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An effectively two-dimensional photon gas trapped in a dye-filled microcavity can un-
dergo thermalization and equilibrium-like Bose-Einstein condensation. However, given
the inherently driven-dissipative nature of this system, it can exhibit a complex interplay
between the thermalizing influence of the environment given by the dye solution and the
pump and loss processes driving the system out of equilibrium. We first consider a ho-
mogeneously pumped photon gas and investigate how its steady state is affected when
varying the pump power, the cavity lifetime and the cutoff frequency. Depending on the
parameter regime, the selection of modes that acquire large occupation can be related ei-
ther to lasing of (typically multiple) modes or to a quasiequilibrium condensation in the
ground state. We calculate and explain the phase diagram of the system, with a particular
emphasis on the role played by mode competition that occurs in the regime of weak cavity
loss. We then consider the case where the system is driven asymmetrically (by a relatively
narrow off-centered pump beam) and find that it features a robust and controllable mech-
anism for two-mode emission. Namely, after the system starts lasing in the dominantly
pumped excited mode, in a second transition a photon condensate is formed in the ground
mode, when the pump power is increased further. This effect is a consequence of the redis-
tribution of excited dye molecules via the lasing mode in combination with thermalization.
We demonstrate how this effect can be controlled further by tailoring the effective trans-
verse potential for the photons. This allows for the threshold pump power to be tuned
by orders of magnitude. For this scenario we formulate a simplified, analytically solvable
model which gives a very good agreement, both qualitative and quantitative, with the full

original model.
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Chapter 1

Introduction

Following the first experimental realization of Bose-Einstein condensation (BEC) in very
dilute atomic gases [1, 2], BEC of quasiparticles, like exciton-polaritons has also been ob-
served [3-8], which lead to the question of whether photons themselves can undergo a

similar quasiequilibrium transition.

Photons harmonically trapped in a dye-filled microcavity with appropriate characteristics
can be described as a 2-dimensional gas of bosons with a nonzero effective mass. This
system can be used as a platform for studying the interplay between driving and loss on
the one hand and thermalization (via the rovibrational relaxation of the dye molecules
interacting with the environment given by the solvent) on the other. While the former
process describes lasing [9], about a decade ago the regime where thermalization is the
dominant process, has been realized and equilibrium-like Bose condensation of photons

was observed in various systems [10-17].

Unlike the Bose-Einstein condensate of an atomic gas, which was realized at a very low
critical temperature and in a microcanonical setup, a quasiequilibrium photon condensate,
forms at room temperature (above a critical photon number) and under grand-canonical
conditions. This inherently grand-canonical statistics of photon BECs [18] has been stud-
ied, as well as its spatial [19] and temporal features [20-23]. A considerable amount of
work has also been done to clarify the delimitation of photon BECs from lasers [24-28].
Other research in this area includes the investigation of thermo-optic interaction effects
[29] and the use of thermo-optic imprinting to create variable potentials for coupled pho-

ton condensates [30].

Given the inherently driven-dissipative nature of these systems, a complex interplay be-
tween the pump and loss processes driving the system out of equilibrium and the ther-
malizing influence of the environment (dye solution), emerges when tuning the various
control parameters. This non-equilibrium nature of these systems makes them an excel-

lent experimental platform for studying ordering under non-equilibrium conditions. The
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case of a symmetrically pumped system and its steady-state featuring multi-mode conden-
sates has been studied experimentally [16], as well as theoretically [31]. It was found that
excited cavity modes start to emit coherently together with the ground mode, when the
pump power and the photon loss are increased relative to the thermalizing coupling to the
dye. A complex network of different phases in parameter space is predicted, each of which

is characterized by different combinations of macroscopically populated modes [31].

Part of this thesis is also concerned with the case of a symmetrically (homogeneously)
pumped system, in which multi-mode condensates occur. We show how the limit of quasi-
equilibrium photon BEC is approached via mode competition when the photon cavity life-
time is increased. Moreover, we also discuss the role played by the cutoff frequency, i.e.

the ground-mode energy, in the formation of multi-mode condensates [32].

We then turn our attention to a nonequilibrium scenario, where the system is driven by
an off-centered pump beam. This scenario is shown to feature a robust mechanism for
controlled two-mode emission [33]. We find that the system undergoes two pump-power
driven nonequilibrium phase transitions. First, the system starts to lase in an excited mode,
which is directly determined by the position of the pump spot. When the pump power is
increased further, the spatial redistribution of pump power mediated by this lasing mode
then triggers a second transition, where thermalization leads to the additional formation

of a macroscopically occupied ground mode.

