (C.2) in two modes, in the reciprocal space,

go(Ko) — /6—iKD.(n—nl)n1P(nl’n2’“)din

= (/e_iK"'nan(nth,“)din> exp(z’KO-nl),

where we shifted by the linearization point, n’ = n — n', such that g, is consistent with

(4.74)

the remainder of the solution.

Obtaining g (7)

Finally, the solution we seek corresponds to g(K), given by (4.73), evaluated at K (1) =
0,

/e‘izl‘ k(1) din/

— [ ur) d'w = g(r). (4.75)

k;=0
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This turns (4.73) into
g (7) = go(r) exp[er +((7) +&(7)] (4.76)
with, the term from the first integral, (4.65),
((1) = —DAB'1 + DAB'B*(I—¢57), (4.77)

the term from the second integral, (4.66 — 4.68, 4.70, 4.72),

B .. o
— -1 _ -1 o -BTt A A P o —(Bii—‘rB]']')’T -1
£(r) = AB | Br (B (I—e )E+T.c.>—|—P[%:z®j—Bii+Bjj(I e )]P B1A,
(4.78)
and g,(7) being (4.74) evaluated at,
K! = —AB*(I —eP7), (4.79)

the value of K, (4.61) on the characteristic for which K (7) at time 7 is zero.

In evaluating (4.76), the coefficients, Eqs. (4.45—4.49), can be obtained analytically,
while the diagonalization of B (B, P), which remains explicit in (4.78), and the integral

in go(7) (4.74), are performed numerically.

Figure 4.2 shows how the first order coherence function obtained from the Fokker-
Planck approach compares with the direct numerical solution for the two-mode case;
they are in good agreement. Looking more closely, the best fit occurs in the ridge
case, when interactions dominate the form of the decay (Fig. 4.2D, x,n7 = 0.005). The
interaction energy is bigger in this case than in the independent case due to larger
population fluctuations in the initial conditions. The worst prediction also occurs
in the ridge case, when the interactions are small (Fig. 4.2D, x,n = 0.0005). This
time the large fluctuations take the distribution further away from the linearization
point and make the one-point approximative scheme less accurate. We also show
how our method compares with the Kubo form in [Whit09], (Fig. 4.2B, blue dotted
line). Overall, the analytically convenient Kubo expression has lower accuracy than
the Fokker-Planck approach developed here. Appendix C.2 gives further comparisons
of the Kubo formulas with our Fokker-Planck approach.
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Figure 4.2: (A,C) Population distributions for two modes pumped by two reservoirs, with a1 22 = 1,
12,21 = 0 (independent pumping), and «;; = 0.5 (ridge), for ny, = 50, n. = 70. (B,D) Comparison of
first order coherence functions obtained numerically (solid lines) or with the Fokker-Planck approach
(dashed lines) for the independent and ridge case. The interactions are either weak, x,n = 0.0005,
or stronger, k,7 = 0.005. With small interactions and in the independent case, in (B), we compare
the Fokker-Planck approach with the Kubo form of [Whit09] (blue dashed line). The Fokker-Planck
approach agrees well with the numerical solution, particularly when the interactions are strong and
the population fluctuations are large, as seen in the ridge case.

4.3.2 Static Limit

A second approximative approach we consider is to evaluate ¢(!) in the static limit.
This is cruder than the Fokker-Planck approach but also simpler to implement. For
sufficiently small timescales, we can neglect the dynamics due to gain and loss processes.
In such a situation we can therefore calculate ¢! by considering only the interaction
Hamiltonian for the condensate. Formally, the static limit entails two approximations.
The first is to assume that the evolution of the system is strictly due to interactions, p ~
L'p = —i[H, p], with the H from Sec. 2.5, while the second is to assume that n; does not
vary across the distribution [nyP,, .. & (ny) [ P, ... With these, (AT(7)A(0)) (4.14),
is turned into a integral transform with integration kernel related to y/ni(...—i[H, p']..),

(4.24). We show a general derivation here for g(!).
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We start with

1 -
(1) _ T il'r
9,7°(17) = — (@€' "a), 4.80
and use,
p= Z Priny. |1, na, --><n1, 712--\ (4-81)
nl,ng..
1
H = Z k1 (alay)? + 3 Z mjajaia;aj, (4.82)
i i#j
to further write,
1 —iHT iHT
gé”(r):m 3" (ngwlale a1 Py Ingy Mng e Ingy) (4.83)
(i) (5)
1 —4HT iHt
:m Z (nl—l,n(i¢1)|\/nile 2 \/771Pn1n2|n1—1,n(j¢1))(n(j)\eH |n(i)> (4.84)
WORIE
1

— Tr [e—i[m(nl-l)Q-i-Z#l n1;(n1-1)n; ~~]Tn1pnm2€i[fﬂn§T+E#1 nnang T

o , (4.85)

where we have kept explicit in the exponentials, e¥*#7, only the terms which do not

cancel. The factor % in H disappears with ), 2 = > j»1- This further simplifies as,

1 .
ggl)(T) = _<n ) Z nlez[“l(%l'l)"'zj ﬁj”j}TPnanH (4.86)
Y ninga
s Z pil2rmi+32; njnj]TPmnz..' (4.87)
1M1

In the last step we have made use of the second approximation, i.e. we assumed n;

constant across the distribution. We also simplified, k1 = &, 11; = 1;, as we have done
before (4.24).

The general integral (4.87) has to be performed numerically. Appendix C.3 shows,
in two modes, how the static limit can be calculated analytically for independent
(Bo1 = 1,0) and ridge (8,1 = 0.5) distributions. In the ridge case, the integral is
performed by changing basis, u = \/Lﬁ(n—p), v = \%(n—i—p).

Figure 4.3 shows how first order coherence functions obtained in the static limit
compare with direct numerical solutions for the two-mode case. The static limit so-
lution corresponds to the numerical solution, at early times, when the interaction is
strong. In these cases, decoherence is rapid and occurs on a time-scale for which the
dynamics of the population are negligible. The best fit is obtained in the ridge case

since the larger population fluctuation makes the interaction broadening larger. The
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Figure 4.3: (A,C) Population distributions for two modes pumped by two reservoirs, with a1 22 = 1,
12,21 = 0 (independent pumping), and «;; = 0.5 (ridge), for ny, = 50, n. = 70. (B,D) Comparison of
first order coherence functions obtained numerically (solid lines) or with the static limit approximation
(dashes lines) for the independent and ridge case. The interactions are either small, x,n = 0.0005,
or stronger, x,n = 0.005. The static limit approximation improves when the interaction becomes
stronger. The ridge case shows a better approximation due to the population fluctuations being
stronger and therefore having stronger interaction broadening. The faint dotted line is with [n4P,, ..
rather than ~ (n1) [ P,, . ..; this simplification does not affect the results significantly.

faint dotted lines show the static limit calculated without assuming that n; is constant
across the distribution (4.86), (C.20) in two modes. Neglecting the multiplier n; does
not have much effect. This is also true when the system is at mean threshold, n. = n,

where the variation of n; along the distribution is the largest.

4.3.3 Static Limit — Three Modes

The simplicity of the static limit approach allows to perform calculations that are either
prohibitive with the full numerical or quite involved with the Fokker-Planck approach.
Here we combine the analytical expression we obtained for the population distribution
(3.29) with the static limit approach (4.87) to calculate the coherence functions of

three-mode condensates, Fig. 4.4. We present results for the independent case Fig.
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4.3. FIRST ORDER COHERENCE — APPROXIMATE SOLUTIONS

4.4A,C.E and the ridge case Fig. 4.4B,D,F. In three modes, the interaction strengths
k,n become k, 19, n3. We present static limit calculations with 7, and 73 being switched

on successively and compare the results with those of the two-mode case.

The parameter values we choose for n., n, are 10400, 10000, the same as what we
chose to show the three mode population in Sec. 3.2.3. We let 3y 2 be either 1,0,0 to
form independent modes, Fig. 4.4A, or %, %,% and form the ridge, Fig. 4.4B. In the
independent case, the marginal population distribution, Fig. 4.4C, is no different from
the population distribution of the two-mode case (e.g. Fig. 4.3A). Since the modes
do not bear any correlation, the probability distribution of any of them do not depend
on the others. This is not the case for the marginal probability distribution of the
ridge, Fig. 4.4D. Compared with the two-mode ridge (e.g. Fig. 4.3C), the marginal
distribution has a probability which goes down to zero since the particles can all be in
the mode that is marginalized. We see through this that population fluctuations are

therefore much larger in the ridge case when a third mode is introduced.

Looking at the static limit results, we see that in the independent case, Fig. 4.4D,
the coherence time steadily decreases as 1, and 73 are being switched on. The effect of
introducing intermode interactions is simply to increase the fluctuation energy and to
therefore reduce the coherence time. We also see that the case where k,15,713 = ¢, 9,0
provides the same coherence decay curve as in the two-mode case with x,7 = g, g. The
marginal probability distribution of the three independent modes condensate being
the same as for the two-mode independent distribution, the fluctuation energy when

interactions only involve two modes is also identical, hence the same decay curve.