We then exploit this effect for engineering controlled and robust two-mode emission by
tailoring the transverse potential landscape for the photons. Specifically, we choose an
asymmetric double-well potential and show that when pumping its upper minimum, the
second transition threshold can be shifted by orders of magnitude by tuning the system
close to or further away from interwell resonances. We also formulate a simplified, analyt-
ically solvable model, which reproduces the qualitative features of the numerical results

and also agrees with them quantitatively to a high degree.

This thesis is organized as follows. In chapter 2, we present a review of several topics
which are very relevant for the discussion following in the main part of this manuscript.
In chapter 3 we introduce the model system, described in terms of a Lindblad master equa-
tion, from which the rate equations for the photon mode populations n;, and the spatially
dependent fraction f(7) of excited dye molecules are derived. We then discuss the con-
dition for mode selection, i.e. a mode acquiring macroscopic occupation, before ending
this chapter by explaining how this condition is connected to the locking of the chemical

potential as a BEC condition in the equilibrium limit.

In chapter 4 we discuss the numerical results for the case of a homogeneously pumped
photon gas. First we list all the parameter values corresponding to the relevant experi-

ments and used in the numerical simulations. Then we present a general condition for
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the threshold pump rate for a mode selection, which reduces to very simple expression
in the case of first selection. In the next section, we investigate the dependence of mode
selection on the so-called thermalization parameter, which is effectively a dimensionless
photon cavity lifetime. Here we observe and discuss the effects of mode competition and
deselection (loss of macroscopic occupation) [31], before presenting a phase diagram in a
parameter plane spanned by the pump rate and the thermalization parameter. We explain
the various phase boundaries and how the approach towards a quasi-equilibrium ground-
mode condensate manifests in the phase diagram. Moreover, we point out discrepancies
with respect to the previously computed phase diagram of Ref. [31]. In the final section of

this chapter we study how the mode selection is affected when tuning the cutoff-frequency.

The case of asymmetrically pumped system is investigated in chapter 5. Here we ob-
serve the effect of lasing-assisted ground-mode condensation. This two-mode emission is
explored further in chapter 6, where the harmonic trap is replaced with an asymmetric
double-well potential. We find that interwell resonances can be used to tune the threshold

for the ground-mode condensation over a wide range of pump power.

In chapter 7 we present a simplified model for the case discussed in the previous chapter
and which is solved analytically. It reproduces the qualitative features of the numerically
obtained solutions of the original model, and the quantitative agreement between the two
models is also very good. The full analytic solution of the toy model is given in appendix
A.






Chapter 2

Review

The purpose of this chapter is to present a condensed recapitulation of several topics which
are important for the discussion following in the main part of this manuscript. We start
with a brief description of lasing and continue to review the phenomenon of Bose-Einstein
condensation in the next section. Finally, some key properties of the equilibrium-like pho-

ton condensate, first observed in Ref. [11], are discussed and derived.

2.1 Lasing

In contrast to other light sources, laser light is characterized by a high degree of both
spatial and temporal coherence. Lasers can be categorized by the type of active (“gain”)
medium. This is a material which is brought into an excited state and used to amplify light
through a process of stimulated emission, in which the output photons have the same di-
rection, wavelength and polarization as the stimulating ones. The main components of a
laser system are shown in Figure 2.1. Typically, the gain medium is placed in an optical
resonator with mirrors on each side. One of the them is partially transparent allowing
some of the light to escape (and form the laser beam). The emitted light is reflected inside
the resonator so that it can pass through the gain medium repeatedly and get amplified via
stimulated emission. Although the active medium amplifies any photons passing through
it, irrespective of their direction, only photons in a spatial mode supported by the res-
onator will pass through it more than once and obtain significant amplification. The gain
medium must also be “pumped” (supplied with energy by an external source) in order for
its constituent particles to be predominantly in an excited state (population inversion). The
rate of stimulated emission then exceeds the absorption rate. Usually, an electric current
(semiconductor lasers) or light at a different wavelength (solid-state lasers) is used as the
energy source. In a continuously pumped laser the processes leading to light amplifica-
tion are balanced by the loss mechanisms (e.g., through mirror transmission) and a steady

state (fixed point) can be achieved, where lasing appears above some minimal value of the
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Pump

’{; peam
(cm—

High reflector Partial reflector

FIGURE 2.1: Basic components of a laser

pump power, called the lasing threshold [9]. Below this value of the pump power, the las-
ing mode (i.e., the cavity mode undergoing the lasing transition) is negligibly populated,

as are all the other modes. Above it, there is a macroscopic occupation in the lasing mode.

One of the simplest phenomenological models of laser dynamics is given by the following
system of coupled nonlinear differential equations for the number of excited atoms (or

molecules) N of the gain medium and the number of photons n in the lasing mode [34]

n=gnN — kn

. (2.1)
N=P—-IN —gnN

Here, g is the gain coefficient of stimulated emission (relative to absorption), « is photon
loss rate (e.g., through mirror transmission) and P is the pump rate. The gain term gn N
is proportional to n due to stimulated emission of the lasing mode, while the spontaneous
emission into this mode is neglected. The decay rate of spontaneous emission into other

(non-lasing) modes is given by I'.

Solving for the steady state leads to two qualitatively different regimes. Below the lasing
threshold given by
Py, =L/ g, (2.2)

the number of laser photons remains zero in the approximation where spontaneous emis-
sion is neglected, while the number of excited atoms increases linearly with the pump rate
N = P/TI'. Above the lasing threshold N remains fixed at value N;;, = k/g, because any
“surplus” of excited atoms is converted into laser photons (so-called clamping of the gain).

That is, P;, marks the onset of lasing and the number of laser photons is given by

T
n=———, P>Py. (23)
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Laser photons gn/T
Excited atoms g N/k

0 1 2
P/Py,

FIGURE 2.2: Number of laser photons n (solid blue line) and number of excited
atoms NNV (dashed orange line) vs pump rate P.

In figure 2.2 the number of laser photons 7 (solid blue line) and the number of excited

atoms IV (dashed orange line) are shown as a function of pump rate P.

2.2 Bose-Einstein condensation of ideal bosonic gas

A system of non-interacting bosons will be distributed into the energy eigenstates accord-
ing to the Bose-Einstein distribution. That is, the average number of bosons occupying a

state ¢ is given by
1

eBlei—pn) — 1’ (24)

n; =

where [ is the inverse temperature 1/kpT, 1 is the chemical potential and ¢; the energy
of state ¢. Given that n; > 0 Vi, it follows that the chemical potential must be ;1 < ¢
and in particular, 4 — &¢ (the so-called locking of the chemical potential) corresponds
to a divergent occupation in the ground mode. For simplicity, we can choose the lowest

energy to be zero, ¢g = 0.

The total number N of bosons is

N = Zn = /0 b g(e)n(e)de, (2.5)
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where g(¢) is the density of states. This approximation, where the entire sum over states
is replaced with an integral, implies an infinitesimally small contribution of each value ¢
to the total particle number, including € = 0, corresponding to the ground state. This is
no longer valid at low temperatures, at which bosons start to increasingly accumulate in
the ground state. Therefore, this contribution of the lowest state must be separated from

the integral and we get [35]

z © g(e)de
N = N = — —_ 2.6
mot 1—z+/0 efe/z -1’ (26)
where ng = z/(1 — z) is the number of bosons in the ground state and the so-called

fugacity z = eP* is introduced for convenience.

If we insert the density of states for massive free particles in 3-dimensional (3D) space ',

g(e) ~ /e, expand the integrand and integrate term by term, we finally get

C R, (2.7)

N =
1—2 X3

where A = h/v/2mrmkpT is the thermal de Broglie wavelength of particles with mass m

at temperature 7" and a function of fugacity

o0 m

F(z)=)Y # (2.8)

m=1

has been introduced. When z — 1, the number of particles outside the ground mode N’

is at most
v

A3

F(1) = %§(3/2) ~ 2612 (2.9)

!/
N = 5

where ( is the Riemann zeta function. We now define a temperature 7, such that

N = 2.612%, (2.10)

where ). is the thermal de Broglie wavelength at temperature 7.. Then the number of
particles in the ground mode is

TN\ 3/2
ngo=N—-N ~N [1— <> (2.11)

1.

Therefore, if T is even slightly below the critical temperature 7¢, a significant fraction of

the total number of bosons will be in the lowest state, whereas for temperatures above T,

"The density of states is obtained via the usual “particle in a box” treatment for free particles.
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—— 2D harmonic trap
3D box

Condensate fraction ng/N

Temperature T'/T,

F1GURE 2.3: Condensate fraction as a function of temperature for a 2D har-
monic (solid blue line) and a 3D box potential (dashed orange line).

no/N will be negligibly small [see Fig. 2.3 showing the condensate fraction ny/N (dashed
orange curve) as a function of 7']. This phase transition to a macroscopically occupied
bosonic ground state is called Bose-Einstein condensation (BEC). Here we have considered
the density of particles N/V to be some fixed number from which the critical temperature
can be calculated via equation (2.10). Alternatively, for a given temperature (e.g., room

temperature), a critical particle density is obtained from the same equation.