In Fig. 4.4D, the coherence decay curves for the three mode ridge follow a different
trend. The cohence time increases slightly when the interaction due to 7y is introduced
and increases further when both 75,73 are switched on. This is due to the same effect
which was pointed out when discussing the numerical results (Fig. 4.1). Fluctuations
between the modes being anticorrelated, introducing 7, adds some energy fluctuations
which cancels those due to , but only when both 7y and 73 are switched on do we
see the intercorrelation effect between the three modes acting in a concerted manner
and producing a significant increase in coherence time. Another way to interpret this
result is to consider the vector in the kernel of the static limit integral transform (4.87).
As we introduce the interactions 19,73 the kernel vector points closer to the direction
normal to the main axis of the ridge, i.e. the narrowest cut through it, Fig. 4.4B. The
decay time is inversely proportional to this effective width of the ridge and therefore
becomes longer as the integral is performed along an axis where the distribution is

narrower. The independent modes distribution being isotropic the orientation of the
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Figure 4.4: (A,B) Three mode joint population distributions, P, , 4), With n.,ns = 10400,10000
in the independent case fp,1,2 = 1,0,0 and in the ridge case £y 12 = %, %, % (C,D) Marginal popu-
lation distribution P, ,) = f Py p,qdq. The independent population distribution being isotropic, its
marginal distribution takes the same form as the independent population distribution in two modes.
In the ridge case, the particles can all be in the marginalized mode and the marginal distribution
goes all the way down to zero, and thereby exhibits larger population fluctuations than the two mode
ridge distribution. (E,F) Static limit results with ¢ = 5e—5, kK = g and 19,73 being either 0 or g.
Also shown is the static limit result in two modes with x,n7 = g,g. In the independent case, only
the magnitude of the total interaction strength influences the decay time. With x, 72,13 = g, 9,0 the
decay curve is the same as the one in two modes with k,7 = g, g. In the ridge case, the anticorrelation
in the population fluctuations cause the decay time to increase as 12,13 are being switched on. Larger
population fluctucations in the marginal distribution explain why the decay time is smaller in three
modes than in two modes for the same interaction strengths.

kernel vector does not have an influence, only its magnitude.
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OSCILLATIONS

Finally we compare the decay curves of the three mode ridge and of the two mode
ridge when k,1,1n3 = ¢,9,0 and k,n = g,g. For identical interaction strengths, the
decay time for the three mode condensate is shorter for the two mode one. This can
be explained by the fact that the marginal probability distribution contains larger
fluctuations than the two mode distributions and that the energy fluctuations are

therefore larger, hence the shorter decay time.

4.4 Second Order Correlation — Dephasing time of

Josephson (Intensity) Oscillations.

Above we have shown how our theory can be used to calculate the first order coherence
function, and hence the linewidth of the optical emission from the polariton condensate.
We now show how it may be used to calculate a higher-order coherence function. In
particular we shall develop a differential equation analogous to (4.25), in two modes
(C.1), for a field distribution u, which allows us to compute the time-dependent second
order coherence function (a! (7)ay(7)aba;). We focus on this specific coherence function
because it corresponds to the oscillations in the emission intensity, which would arise in
a multimode condensate due to beating between the different emission frequencies, i.e.
it is a multimode phenomenon. Such intensity oscillations are similar to those of the a.c.
Josephson effect7°5¢62l which has recently been observed for the polariton condensate

in a double-well potentiall#°10]

Our theory will allow to study the dephasing of
these oscillations. We will find that because the condensate modes are coupled, this
dephasing is not, in general, simply related to the decay of first order coherence. Thus
measurements of these intensity oscillations provide information beyond that of the

emission spectrum and could provide insight into the coupling between the condensates.

4.4.1 Intensity Oscillations

To motivate the consideration of the intensity-intensity coherence function, we consider
for definiteness a double-well potential, as studied in [Lago10] and discussed further in
Chapter 5. We suppose that there are two relevant orbitals, ay, g, localized in the left

and right well (see Fig. 4.5), with some tunneling between them.

The single-particle states for this double well are in general a superposition of these

left and right orbitals, a2 = CQCjCQ ar.r+ 02"’302 ar,r, and therefore overlap in space. The
1 2 2 1
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Figure 4.5: Schematic of a double well potential. In general, single-particle states, a;,as, in a double
well potential are superpositions of the relevant left and right orbitals, ar,, ag.

intensity on the left is

fL = CLECLL
= (ctal + cal) (cray + ca0) (4.88)

_ 20,1 21 1 * 1 * 1
= |c{|ajar + |c5|labas + clcsajas + cycraday.

We treat the operators a,a’ as the classical, complex amplitudes of the electric field
(order parameter of the condensate) to show how, semiclassically, the intensity on the

left or right oscillates,

(1) = | {al)(ar) + |&l(ad)(az) + ciea{alas) + cierlajar)

— (4.89)
= |C%|’)’I,1 + |C%|TL2 + 2 Re[CTCQ nlnzez(wl_WQ)t]

where w; o are the frequencies of the condensate orbitals in each mode and n; o the
densities in the modes. The final term in (4.89) is the beating of the intensity between

the oscillators corresponding to the single-particle orbitals.

The intensity oscillations are non-zero in the semiclassical theory because we as-
sumed a particular phase for the order parameter(s), which could physically arise from

[Pita03]

spontaneous symmetry breaking However, our theory does not include any

terms which fix this (relative) phase, so that the ensemble averaged intensity will not
oscillate, (al(7)a(0)) = 0, as shown in Sec. 4.2.3. We interpret this within the semi-
classical theory by noting that the phase of the oscillating component will fluctuate
between members of an ensemble (e.g. different runs of an experiment); our theory is
an average over many such phases. However, we can study how the oscillations in each
member behave, for example considering the intensity-intensity correlation function,
(I(1)1(0)), and in particular the components relating to the semiclassical oscillation,
(al(T)as(T)abay). We will see that these components decay so that the oscillating part

of the intensity-intensity correlation, averaged over different runs, decays.

Experimentally, an oscillating emission from a condensate has indeed been observed

for a double-well potential“22°10); the results were shown in Figure 1.12. However we
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note one important difference: the experimental data is an average over many runs
and still reveals oscillations, showing that there are processes which fix the relative
phase of the condensate orbitals, i.e., the origin of the intensity oscillations. Such
a relative phase could be established by the Josephson-like terms, which we neglect
in the strong-trapping regime, as discussed in section 2.5. Thus the experiment may
not be entirely in this regime, although it is in principle accessible. We observe that
these intensity oscillations are non-harmonic, contrary to the expectation based on the
beating of different modes. Finally note that different regimes of a Josephson junction
are possible; the physics discussed above applies to that of a conventional junction deep
in the Rabi regime (where interaction effects are negligible), [Legg01]. Closer to our
theory are the coherently pumped Rabi regime experiments performed in [Abbal3],
where the phase of the oscillations in the double well is fixed by the pumping laser.

4.4.2 Coherence Function and Static Limit Expressions

Having determined the form of the Josephson correlation function, (al(7)as(7)abas),

we now proceed to obtain the distribution for it, u”/, and the static limit expression

which approximates it. In Liouville form, the correlation function reads

g’(r) = (alase™alarp,). (4.90)
We define
pl(T) = eLTa1a2p0 = piznpp = \/]3 vV +1 Pr+1np—1p; (491)
and
Uip = \/ﬁ V P +1 p;lflnp+1p(7—) (492)
such that

u,(0) = Vn/p+1 (\/P+ 1V1 pungy) = n(p + 1) P (4.93)
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OSCILLATIONS
And, following the same steps as in (4.22-4.25), we reach,
- J c Qin J
" 721.: ' [Oéil(n —3) T anlp+3)+n o
ap(p +1) u’
ain(n+ 1) +ap(p+i)+n ™!
ain(n+3) +anlp+3) } (4.94)
- ) 1 ) 3 sunp
air(n 4+ 3) + aia(p + 35) +n;

[y + 04 D — ()

+ i(/i(Qn 1) —k(2p+ 1) +n(—n+p+ 1))%,
The static limit can be calculated in the same fashion as above (Sec. 4.3.3) and

gives the expression,

gg](T) ~ //P(n,p)ei(%_n)(n_p)T dn dp. (4.95)

Both (4.94) and (4.95) are solved numerically. Example solutions will be shown in
Chapter 5.

4.4.3 Factorization of the Josephson Coherence Function

In Chapter 3, we presented how the natural variable to describe the ridge is u =
\/Aﬁ(n + p), Eq. (3.13), i.e. a combination of the occupancy in n and p, and that
the zero-particle cutoff adds features along the soft mode. On the contrary, with
independent pumping, the population distribution highlights the fact that the modes
are completely independent. In this section these observations are considered in the
context of coherence functions. We examine the factorization of the correlation function

for Josephson oscillations
(af(7)az(r)abar) = {af(7)ar){aa(7)al). (4.96)

We know that for any given time, two mode operators commute, e.g [a; a;] = 0, but
it is not necessarily the case at two different time points [ag(T),al]. Moreover, we
know that [al(7),a1] # 0 and that the two correlation functions above, (al(7)a;) and
{as(7)ad), correspond to the emission spectrum of the first mode and the absorption

spectrum of the second model¢2163] respectively.
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Figure 4.6: (A, C) Independent, a1 20 = 1, 12,21 = 0, and ridge, a;; = 0.5, population distribution
with ngy = 50, n. = 70. (B, D) Comparison of first order coherence function with Josephson coherence

function with £ = 0.005,7 = 0. In the independent case the Josephson coherence function factorizes

(al()az(T)abar) = (al(7)a1)(az()al). It is not the case however with common reservoirs.