For the case of massive bosons trapped in a 2-dimensional (2D) harmonic potential, which
is considered in the following sections on photon BEC, we now proceed analogously to
obtain an estimate of a critical temperature (or equivalently, a critical particle number).

The energy spectrum of an isotropic 2D harmonic potential is

en = hQ(n+1), (2.12)
where () is the harmonic oscillator frequency. The degeneracy of the n-th energy level is
n + 1 and the gap between the equidistant levels is /2. Thus, the density of states is

n—l—l_ €

gle) =2 s 72(hQ)2’ (2.13)

where a factor of 2 is included to account for the polarization of light (photon helicity).

Again, we separate the total number of particles into two contributions, ng and N’ for the

ground state and all the excited states, respectively

*° g(e)de 2 /°° xdx
N = g 2.14
””/o =1 T GRR fy e -1 219
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where a substitution z = f¢ is made in the last equality. Expanding the integrand and

integrating term by term gives N’ as the following series (function of z)

) kT \? <= 2™
N(z)zQ(%) Z% (2.15)

m=1

A critical particle number /N, is now obtained when taking the limit 2 — 1. We get

o o (kBTN @ (kpT\’
Nc—N(l)—2<hQ> C(Q)—3<m) ; (2.16)

while the condensate fraction ng /N has the following temperature dependence [36]

2
ng T
—=1— = 2.17
N (Tc) ’ (217)

which is shown in Fig. 2.3 (solid blue curve).

2.3 Properties of equilibrium-like photon condensate

It took seven decades after the theoretical prediction of Bose-Einstein condensation [37]
for the first experimental realization of this phenomenon. It was achieved with a very
dilute atomic gas cooled down below a critical temperature 7" ~ 170 nK and under micro-
canonical conditions [1]. In contrast, a quasiequilibrium photon condensate, which was
realized 15 years later [11], emerges at room temperature (above a critical photon num-
ber) and under grand-canonical conditions. Some important properties of this system are

discussed in the remainder of this chapter.

2.3.1 Chemical potential of light and Kennard-Stepanov law

It is well known that the chemical potential of black-body radiation is zero [35]. Given that
the number of photons in a black cavity changes as a result of absorption and emission
events on the cavity walls, there is no constraint that the photon number needs to be
conserved and the corresponding Lagrange multiplier, the chemical potential, must be set
to zero. However, this vanishing chemical potential is not an inherent property of a photon
gas, but a consequence of the fact that matter (walls of the black cavity) is not explicitly
included in the description of an equilibrium state of a photon gas inside the cavity. Strictly

speaking, since photons do not interact with each other, they cannot achieve equilibrium
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by themselves [38].

Let us now consider a situation where photons are in a highly reflective cavity filled with
some medium consisting of atoms or molecules, which can absorb and emit the photons.
A dynamical equilibrium between the photons (7), excited (M3) and ground-state atoms

or molecules (M), can be represented by the following “chemical” equation

M|+ = My (2.18)

At constant temperature and volume (pressure), the equilibrium state corresponds to a

minimum in the Helmholtz (Gibbs) free energy X, implying that

0X
Z pidN; = _ = N —_dN; =0, (2.19)

because the changes in temperature and volume (pressure), dT" and dV (dp), are zero. Here,
dN; is the change in particle number of species ¢ = {, |, 1} and y; is the corresponding
chemical potential. From Eq. (2.18) it follows that dN, = dN| = —dN4, which inserted
into Eq. (2.19) gives the following condition

This replaces the requirement that p, = 0 for the case of black-body radiation (or the
requirement dN = 0 for a system with a single particle type and its number conserved).
Therefore, the photon chemical potential is no longer necessarily zero in this scenario and

it will depend of the energy gap between the excited and ground-state atoms (molecules).