We ran the numerical calculation of the Josephson, first mode emission and second
mode absorption correlation functions, both for the ridge and the independent cases
(Fig. 4.6). We plotted Josephson correlation function together with the square of
the two first order correlation functions. In the independent case, (Fig. 4.6B), the
correlation time for the absorption spectrum (squared) is longer than for the emission
spectrum. Simply expressed, this difference to the energy difference of adding an extra
particle in the initial condition. The Josephson correlation falls exactly in between the
two first order correlations, indicating that it factorizes verifies the hypothesis above
(4.96). In the ridge case (Fig. 4.6D) the emission absorption correlation also decays
faster than the one for emission. But the Josephson coherence decays much faster than
the square of either first order function. The Josephson correlation function does not

factorize in the ridge case, due to the coupling between the modes in £,.
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4.5 Discussion

We have shown how our theory can be applied to calculate coherence functions. We pre-
sented an exact numerical solution and two approximate approaches. Our full quantum
theory can be exploited to study the effects on the emission linewidth of fluctuations in
the population distribution which are not accessible with semi-classical approaches, i.e.

[Wout 07, Keel08] - W7o also show how these enter into the calculation of

mean-field theories
higher order correlation functions by calculating the dephasing in the beating of the

intensity — Josephson oscillations.

The Fokker-Planck approach provides a way to transform v into a form where an
integral can be performed analytically. This reduces the effective dimensionality of
the problem quite significantly while also providing reasonable accuracy. The integral
transform approach for calculating g™ or static limit, although much simpler, is valid

only when the decoherence is dominated by the interaction-induced energy fluctuations.
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Chapter 5
Application and Results

HE THEORY DEVELOPED so far makes very little reference to the specific form of
Tthe multi-mode condensate. We defined a mode with single particle wavefunction,
¢;, associated with a bosonic operator, a;. We incorporated pumping of this mode by
an arbitrary number of saturable reservoirs, £,, (2.73), parametrized by the quantities
ng,ng, a,j; as well as a decay of the mode into vacuum, £4, (1.44); and interactions, H
(2.91). This provided the theory with flexibility in its application, making it a useful
tool for describing, at a quantum level, non-equilibrium condensation with different

potentials, interaction, and kinetic terms.

This chapter serves a dual purpose. On one hand, we give a flavor for how the
theory can used to describe an actual multi-mode polariton condensate (Secs. 5.1, 5.2)
with a realistic set of parameters (Sec. 5.3). The application model we employ is the
double-well potential which formed the basis for the demonstration of Josephson oscil-

Lagol0] Ve use the theory to calculate the population

lations in polariton condensates!
distributions (Sec. 5.4.1), emission linewidths (Sec. 5.4.2), and decay of Josephson
oscillations (Sec. 5.4.3). One the other hand, the Chapter also serves to discuss the
population distributions (Chapters 3) and to expose and contrast the full numerical
solutions, with the Fokker-Planck and static limit approximations (Chapter 4) in a

realistic physical context.

5.1 The Double-Well : Application of the Theory

We derive the properties of condensates residing in a double well potential Veis91 (Fig

5.1), in the regime where particle non-conserving terms in the condensates Hamiltonian
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can be neglected, following the criteria discussed in Sec. 2.5. The description we use,

b11 b12 b22 b21
| >v\| >\ /! >/v| )

|Cl1> |a2>

g11 g12 g22 g21

\ /
\ A4 n) |p>- A4 /

Figure 5.1: Schematic of the application of the theory to a double-well. Localized left-right pumping
reservoirs, |ai), |as), pump, with matrix elements g;;, two delocalized modes, |n), |p). The modes are a
linear combinations of left and right tight-binding orbitals with weight varying with detuning between
the wells, Ae, and hopping parameter, t. This scheme allows to eliminate the hopping terms, e.g.
aTLaR, in the condensates Hamiltonian (Hpg, (5.1) — H, (5.3)).

shown in Fig. 5.1, is the tight-binding model of a double-well; isolated left and right
well orbitals with operators, ay, ar, are combined to form an approximate solution of
the double-well potential. Our solution retains only eigenvalues and matrix elements.
It is parametrized by the detuning between the wells, Ae, and the hopping between
left and right wells, . The tight binding Hamiltonian is,

HLR = AG(CLE(IR — CLE(IL) — t(CLJIr%CLL + CLE(ZR) + HLR(NL)- (51)
We assume that interactions, Hpgr(nr), only occur within the localized orbitals con-

densates, and the wavefunction overlap between the left and right modes is negligible.
Thus,

Hirnpy = 9((GTLGL)2 + (GE@R)Q)a (5.2)

where for simplicity we take the localized orbitals to have identical wavefunctions and
terms of the from aTLa La%a r are absent due to the overlap being negligible. To describe
the pumping we assume there are two non-coherent, thermalized (Sec. 2.1) reservoirs

localized over each well (Fig 5.1).

Having defined our model system, we shall proceed with diagonalizing the hopping
term, t(a%ar +al ag), in new modes (a1, as, Sec. 5.2) which, for Ae = 0, correspond to
the symmetric and anti-symmetric eigenstates of a double-well. Two delocalized modes

are thereby obtained. We then determine (Sec. 5.2.1) how each one receives pumping
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from the two localized left-right reservoirs. The next step is to map the left-right tight-
binding interaction term of the condensate, (5.2), onto our condensate’s interactions,

Hnpy, (5.13), preserving only the particle conserving terms, x,n (Sec. 5.2.2).

Once this exercise has been done, we establish physically relevant parameters to be
used (Sec. 5.3) and we study the population distributions, coherence decay and Rabi

regime Josephson coherence decay (Sec. 5.4).

5.2 Left-Right Well to Delocalized Representation

Here the left-right Hamiltonian (5.1) is mapped onto the delocalized modes represen-
tation, aq, as,
H = AE(a}ay — alay) + Hinpy, (5.3)

with the use of intermediate variable # and the unitary transformation ansatz,

(o )= (o) (000 54
and its Hermitian conjugate (H.c.).
In this transformation, the linear component of Hygr (5.1) reads,
Hppo) = Ae[(ai sin(0) + ab cos(0)) (a1 sin(f) + as cos(6))
— (ai cos(0) — ab sin(6)) (a1 cos(0) + az sin(6))]

—t[( I'sin(6) + al cos(6)) (ay cos(f) — azsin(f)) + H.c.].
(5.5)

We isolate the off-diagonal components in (5.5) and require that they vanish,

0 =2Aesin(f) cos(#)(alay + abay)

; 2 T 2 . 2t 2 1 (56)
+ t[sin(f)’alas — cos(6)*abai] + t[sin(f)’aja; — cos(f)’alas].

The solution must have each component, aiag, agal, cancel separately, and we obtain,
2Aesin(0) cos() + t(sin(#)* — cos(#)?) = 0, (5.7)

giving .
Aesin(20) = tcos(20) or tan(20) = A (5.8)
€
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The ratio of hopping over detuning, A%, is the key control parameter in our double-well
representation. A value of t/Ae = 0 is the limit case for large detuning between the
two wells. This makes § = 0, so the transformation (5.4) is diagonal and the modes
map directly to the left and right well. The other limit is t/Ae — oo, which makes
0 = m/4 and means the modes are the fully distributed symmetric and anti-symmetric

superposition of the left and right orbitals.

The remaining terms of the linear Hamiltonian in (5.5) must be equivalent to the
form in (5.3),

AE(abas — alay) =Ae(sin(0)2alay + cos(0)?abas — cos(9)?alay — sin(0)?alas))
— 2t sin(f) cos(0)(ala; — alasy) (5.9)
—Ae cos(20) (akas — alay) + tsin(20)(abay — alay),
giving,

AE = Aecos(20) + tsin(20)
Ae? + 12 (5.10)

5.2.1 Left-Right Pumping of Delocalized Condensates

The modes now being in a delocalized representation, ay, as, will receive pumping from
both the left and the right reservoirs (Fig 5.1) based on the fraction of the mode that is
subtended by each reservoir. One can read from the mapping ansatz (5.4) established
above, the fraction of the pumping which is received from either reservoir. We simply
use the function, sin(f), cos(#) to trace back the fraction of each mode lying on the
left and on the right.

We recall that matrix elements, ¢ o, parametrize amplitude interactions, H, (2.51)
and that they appear as density parameters, ajs = g3,/(g%5 + g35), in our pumping
superoperator, £, (2.73). We therefore read the density fractions on the left and on

the right as the square of the transformation functions in (5.4),
Ae
— —co?(@) =L+ 4 — —
Q11 = (99 = COS (0) =3 + Zm (511)
Ae

a 2V/Ae2 + 2

where we also used trigonometric manipulations to show how «;; relate to ¢, Ae. For

12 = V91 = Sin2((9) = (512)

N =
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large detuning, Ae > t, the modes become localized and the cross-pumping, a;s, oy,

vanishes.

5.2.2 Mapping of the Interaction Terms

The last step in establishing this example application of the theory is to map the

non-linear coefficients of (5.2) into
Hnpy = k(alar)? + k(alas)? + nalaialas. (5.13)
To do this, we place (5.4) and its H.c. into (5.2),

Hirinpy =g [((a{al)Q + (agag)Q) (sin(0)* + cos(0)!) + 4alaralas sin(0)? cos()?
- ((aial — abas)(alay + abay) + (alay + aday)(alay — agag)) X
(sin(6)? — cos(#)?) sin(0) cos(#)
+ 2(alay 4 alay)?sin(h)? cos(@)z]
= | ((ala1)? + (afa2)?) (sin(0)* + cos(0)")

+ (SaIalagag + 2alalasas + 2abalaa; — alay — agag) sin(#)? cos()?

+ (agagagal — alalayay + alalasay — agaialal)%sin(w)} :

(5.14)

The terms present in (5.14) but not in (5.13), which describe interaction processes
with transfer of particles between single particle orbitals, will be neglected. As dis-
cussed in (Sec. 2.5), this is valid when the energy separation between orbitals Ae is
large compared with the interaction energy g(n;2). We identify that the self interac-

tion, K = K1 = Ka, and the density-density interaction, n = %(7712 +1m21), terms in (2.91)

are
= in(6)* + N = g(L + 1 20)? __g1+—62 5.15

Kk = g(sin(0)" + cos(0)") 9(5 5 cos(20) ) 5( = t2) (5.15)

= 8gsin(6)? cos(6)* = 2gsin(20)? = 297 e (5.16)

when translated in our model application.

107



5.3. CHOICE OF PARAMETERS

5.3 Choice of Parameters

In the following, we adopt parameters which are physically realistic and yet also com-
putationally accessible. We make v = 7,71, the inverse of the polariton lifetime, and

we adopt a value of 7, = 2ps, [Whit09]. This sets the unit of time and energy (h = 1).

We then make the interaction strength between each tight-binding orbital, g =
4 x 107y, which sets the values of x and 7 (5.15, 5.16). This is consistent with pre-
vious values used in single mode mean field!P2t%8 and density matrix studies!"WVhit09]
which were parametrized with linewidth experiments. It depends both on the underly-

n [Tass 99

ing exciton-exciton interactio I and the size of the single-particle orbitals which

appears as a field mode normalizing factor. Averaging over Hopfield coefficients and

Deng 10]

Stokes vectors! is implied.

For simplicity, the pump power, n., and gain saturation, ng, parameters are made
equal for both reservoirs. While ny = 25000, n. = 25500 have been taken for conden-

sates significantly above threshold earlierWhit09]

, this generates population distribu-
tions, o o< \/n., and average populations, (n) o< 7 = n. — n,, which in two modes are
difficult to handle in the numerical coherence calculations: (4 x max(o, ﬁ))2 ~ 4 x10°
equations to solve. We therefore settle for a slightly reduced system. Earlier we showed
numerical results in a reduced exploratory system where g was modified (Sec 4.2.2).
Its non-linear effect on coherence time, especially in the motional narrowing regime,

precludes the scaling of g in our physically grounded approach.

We settle for n, = 5000, and n. = 5000, 5200 which correspond to values at mean
field threshold 7 = 0 and above threshold n = 200. This will generate a maximum
of 8002 = 640000 equations to solve. Physically this corresponds to a system with
smaller gain medium, which gets depleted for a smaller n with respect to ng. It will
also have a narrower population distribution, o, which means that for g being the same,
the interaction broadening will be smaller. This will place our system in a motional

narrowing regime rather than in a static limit (Sec. 1.2.4).

We shall see in Sec. 5.4.2 that this choice of parameters is also advantageous when
comparing the methods of Chapter 4. It shows the limit of validity of the static limit
approximation in the motional narrowing regime where Fokker Planck and full numerics

still capture the physics.
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5.4 The Double-Well : Results

Now that the theory has been related to a specific model of a two-mode condensate,
we present results for the population distributions, first-order coherence functions, and

the decay of Josephson oscillations.

Beside the two values of n. = 5000, 5200 mentioned above, we also vary the ratio

t/Ae. The sets of parameters we shall focus on are presented in Table 5.1.

ne | t/Ae | ony,an | an, o | K \ n | Figures
5000 0 1 0 4 x107° 0 5.2D,5.3A, 5.5A
5200 | 0 1 0 | 4x10° 0 5.2A.,5.3, 54B55
5200 1 0.85 0.15 3x 107 | 4 x 10~° 548
5200 3 0.66 0.33 - - 5.2B
5200 | o0 0.5 0.5 2x 107 | 8 x 107 | 5.2C,5.3, 5.4B,5.5

Table 5.1: Summary of sets of values used throughout (ns = 5000, g =4 x 1077, v = 1).

5.4.1 Population Distributions of the Condensate

In this section we shall describe the population distribution obtained in our double-well
model, Fig. 5.2. These will allow to resolve discontinuities in mode occupancies which

[East 08] (SGC.

are pointed out by a nonequilibrium phase boundary in mean-field theories
1.3). The additional information they provide is also key to the calculation of coherence
functions VP09 (Sec. 4.2.1). We point out features in the distribution which will have

an important effect on coherence.

The population distributions for different values of ¢/Ae (Table 5.1) are presented in
Fig. 5.2A-C. Fig. 5.2A is for t/Ae = 0, where the two modes are pumped independently
and we see that the population distribution is indeed formed out of two independent

Gaussian; it factorizes, P,, = P, P,.

Fig. 5.2C is for t/Ae = oo, where the two modes are fully delocalized between the
left and the right wells and are equally pumped by the left and right reservoirs. The
population distribution takes the form P,, = (P,1p)|np>0. A Gaussian form is still
present but this time its shape is dictated by the unique variable n+p. The n and p
variables are present independently only in the zero particle cut-off. One could have

expressed the population distribution with a single variable were it not of the zero
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Figure 5.2: (A-C) Populations with left-right reservoir pumping of modes n,p above threshold
ne = 5200, ny = 5000 with the reservoir to mode coupling varying as a3; = ags =1, 0.66, 0.5, 1o =
a1 =0, 0.33, 0.5. The relevant quantities evolves from n,p to n+p as the modes become pumped
indiscriminately by the left and right reservoirs. (D) Population at mean field threshold n.=ns=5000
and 1] = Qo = 1, 12 =091 =0.

particle cut-off. We suggest that the n and p picture is partly overcomplete and that
the modes take a distribution where they are mostly unique but also preserve some
independence through the zero particle cut-off. This population corresponds to the
transition point between the single-mode and the two-mode solutions in the mean-field,
approach presented in [East08]. Linearizing the mean field version of the population
equatiozl (??7) and mapping the parameter notation (27ex = ), % — 7, 2I'ny; =
> Wﬂ#, AT =5, 7”%—2”‘2) indeed shows that the ridge solution corresponds to the

discontinuity in [East08].

Fig. 5.2B shows how these two pictures, independent versus partly unique, merge
for an intermediate value of t/Ae = 3, 0 < 3 < co. At the mean field threshold, Fig.

5.2D, the dominant feature is the zero particle cutoff.

We shall also mention how some interplay between the modes is embedded in the
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distribution. This in turn influences coherence decays (Sec. 5.4.2, 5.4.3). In the
independent case, P,, = P, P,, there is no inter-dependence in the mode distributions
and the interplay between the modes, when studying the decay of coherence, can only be
due to condensate interactions. In the other limit, P,, = (P,1p)|np>0, our distributions
point out the correlation of the population distribution in the diagonalized single-
particle basis, and the decay of coherence will be impacted not only by the interactions

but also by these correlations.

5.4.2 Decay of First-Order Coherence

We now present and discuss our results for the decay of the first-order coherence func-
tion of one mode of the condensate. This subsection plays the dual role of describing
the physics determining this quantity, and discussing the three approaches to its cal-
culation developed in this thesis from a technical point of view. On the physics side,
we shall mention coherence times, modes interplay and interactions, and the static and
motional narrowing regimes. The technical side compares the full numerical solution
of Sec. 4.2.2, with the Fokker-Planck (Sec. 4.3.1) and the static limit (Sec. 4.3.3)

approximations.

The full numerical solution is considered to be “the gold standard”, the static limit
is the “back of the envelope” calculation. The Fokker-Planck approach is in between,
more involved than the static limit, but much more direct than the numerical solution.
Nonetheless we shall see that it is in good agreement with full numerics. We first

discuss our best picture of the physical phenomena, the full numerical solution.

Figure 5.3A presents the numerical calculation of the coherence decay at mean-
field threshold (n. = ns, thin dark blue line, with P> corresponding to Fig.5.2D) and
above threshold (thick dark blue lines, with Py corresponding to Fig.5.2A-solid line,
C-dotted line). These results are obtained by direct numerical solution of u (4.25),
for the present two-mode, two-reservoir case (C.1). In all cases, we see a straight
line on the semilog plot, representative of the motional narrowing regime (Sec. 1.2.4).
The model would present the static regime only with wider population distribution
(larger \/n.) or stronger interaction (larger g) which both induce larger interaction
energy. The coherence increases as we go from mean field threshold to significantly
above threshold; the linewidth reflects the ratio of the fluctuations (o< y/nc) to the
total density (oxn), so that larger populations give larger coherence times. We also see
that the coherence time for zero detuning, t/Ae = oo, where the modes are a symmetric

and antisymmetric superpositions (dotted line), is shorter than that for large detuning,
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t/Ae = 0, where they form independent condensates (solid line), although intricate
interplay between interactions and population distributions adds an additional level to
this observation. We will discuss this with Figure 5.4 below. For now, we simply say
that in the symmetric-antisymmetric configuration, the modes are more distributed
and therefore experience less interaction within themselves (k = 2 x 107° vs 4 x 107°)
but overlap much more with each other (n = 8 x 107 vs 0). The combined effect of
these interactions and the changes in population distributions is a more rapid loss of

coherence (t. = 2657y vs 435) in the ridge case.

A 10° ‘ B 10° ‘
--'t(;:265 --Itc:260
t. =246

- - -t, =183

0 200 400 600 0 200 400 600
T T

Figure 5.3: A - Coherence decays with x,n = f%7(g), ns = 5000 and n. = 5000-thin line, 5200-thick
lines. The solid lines are for independent pumping (vanishing tunneling), while the dotted line is with
modes equally pumped by either reservoirs (vanishing detuning). B - Equivalent decays in the static
limit (light blue) and from the Fokker-Planck approach (dark blue.)