Such a scenario was used to achieve a quasiequilibrium Bose-Einstein condensation of pho-
tons [11]. It involved a highly reflective microcavity filled with a dye solution and photons
which interact with the dye molecules [photochemical reaction (2.18)]. The molecule in
the ground-state becomes excited by absorbing a photon of frequency w, as shown in the
lower panel of Fig 2.4. The frequency of the bare electronic transition (zero-phonon line)
is denoted by w.,;,;. The two electronic states of the dye molecule have an additional struc-
ture, labeled S| and S}, corresponding to rovibrational states of the lower (e; € S|) and
upper manifold (e € S}). There are multiple pairs (4, f), which correspond to any given

transition frequency w, i.e., those that satisfy the relation

ef —e; = hw — hw,p. (2.21)

*The energy of optical photons is well above thermal energy at room temperature, which makes the con-
version of ground-state molecules into excited ones by thermal fluctuations negligible.
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FIGURE 2.4: Upper panel: absorption and fluorescence spectra of a dye solu-
tion. Lower panel: photochemical reaction between the photons, the ground-
state and the excited-state molecules. The molecule in the ground-state be-
comes excited by absorbing a photon of frequency w. The two electronic
states of the dye molecule have an additional structure, labeled S| and Sy,
corresponding to rovibrational states. The frequency of the bare electronic
transition (zero-phonon line) is denoted by w.,;;.
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The dye solution is characterized by broad absorption and fluorescence spectra (see upper

panel of Fig 2.4) and satisfies the Kennard-Stepanov law [10, 39, 40]

Byw) _wy o= B(w—wapt). (2.22)
By(w)  wy

where By(w) and B (w) are the Einstein coefficients of absorption and stimulated emis-
sion, respectively, while w| and w; are the statistical weights corresponding to the rovi-
bronic sublevels of the ground (}) and excited state (1)

wy = Z e P wy = Z e her, (2.23)

iES‘L iEST

Due to frequent collisions between the dye and the solvent molecules, these rovibronic
states of the dye molecules (S} and S| manifolds in Fig. 2.4) are thermally populated. That
is, the corresponding probabilities are given by

e—Pei e—Besr

(2.24)

More precisely, these rovibrational states are, to a very good approximation, thermally
distributed, because the rovibrational relaxation of dye molecules, resulting from frequent
collisions with the solvent molecules and happening at the “thermalization rate” k < ps,
is much faster than the radiative decay of S} (rate at which photons are emitted by the dye
molecules, kp < ns) [41, 42]. This rate is in turn sufficiently large compared to the photon
loss rate k (rate at which the photons leave the cavity due to various loss mechanisms °).
That is, the dye molecules absorb and re-emit the photons several times before they leak
out of the cavity, resulting in their thermalization to the rovibrational temperature of the

dye (room temperature).

In such a case as this (electronic two-level system with rovibronic sublevels), the Einstein
coefficients B (w) and By(w) at a given frequency w are defined as the averages over all
pairs (7, f) that match this transition frequency, i.e. those that satisfy the equation (2.21).
Using this condition, it follows that

e_ﬁh(w_wzpl)

w
pr= Teﬁﬁ’ei = ke Bhlw—wap) (2.25)
* wr

We then get
Bi(w) — Zl,f prf_ﬂ — ﬂefﬁh(wfwzpl)
Br(w)  2ippiBrei  wy

, (2.26)

*Losses happen as a result of nonradiative decay, imperfect mirror reflectivity and optical modes not con-
fined within the cavity.
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where the equality By_,; = By, ; has also been used. This concludes the derivation of the

Kennard-Stepanov law [42].

In addition to providing a thermalizing environment, dye molecules also act as a particle
reservoir for the photons in the sense that photons (y) are exchanged between the elec-
tronic ground () and excited state (1) of the molecules, so that the three species are in
a dynamic equilibrium and equation (2.20) for the corresponding chemical potentials is
satisfied [42]. It follows that the photon fugacity is given by

Bht
(&
= eﬁ#“f =

. 2.2
i (2.27)

Taking into account that the lowest energies in the S| and S} manifold are ¢;—g = 0 and
ef—o = hw,p, respectively (see Fig. 2.4), the partition function of a single dye molecule is
given by

Z = wieﬁ’” + wTe_ﬁ(ﬁwZ?”_“T). (2.28)

It follows that the probability ratio to find a dye molecule in the excited vs. ground state
is

PJ, wieﬁ“i :1—!}07

(2.29)

where f is the fraction of excited dye molecules in the solution. Inserting this result into

Eq. (2.27), we get the expression for photon fugacity

wy f Bhw
=~ Pl 2.30
o1 7 (2.30)

where w, /wy is a frequency-independent proportionality factor. Therefore, in dynamical
equilibrium, the ratio of the number of excited and ground-state dye molecules determines
the chemical potential of photons, as well as the energy gap hw.,; of the electronic tran-

sition.