Figure 5.3B (thick lines) shows the Fokker-Planck calculations with the same above-
threshold parameters as in 5.3A. The Fokker-Planck solution is in good agreement with

full numerics both in terms of magnitude and shape.

On the technical side, we discuss two features of the Fokker-Planck solution, one
general, and the other linked with the loss of precision due to the linearization (Sec.
4.3.1). (i) In independent modes, t. is slightly overestimated with respect to the nu-
merics (t. = 488y vs 429v). (ii) This effect is overshadowed however in the symmetric-
antisymmetric configuration by the fact that the population is distributed further away
(5.2C vs 5.2A) from the linearization points, <<”T2>>, %, and the Fokker-Planck solution
looses its precision. The loss in precision is reflected in the Gaussian aspect of the thick

dotted line in Fig. 5.3B. These two features are also reflected in Fig. 5.4B below.

Figure 5.3B (thin lines) also shows the static limit results with its characteristic
Gaussian shape, quadratic on a semilog plot. It gives the correct orders of magnitude
and presents the faster decoherence of the symmetric-antisymmetric case compared
with the independent (5.2C vs 5.2A). As expected, the static limit results also show
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shorter coherence times than the other approaches because all forms of motional damp-

ing (dynamical averaging of the fluctuations) have been neglected.

A 300 ‘ B 550
5007‘-n-‘-u?uﬁ-‘nﬁ“ﬂ‘mz.
2501
450I o 8
7 400 SN
& 200 5
3 5350t E
+ )
300} ‘o

250f ..@ Fokker-Planck 1
7 @ Full numeric
100 ‘ 200 ‘ ‘

107 10° 10° 107 107" 10° 10 10

t/Ae t/Ae

Figure 5.4: (A) Effect on the coherence time, t., of the correlations in the population distribution,
in the static limit. When the energy interaction terms included, x,n = {*7(g), (5.15, 5.16), the fact
that they are anticorrelated in the ¢t/Ae > 0 population distributions prolongs the coherence time
compared with them being rigid, x,7 = g,0. (B) This effect, albeit damped, is also present in the
motional narrowing regime as seen in the Fokker-Planck and full numeric results.

We now turn to Figure 5.4, which shows the coherence time as a function of detun-
ing or tunneling at a fixed above-threshold pumping, n. = 5200, and discuss the effect
of correlations in the distribution mentioned above. We shall do so with Figure 5.4A,
which presents static limit results, in conjunction with Figure 5.2C, the symmetric-
antisymmetric population. As we noted already, the relevant variable in this popula-
tion distribution is n + p which implies that within the distribution an increase in n
corresponds to a decrease in p and vice-versa. The energy fluctuations associated with
the population distribution will therefore be anticorrelated since they either depend on
self x self (k) or self x other (1) and the latter contributions are anticorrelated with the
former. This is most obviously seen in the static limit as shown in Figure 5.4A. If we
eliminate this effect by including only a constant (rigid) interaction within each mode,
k = g,n = 0, the increasingly wider population distribution as we sweep t/Ae from 0 to
oo causes t. to decrease monotonically. In contrast, letting the inter-mode interaction
increase as the modes overlap maintains ¢, larger even though, at t/Ae = oo, the total
interactions are stronger than in the rigid case (see Table 5.1). What is more, the
effect destroys the monotonicity when x and 7 are of approximately the same strength,
t/Ae = 1; giving a peak in the coherence time when the modes partially overlap. The
numerical and Fokker-Planck coherence times results in Figure 5.4B show that this

effect is still present but is less pronounced in the motional narrowing regime.
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5.4.3 Decay of Josephson (Density) Oscillations

In Section 4.4 we saw how the equation of motion for multi-mode condensates can be
used to study the dephasing of the beating between two modes and that the corre-
sponding coherence function which describes it is (al(7)as(7)ala;). Here we apply our

numerical and static limit solutions of it to the double-well model (Fig. 5.5).

A 10° ‘ B 10° ‘ ‘
—_—, = 217 N —t, =175
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Figure 5.5: (A) Full numeric and (B) static limit Rabi regime Josephson coherence decays with
same parameters as for the coherence decay results (Fig. 5.3).

With the numerical calculations (Fig.5.5A), we see that the decay follows an ex-
ponential form (linear on a semilog plot); the motional narrowing regime is reflected
in this calculation as well. A comparison of the beat coherence decay times, (t.)”,
(Fig.5.5A), with the decay time of the first-order coherence, t., (Fig.5.3A), shows that
the values of (¢.)” are slightly more than half those of t.. As we saw in Section 4.4.3, the
Josephson beats correlation function factors into the product of two coherence decay

calculations only when the modes are independent (¢/Ae = 0).

Figure 5.5B shows the static limit calculation. As in the first-order calculations
above, motional narrowing of the fluctuations is neglected in the static limit and the
correlation times obtained are smaller than in full numerics. It is worth highlighting
the coherence revival which arises, from a mathematical point of view, from the Fourier
transform of the zero particle cutoff in the population distribution (Fig. 5.2C). The
interactions can indeed rebuild the phase of the order parameter in the correlation
function although it is unlikely that this can be observed experimentally due to other

sources of noise which come into play as t > ¢..

Given the interaction terms included in the Hamiltonian, the Rabi regime Joseph-
son oscillations are being considered here[2891  Ag discussed in Section 4.4.1, other

non-particle conserving interaction terms would have to be introduced in order to be
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[Lago10] - These additional terms provide the pulse to pulse

used in the Josephson regime
synchronization observed in the measurement. In order to perform experiments close to
threshold and in the Rabi regime, while still having incoherent pumping, synchroniza-
tion would have to be provided by a probe beam with pulse to pulse coherence time
longer than the coherence we wish to measure. The coherent pumping experiments

presented in [Abbal3] show Josephson oscillations in the Rabi regime.

5.5 Discussion

We exposed how the theory can be applied to a specific physical system, used rel-
evant parameters, and obtained the population, linewidth and Josephson coherence
decay. These results were used to discuss the strengths and weaknesses of the tools
developed in Chapter 4. We also uncovered a multimode effect with our theory. The
correlations which appears in the ridge population distribution when two modes share
common reservoirs enhance the coherence time of the condensate. Josephson oscillation
coherence decay is the first example of the usage of the many-mode quantum theory
beyond population distributions and first order coherence decays. The theory shows
how population distributions provide additional information with respect to mean field
theory. It would be interesting to investigate further, in light of non-locality in quantum
mechanics, the fact that in the symmetric-antisymmetric distribution, beside for the
zero particle cutoff, n 4+ p becomes the relevant parameter, rather than the individual

occupations.
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Chapter 6

Conclusion and Future Work

‘ ‘ 7T E CONCLUDE THIS THESIS by, on one hand, summarizing the theory work that

has been done, suggesting novel experiments and drawing further links with
the current field of polariton condensation (Sec. 6.1). On the other hand, we discuss
how the theory could be expanded by adding the treatment of non-particle conserving

terms in the condensate Hamiltonian (Sec. 6.2).

6.1 Summary and Further Applications

In summary, we have developed a model for the nonequilibrium dynamics of polari-
tons in an incoherently pumped microcavity, incorporating gain due to scattering from
multiple reservoirs, and resonant polariton-polariton interactions. We innovate from
previous works addressing condensates formed with a single macroscopically-occupied
orbital by having several such states coexist, i.e., multimode polariton condensates. We
used the theory to determine the steady state population distributions of the modes.
We have also used it to predict the quantum statistics, revealed for example via the
linewidths, and shown how these quantities are affected by interactions between the
condensates. We predict that the populations of the modes can be anticorrelated due to
their coupling to a common reservoir, leading to a narrowing of the emission lines and
a prolongation of the coherence time. We have also demonstrated theoretically a de-
phasing mechanism for intensity oscillations, and shown that, for realistic parameters,

their coherence decay provides a useful probe of correlation effects.

Novel expirements can be envisaged with the theory. The first would be to observe

the enhancement in coherence time due to anticorrelations in the population fluctu-
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ations as t/Aec is being swept from zero to infinity, Fig. 5.4A (see also Figs. 4.1C,
4.4F). To see the enhancement effect on the linewidth, one would have to ensure that
the system is in the static regime. Another experiment which could be proposed and
would help in parametrizing the coupling strengths, «;;, is to compare the first-order
decay time, t., with the dephasing time of Josephson oscillations, (¢.)7. As we saw in
Sections 5.4.3, 4.4.3, the Josephson coherence decay function factorizes into two first-
order decay functions, with (t.)’ = t./2, only when the pumping is independent. By
comparing the two coherence times one could establish how much each mode shares

the same reservoir and therefore parametrized ;.

Although we have focused on the specific example of condensation in a double-well
potential, our theory can be applied to a range of many-condensate systems now being
considered g0, Masul12, Tosi12, Galb12] * opce they have been decomposed into the appro-
priate single particle orbitals. Each such orbital comprises a possible condensate mode
in our theory, with gain and loss characterized by a few phenomenological parameters.
In general the decoherence of the condensate depends on the structure of the single
particle orbitals, so our theory allows for the study and optimization of coherence prop-
erties of polariton condensates across the geometries now being developed, including

Masu12]

wires, photonic molecules, and photonic crystals! With respect to superfluidity

studies©®13] " the condensate in-plane reference frame does not have to be fixed to

that of the laboratory, i.e. the condensate Hamiltonian can have a term to accommo-

[Hive12, Bali07] *\ore speculatively, the model could provide a basis for

[Keel 08

date in-plane flow

I, beyond the mean-field level, and also for
e[CarulS].

studying spontaneous vortex lattices
treatments of polariton dynamics in the quantum correlated regim Pulsed ex-
periments could also be accommodated by providing a time evolution to the pumping
strength parameter, n. — n’(t), as long as the Hamiltonian, H,, can be assumed to

remain time independent.

One notable feature in experiments is the presence of a large repulsive interaction

Tosi12, Wout08c] - We have omitted this from our discussion,

with the reservoir excitons!
because it can be included on average as an effective potential, and hence a redefinition
of the orbitals. Fluctuations in the reservoir occupation can broaden the emission line,
i.e., lead to decoherence of the condensate, but this is negligible compared with the

intrinsic linewidth provided pump laser noise is eliminated-ve08!,

Macroscopic quantum objects are ideally suited for the study of entanglement 2105,
The multimode polariton condensate, treated beyond mean-field theory, could be used
as a model to study entanglement ™1 In the two mode problem that we studied in

this thesis, the modes are treated as local orthogonal and continuous observables#ha»13].
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Reservoir polaritons do not distinguish in which mode they end up and can be thought
of being in any of the modes to which they couple, with a probability given by the
coupling coefficient, c;;. This lends itself to the exploration of entanglement between

modes.

6.2 Extension of the Theory

An important theoretical extension of our work would be to allow the treatment of
non-particle conserving terms, both in the condensate Hamiltonian, H, and in the
decay term, L. The inclusion of nonresonant interaction terms between the modes,
in particular terms such as aiaiagag, become significant beyond the strong-trapping
regime. The non-resonant interaction terms lead to the equivalent Bogoliubov spectrum
for a homogeneous single-mode condensate, and hence are implicated in superfluidity,
while at the semiclassical level they cause nonlinear mixing and synchronization in

the multimode casel®ast08]

We suggest a generalization of our theory would allow
the impact of quantum and nonequilibrium fluctuations on such phenomena to be
explored, in complex geometries where many condensates coexist. Another example
is the spin. The modes will have, in addition to the spatial structure emphasized
here, a polarization structure, which could be incorporated as an additional degree of

Shel10, Read10] - This would also allow to include

freedom to the single-particle orbitals!
spin flip and polarization dependent mechanisms[G12#13, Magn10l - \With respect to density
oscillations, the non-resonant terms would allow to study the phenomenon beyond the

Rabi regime, i.e. in interaction dominated Josephson phenomenall-cg201, Abbald]

The Lindblad decay form we used also assumes a particle conserving form, because
we provided a reservoir for each mode (Sec.1.2.2). With a common decay reservoir for
all the modes, terms such as (albb'a;) would provide another mechanism for parti-
cle exchange between the modes. Interference effects due this mechanism have been

suggested in [Aleil2].

In Fock space, the Liouville evolution of non-particle conserving terms generates a
recursive dependence on all the elements within the density matrix. This contrasts with
having to solve for the diagonal elements in the case of steady-state population distri-
butions or the one off-diagonal terms for linewidth and Josephson coherence functions.
We suggest that these interactions could be included by generalizing the Fokker-Planck
approach to apply to the full density operator, rather than the distributions u or P,

i.e., by assuming ppn,, is smooth, so that Eq. (1.45) becomes a partial differential
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equation. Such an approach would be similar in spirit to those based on the classical

a [Wout 09]

limit Wigner representation for p, as discussed by Wouters and Savon among

others. The smoothness of p,,,, would have to be asserted.

Alternatively, the problem could also be approached without consideration of the
classical limit of quantum electrodynamics. The Fokker-Planck approach could be
generalized to the entire density matrix, as mentioned above. We draw a parallel with
the approach in Chapter 4 for the remaining steps. In our expansion in Chapter 4,
once the Kramer-Moyal expansion had been done, we performed a double-side Laplace
transform which interchanged linear terms with differential operators and turned the
second-order derivatives into quadratic terms. The equation became a first order dif-
ferential equation. This allowed for integrals to be done analytically and we were left
with doing the transform of the initial conditions, u,, and diagonalizing a coefficient
matrix, B, rather than evolving matrix elements. We suggest that a transform could be
performed on a linearized Kramer-Moyal expansion of the full density matrix in order
to reach both a steady state for the population distribution and calculate coherence

functions. The transform to be used might be related to the Mellin transform Frde54

F(s) = M{f(x); s}
(6.1)
/ f 5 ldl’

in relation to fractional calculus82b207 Dasll] 't deal with square root terms which arise

from having to deal with amplitudes, e.g. a|n) = y/n|n—1) since

M{nap("vmvpvq) : S} = P(Sn + Qy Smyy Sp, Sq)

~ P(s) + a0, P(s). (6:2)

We note also that while our expansion was at most linear when combined with dif-
ferential operators, there is no limitation with the order of the derivative when the
coefficient is a constant. We also note that while the dimensionality of the problem
would remain quite large, it will only be so in the intermediate steps if the initial con-
ditions are to be reached with this method also. The intermediate steps would largely
remain analytical; in the Fokker Planck approach, we evaluated our solution at K =0

and we were left with only one variable which is time.

Another approach, more numerically-driven, is the cumulant expansion technique
used in [Magn10] which may also lead to a way to deal with the non-resonant terms.

Since the population distribution is also non-diagonal with particle non-conserving
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terms, the moments use in the cumulant expansion may have to be obtained thought

adiabatic evolution or perturbative schemes in order to reach the steady state.
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Appendix A

Topics Related to Cavity Polariton

Condensation

A.1 Thermal BEC

We derive here the expressions whereof the emergence of thermal BEC can be seen, with
particular attention to the features of Bose statistics and dimentionality which give rise
to thermal BEC in 3D. The derivation follows that of Pitaevskii and StringariFt203]

and AnnettAnne04],

A.1.1 Derivation of Bose-Einstein Statistics

The key component of thermal Bose-Einstein condensation is the Bose distribution. We
derive it here, starting with the grand canonical partition function which highlights the

important fact that every state is summed over occupation numbers running to infinity,

Z =3 (eflrmaymo . N (eflumeym (A1)
no=0 n1=0

where ¢; is the single-particle state energy, u is the chemical potential of the parti-
cle ensemble and [ is Boltzmann constant times the temperature, kgT. The grand
canonical potential is then obtained, with the individual sums being taken and the

multiplication over each energy states now turning into a sum,

2 =—kpTZ =kpT» In(1l— W), (A.2)
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An implicit expression relating the chemical potential, u, to the total number of par-
ticles, IV, follows as
os? 1
R (A.3)

and we obtained the Bose-Einstein distribution. We note that in the factor

1

eﬂ(fo—ﬂ) —1 <A4)

the chemical potential, i, cannot take a value larger than ¢, since this would correspond
to having a negative number of particles in that state. As u — ¢,, the occupation of the

lowest level becomes very large. This is the mechanism of Bose-Einstein condensation.

A.1.2 The Emergence of BEC

Having obtained the key equation for Bose statistics (A.3), we now determine in which
circumstances it saturates and do not allow further particles within the distribution.
This is the criteria for the emergence of thermal BEC. We first label the single particle
state energy with its wavevector, ¢, — €, and we let sum over the states become an

integral, >, — # [ &k,

\% o A3k
V=i | sam (5)

or, working with the particle density, n = %,

1 ee A’k
n = (2ﬁ)3/ P e (A.6)

€o

We wish to perform this integral in terms of energy. In 3D, the energy degeneracy of
the momentum space provides the following relationship between increments in energy

and in wavevector,

de = 4nk*dk, (A.7)

where we used spherical coordinates and k is now a scalar. By using the dispersion

relation of our Bose particles, € = h; T’f, we can write
2me m
k= F, dk = 2h26d€, (A8)
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and rewrite terms in (A.6, A.7) as a function of the energy variable

41 2me m
g(€e)de = 5 5-de
(2m)3 h2 '\ 2h2e (A.9)

m3/2¢1/2

= o 6

where g(€) is the density of states. Our integral (A.6) becomes

n:/ooM (A.10)

eﬂ(e_ﬂ) — 1 )

The next few steps involve some algebraic manipulations. We let = = §(ex — ¢,) and

z = ePlh=<) "and rewrite (A.10) in dimensionless form

m3/2 1 0o xl/de
n=———-r
V2m2hs 53/2 /o
LTy L
V223 Jor 1 —ze®

L oerzl -1

(A.11)

The integral can be expanded into a series and further manipulated

/ I1/2Ldl‘ — / x1/2Z€_$(1 + Ze_x —|— 226_2w + )d:)ﬁ
0 0

+ 1 —ze®

+
00 00

:/ z!/? g e Prdy
o+ P

_ P > 1/2 —px

— p;z A+ X (& dl‘ (A12>
S p 1 = 1/2 —y

=Y P=m |y ey
1 P 0

:Zzpiﬁ
e~ p3/2 2

We can now write (A.11) as

mkpT\ >
0= (5r) o) (A13)

The function gs/s(z) = 37, p'g—’/’g is plotted between zero and one in Figure A.1. The

ratio test of convergence shows that the series converges when |z| < 1 and diverges if
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gS/Z(Z)A
2.612
0 1%

Figure A.1: Plot of the function gs/5(z) between zero and one. At z = 1, the function is finite but
its derivative is infinite (reproduced from [Anne04]).

|z| > 1. For z = 1, the series is just convergent,
= 1
g32(1) = = 2.612. (A.14)
p=1

Going back to the definition z = e®(#~<) we see from the partition function (A.1) that
p cannot take a value larger than €, (z > 1) since this would make it diverge (also
pointed out in the Bose factor, A.4). We are therefore limited to u < ¢, or z < 1.
When z reaches one (1 = ¢,) the Bose distribution saturates, no more particle can be

accommodated. For any density n there therefore is a critical temperature

kT, \ 2TR2 [ Mgy \2/3
n:(mB ) 2612 — Tc:”—(”t) (A.15)

2mh? kgm \2.612

below which the excess number of particle cannot be accommodated with Bose statis-
tics. All exceeding particles, N, = N — Vng,, end up in the ground state, forming
a massive coherent state — the Bose Einstein condensate. At zero temperature, the

trivial solution of having all particles in the ground state, n,; = 0, is obtained.

A.2 Semi-infinite Bragg Mirrors

To illustrate the physics of Bragg mirrors, which allow to confine the photonic compo-
nents of polaritons, we derive the reflectivity and stop band characteristics of a semi-
infinite Bragg mirror [FelP98, Bast 10, Kavo07] " Thig derivation is the Bragg mirror equivalent
to the use of Snell’s law in a simple dielectric interface!’2%! from which the total in-

ternal reflection angle can be determined.

One period of the Bragg mirror is composed of two layers with thickness d=d;+ds,
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A.2. SEMI-INFINITE BRAGG MIRRORS

and refractive indices ni,ny € Ryq.

We denote k, = w/c the wavevector incident at angle # from the normal, and
k19 = ny 2k,, the wavevectors inside the two layers of a Bragg mirror period. Maxwell’s
equations (V x H = D for a transverse-magnetic (TM) wave or V x E = —B for a
transverse-electric (TE) wave) oblige the wavevector component parallel to the surface,

kosin(0) = ko = k1,2 = kj, to remain conserved throughout. We therefore have, along

the z-axis,
Bo = (kI — kf)*? (A.16)
B = (nik) — ki)' (A.17)
By = (n3k2 — ki)'/?. (A.18)
We define the fields
E =eB(z)e™7le ™ for TE, B =eé&B(z)e®Imle ™" for TM (A.19)

And we solve for U( ) = E(z), B(z), inside the mirror with the wave equation, V?E =
E, V2B = "2°B, (V2 =02+ Vﬁ),

2

d
0<z<nd: 5U(:) + (;n(z) + K )U(2) =0 (A.20)
and at the boundary conditions,

2<0 1 U(2) = ePo? 4 pemhoz,

2> Nd:U(z) = te=. (A.21)

Eq. (A.20) can be solved piecewise with the transfer matrices for which we introduce

o(z) = ( e ) - (A.22)

the vector

We rewrite the problem as

T"¢(0) = ¢(zna) (A.23)

where T' = TyT] is the transfer matrix accross one period of the Bragg mirror. The

transfer matrices for each layer are

cos(B;d;) ——sm(ﬁz i)
. , A4
( Bigin(Byd;)  cos(Bidy) ) ( )
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A.2. SEMI-INFINITE BRAGG MIRRORS

Substituting (A.21, A.22) into (A.23), we get

)i e

We recognize that detT; is unity and so is detT = detTidetT,. The characteristic

equation for T therefore is
N -TrTA+detT =X —TrTA+1=0, (A.26)

for which the roots multiply to one,

4 2 4

and take the following form,

UTrT| < 1: Ao = e are imaginary.

UTrT| > 1: X\ = A;! are real; we pick [\| < 1. (A.28)

The eigenvalues follow from the boundary conditions to be satisfied and the wave
nature of the phenomena but not the detailed nature of the waves (F vs B field, TE
vs TM). They are kinematic (only depends on the wave nature of the field) as opposed
to dynamic properties (depends on the specifics of EM waves), [Jack98]. With A;
imaginary, the incident wave can be placed in the eigenbasis of T', U(0) = ae; + bey,

and will take an additional phase at each layer
U(ld) = ae®e; + be "ey; (A.29)

the wave will propagate through the structure. With \;, real, the solution can only

be proportional to the eigenvector associated with Aq,
a
$(0) x e = ( . ) : (A.30)
1

since any component in e; would grow indefinitely by A, in each layer (e take the

form above when A o are real). The transmission as N — oo is therefore ¢t = 0 and

( &tj_rr) ) . ( Z) ) (A.31)
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from which we obtain

1+7r a Boa — tkyb
_a _ Dot = thb A.32
E(l—p) b =TT B atikh (A-32)

and therefore |r| = 1. An evanescent wave decays as
M=e " o y=—d/log |\, (A.33)

inside the structure.

The criteria (A.28) when related to (A.24) provides us with where the stop bands
are in the Bragg mirror. Reflectivity outside the stop band cannot be calculated in a

semi-infinite mirror since the lhs. of (A.25) is undetermined.

A.3 Quality Factor

The notion of quality factor is crucial to the trapping of light and strong coupling.

Here we derive the expression for it, starting from its definition

w
=2 A.34
where dw is the full-width at half maximum of a resonance with energy w,. We begin

with the expression for a driven oscillator that is homogeneously damped
i+ 3+ wir = Ae™ (A.35)

The frequency response, f(w) = |z(t)|?/A?, for it is

f(w) = ! (A.36)

(w2 w2)2 + WQ’}/Q,

o_

2

which has a maximum at resonance f(w,) = 1/9?w?. We are looking for w at half-

maximum,
1 1
_ ow\ __ _
flou=w, %)= 7l (W =R A (A.37)
which can be manipulated into,
(2w — ) = (Wi =W’ or (Wi %)y = (W — (wo £ %)) (A.38)
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This leads to the approximation

)
wiy? = ($2w07w)2 — oy =0w (A.39)

since v, w, > %“’. We therefore reach

Q=—. (A.40)
In microcavities, photonic (homogeneous) decay dominates over excitonic (inhomoge-

neous) decay 8198 and this description is therefore a useful one to understand the

physics of microcavity polaritons.
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Appendix B

Code for Numerical Solution
of g\V(r)

Certain subtleties in obtaining the numerical solution for u,, are easily pointed out by
presenting core code elements. We ran the code using Matlab for up to a week on a

Linux desktop. Matlab allows to represent w,, (4.25) directly in matrix from,
Unp = [Atly—1p+ Bunp—1+Cnp+ Dy |+ [ Bt p1p+ Fn11p+Gunp+ Hgy |+ Ty, (B.1)

and to use elementwise (A.*u) multiplication. We define matrices, formed by outer
products of vectors, which increment in the direction of the quantity they describe,

n_mat = (0:n_max)’«xones(1,p-max-ind);

p-mat = ones(n_max-ind ,1)=*(0:p_max);

We initialize u,,(t) according to (4.26),

u = n_mat.*xP_norm;

u_dot = zeros(n_max_.ind, p-max_ind);

The coefficients are then generated ( ./ is elementwise division), paying close atten-
tion to the factors £0.5, £1 in order to obtain the right dynamics,

Al = gm#n_cl * alphall#*n_mat ./ ( alphallx(n_.mat —0.5) + alphal2x(p.mat +1) +n_s2);
A2 = gm#n_c2 * alpha2ls*n_mat ./ ( alpha2lx(n_mat —0.5) + alpha22«(p_mat +1) +n_s2);
A = Al+A2;

Bl = gm*n_cl * alphal2xp_mat ./ ( alphalls(n.mat +0.5) + alphal2%p_mat 4+n_sl);

B2 = gmx*n_c2 * alpha22xp_mat ./ ( alpha2l%(n.mat +0.5) 4+ alpha22%p_mat 4+n_s2);

B = B14B2;

Cl = gm*n_cl * alphallx(n_-mat +40.5)
C2 = gmxn_c2 * alpha2lx(n_-mat +0.5)
C = C14C2;

D1 = gmsn_cl % alphal2x(p-mat +1) ./
D2 = gm#*n_c2 % alpha22x(p-mat +1) ./

( alphalls(n-mat +0.5) + alphal2x(p-mat +1) +n_sl);

-/
./ ( alpha2l*(n-mat 40.5) + alpha22x(p-mat +1) +n_-s2);

( alphall*(n-mat +0.5) 4+ alphal2%(p-mat +1) 4+n_sl);
( alpha2lx*(n_mat +0.5) + alpha22x(p-mat +1) +n_s2);
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= DI1+D2;

gm * n_mat;

gm * (p-mat +1);

gm * (n_mat —0.5);

= gm * p_mat;

= ix(kappax*(2*n_mat —1) + etaxp_mat);
CDGHI = —C-D-G-H+1;

— O Q™ mJg
Il

The time consuming part of the code is to evolve u,, according to the Euler method,
with very small time steps, 0.0001y. It is the weighted difference between values of
neighboring matrix elements which induces the evolution of wu,,,,. Making the time
step larger will not allow for the changes to “propagate” through the matrix correctly
and it will start to evolve garbage values. Another point is to treat the natural and
artificial boundary conditions properly. We eliminate certain terms at the natural
boundary conditions, n,p = 0, and we clamp ,, to zero at the artificial boundary
conditions (n_-max_ind, p-max_ind),

step_size = 0.0001x%gm;
while gl >= 0.08 && t <= 6000001
% n,p=0, discard A,B,G and H to maintain dynamic balance.
u_dot(1,1) =
— C(1,1)*u(1,1) — D(1,1)*u(1,1) + E(1,1)*u(2,1) + F(1,1)*u(1,2) + I(1,1)*u(1,1);
% n=0, discard A and G to maintain dynamic balance.
u_dot (1,2:p_max_ind—1) =
B(1,2:p-max_ind —1).%u(1,1:p_max_ind—2) — C(1,2:p_max.ind —1).%xu(1,2:p_-max_ind —1)
— D(1,2:p-max_-ind —1).%u(1,2:p-max-ind—1) + E(1,2:p-max_-ind —1).%u(2,2:p-max-ind —1)
+ F(1,2:p-max_ind —1).%u(1,3:p-max_ind) — H(1,2:p_-max-ind —1).%xu(1,2:p_-max_ind—1)
+ I(1,2:p-max_-ind—1).%u(1,2:p-max_ind —1);
% p=0, discard B and H to maintain dynamic balance.
u_dot (2:n_max_ind —1,1) =
A(2:n_max_ind —1,1).%xu(l:n_max_ind —=2,1) — C(2:n_max_ind —1,1).%xu(2:n_max_ind —1,1)
— D(2:n_max.ind —1,1).*u(2:n_max_ind —1,1) + E(2:n_max-ind —1,1).xu(3:n_max_ind ,1)
+ F(2:n_max.ind —1,1).*u(2:n_max_ind —1,2) — G(2:n_max.ind —1,1).*u(2:n_max_ind —1,1)
+ I(2:n-max.ind —1,1).*xu(2:n_max_ind —1,1);
% n,p>0, center elements
u_dot (2:n_max_ind —1,2:p_max_ind —1) =
A(2:n_max_ind —1,2:p_max_.ind —1).*u(1l:n_max_ind —2,2: p_max_ind —1)
+ B(2:n_max_ind —1,2:p_max_ind —1).x

1

u(2:n_max_ind —1,1:p_max_ind —2)
+ E(2:n_max_ind —1,2:p_max_ind —1).xu

u

3:n_max_ind ,2:p_max_ind—1)
+ F(2:n_max_ind —1,2:p_max_ind —1).x
+ CDGHI(2:n_max_ind —1,2:p_max_ind —1

% outer edges, clamp to zero

2:n_max_ind —1,3:p_max_ind )

—~ o~~~

#u(2:n_max_ind —1,2:p_max_ind —1);

u_dot (n-max-ind ,1: p-max_-ind —1) = 0;

u_dot (1:n-max_-ind —1,p_-max-ind) = 0;

u_dot (n-max-ind , p-max_ind) = 0;

if mod(t—1,1000) = 0 %record gl every 1000 increments (0.1lxgm)

gl_(index1l) = abs(sum(sum(u))/pop-n);
index1l = indexl +1;
end
u=1u+ step_sizexu_dot;
t =t +1;
end
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Appendix C

First Order Coherence
Approximations — One and Two

Modes Analytical Specifics

C.1 Fokker-Planck Approach — Two Modes

Although we derived the Fokker-Planck approach in the general case, the full solution
has only been implemented in two modes. Here we present the two-mode formalism as

well as the linearized coefficients A to E, appearing in (4.45—4.49).

The two-mode equation (cf. 4.25) we wish to solve is

. c Qi NUp—1p QioPUp—1p
Un,p = n; +
” ’YZ.;Q [%‘1(”— 3)toapp+1)+n  aa(n+3)+ app+nd

a(n+3) + aa(p+1)
- 1 su”p}
air(n+ 3) + ap(p+ 1) +n;

+ 7[nun+1p +(p+ 1)unp+1 - ((n - %) +p)unp} +i(k(2n — 1) + np)unp-
(C.1)

We use the initial conditions (cf. 3.29, 4.26),

BatBi  pobr n n
uo(n’p) _ neXp _ (n p) ) & ﬁ A p + (ﬂc’nfc’l’ls TLcn*CTLs> . p (C2)

Ne 2n¢
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with By = a1, e and fB1 = aqg, ;.

Placing (C.2) in the form 1, (4.32) provides the following prefactor functions,

B Bo(n + 1) Bi(n+1)
gn(n,p) = 7TLC(@,(n T+ B+ 4 ns  Bint 1)+ Bolp+ 1)+ n) (©3)
_ Bilp+1) Bolp+1)
9(n) = V”c<5o<n D ARp )t Bt ) A+ D)+ n> e
ra(n,p) = y(n — 1) (C.5)
rp(n,p) =7p (C.6)
o zn /30 61 _ 1
hnp) =35 C(ﬁo(n+ D4 Alp D +n,  Biln+ 1)+ Bop+1) +ns> 2 (7
s(n,p) = i(k(2n — 1) + np), (C.8)

The Taylor expansion of the prefactors (cf. 4.45—4.49) around the mean of the initial

conditions,

T ©9

gives the following coefficients (cf. 4.45-4.49),

A=—iV(h+5)|npn (C.10)

B (V(“ - 9")) (C.11)
V(ry = gp) —_—

¢ :h‘m,m (C.12)

. 1 1

D :Z<7“n —9nt+ §8n(rn +9n)sTp — Gp + 58]3(7“1, + 9p)) |nl,pl (C.13)

po_L(mmto 0 (C.14)
2 0 rp+ Gp vt

As mentioned in Chapter 4, the coefficients (C.10—C.14) can be obtained analyti-
cally but the eigenbasis of B used in ¢"(7), (4.76) as well as the initial condition, g,,
(4.79, 4.74) used with (C.2, C.9), which appear in the result require the last steps to

be numerical.
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C.2 Fokker-Planck Approach — One Mode

We compare the solution developed in this thesis, in one mode, with the one developed
by Whittaker and Eastham[W"t%] — The approach in this thesis gives the following

characteristic equation in one mode (cf. 4.42)

2yn.(i — (2ns — 1)k) \ dg
N D °
g+(“+7+ (1+2n, +2m)2 | dk
1 1 1
vy —§+l(nl—§)k‘—§(nl—1)k2
Ne (an_l)k 2
e (1-2 )k 4+ e = DE2) | g.
+1+2nl+2n5< (At Db+ oo -+ ut 1) )]g

(C.15)

We note that the interaction (k), originating from the s term (4.33, 4.45, C.15, C.10),

appears only in the characteristics.

Once the one-mode version of (C.1) is linearized around n; = n + %, 7 = n, — ny,

the Kubo form of [Whit09] arises from the characteristic equation,

) c—ns \d —1
vy n nk>_g_

L dk _W[Q(nc—ns)

m n - (nc - ns)k2 g, (ClG)

g+(2/@+

This simpler from is obtained by manipulating and dropping terms that are small when
ns = [1000,4000], 7 = 200. It is solved, along with the shifted (Gaussian) steady state

population which, once expressed with the characteristics k, for k(7) = 0, reads,

) 2 1 =977 —259T
go:exp[—2n0<m+ ZZ) ¢ §2+6 ], (C.17)
where ¥ = yn/n,. This gives the formWhit],
' 2 7 +97 —1 —NT
W) = _4 ( vy > e tagr—-1 (L) 1
g-(7) exp[ ne(Ft oo - exp(—— ) (C.18)
(1) —dnek? 5. Ne o _sr
g™ (1) = exp[ 52 (e + AT — 1)}exp [W(e — AT — 1)] (C.19)

In C.19, the exponential which contains the interactions x corresponds to the form

derived by Kubo for the spectrum of a transition whose frequency is fluctuating (Sec.
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1.2.4) [Kubob4, HammO05]. The steps to reach this expression combine elegant manipu-
lations which we have not been able to generalize in the multimode theory. Furthermore
the cutoff needs to be included, even far above threshold, in the multimode case (Sec.
4.3).

C.3 Static Limit — Analytic Solutions

Here we show how an analytic expressions for the static limit in the ridge case can be

obtained.

In a continuous occupation and for two modes Eq. (4.86) reads,

1 .
ggl)(']—) = m // np(np)ez(n(2n+1)+77p)7'dn dp, (020)

while the fully formed expression (4.87) is

ggl)(T):// P(np)ei(Q””+’7p)Tdndp, (C.21)
0 Jo

with (3.29), (3.34) in two modes,

1 Bo+BE  BiBo n n
_ 2nc Ne Ne—Ns Ne—Ns
P(n,P) - Zexp - (n p) : 818 B2+p2 | - D + (T n—c) » . (0.22)
Ne 2n¢

Independent Case

In the independent case, 3,1 = 1,0, the integral gives,

0r) =L BT e e
[1+erf(nc—ns+2incm')] [1+erf(nc—ns+incn7)] (C.23)
2nc an

which factorizes with respect to k, 7, as expected.
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Ridge Case

In the ridge case, 8,1 = 0.5, also has an analytic solution. It is obtained by performing,

the following transformation

u =

(n—p) (C.24)

-5l
[\

v = ﬁ(n +p) (C.25)

1 1
2kn+np = —=2k —n)u+ —=(2k +n)v

V2 V2

// dndp%/dv/du
0Jo 0 v

= (C.26)
So that

1 ™
(1) ——._ V7
9:°(7) Z (26— )T 8

1+erf(

Q]

(ne—ns+2incrr)?
ne

Ne — Ng + 2iNeKT ) (ne—ns+inent)? ( e — Ng + 1NeNT
= 1 erf(Memte T ) |
FIRT)) orf(le e LT,

(C.27)

The factor 1/i(..)7 is reminiscent of the denominator in a Sinc function and occurs

due to the cutoff. The normalization, Z, is given by the ggl)(O). The error functions

can be neglected far above threshold.

For the intermediate cases, the integrals (C.21) have to be performed numerically.
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