2.3.2 Grand-canonical number fluctuations in photon BEC

If the chemical potential 11, of photons is fixed and determined by the ratio f/(1 — f), as
explained above, the number of photons is then allowed to fluctuate around its average
value set by ji,. If the temperature is fixed as well, this corresponds to a grand-canonical
ensemble. When a photon gets absorbed by a dye molecule, it leaves the system (photon

gas) and “enters the reservoir” (excited molecules) *. In a lot of physical systems a choice

*The total number of photons and excited molecules should be conserved. Given the presence of mirror
losses, this is achieved via steady pumping with an external laser, which compensates these losses.
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of ensemble is merely a matter of convenience, because relative fluctuations in various
observables vanish in all of them in the thermodynamic limit. In the case of BECs, how-
ever, the grand-canonical treatment predicts fluctuations on the order of the total particle

number. This is derived as follows.

The grand-canonical partition function for a system of non-interacting bosons is

Zo=]] i PN (w=ei) (2.31)

1 N=0

where ¢; are the eigenenergies. The corresponding free energy is the grand potential
Qa = —kpTn Zg, (2.32)

from which the ensemble average of the particle number (V) is calculated via

8ﬁg>
Ny = (£ 2.33
(V) <mLTy (233)

while the variance (AN)? (fluctuations in particle number) is given by

2
(AN)? = (N?) — (N)2 = kT <6g>>w —— (3(925)” (234)

Given that the system is non-interacting, to each eigenstate i corresponds a separate grand

potential 2%, given by

Ol = —kpTln (Z eﬁNW—fi)) — kpTln (1 _ eﬁ(“_si)) . (2.35)
N=0

It follows that the particle number variance in that state is

(PEmm—1)2

20yt Blei—p)
(@ = ()= = ks () =
TV

We see that for any given state i, the particle number n; fluctuates on the order of its mean
value (n;). In particular, in the case of a Bose-Einstein condensate (when the total particle
number N exceeds a critical value IV.), we get that the number fluctuations in the ground

state are on the order of the total particle number

Angy ~ (ng) ~ N. (2.37)

The validity of grand-canonical ensemble lies on the assumption that the reservoir is much
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larger than the system. Therefore, the size of particle number fluctuations (and the rele-
vance of grand-canonical statistics) is expected to increase with the size of the particle
reservoir relative to the system size. This dependence was investigated in Ref. [18] both
theoretically and experimentally using a Hanbury-Brown-Twiss setup [43]. Changing the
type of dye solution (thus changing its transition frequency), as well as the dye concentra-
tion, allowed the effective reservoir size to be varied over three orders of magnitude. Large
number fluctuations of the order of the total particle number and extending deep into the
condensed phase were observed in the case of a sufficiently large effective reservoir. As
expected, it was also found that the relative fluctuations gradually vanish as the reservoir

size is reduced.
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Chapter 3

System and model

The system in which the equilibrium-like Bose-Einstein condensation of photons was first
observed [11] is schematically illustrated in Fig. 3.1. It shows a single longitudinal pho-
tonic mode within a cavity filled with an organic dye solution and pumped by an external
laser beam. The separation between the cavity mirrors is roughly a micrometer, which
results in a large spacing between adjacent longitudinal photonic modes, so that at room
temperature, only one of these modes, specified by its longitudinal quantum number ¢ (as
shown in the figure) is coupled to the electronic transition of the dye. Here, ¢ is a positive

integer in the boundary condition

ka(r) = (3.1)

where r = /22 + y? is the distance from the optical axis, k, (r) is the longitudinal compo-

nent of the photon wave vector k and the separation D(r) between the spherically curved

Pump beam Mirror

FIGURE 3.1: Schematically illustrated experimental setup containing an optical
microresonator filled with a dye solution and pumped with an external laser.
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mirrors (with radius of curvature R) is given by (see the left panel of Fig. 3.2)

D(r) =Dy —2(R— v R> —r2). (3.2)

The photon energy is given by the dispersion relation

- k2
E = hélk| = hen/[k.(r)]? + k2 =~ he (l-cz + 21;" ) , (3.3)

where ¢ is the speed of light in the dye medium, &k, = /A2 + k2 is the transverse com-
ponent of the wave vector and a paraxial approximation k, < k, was used to obtain
the last equality. This approximation is used when the rays of light make small angles
to the optical axis and lie close to it throughout the system. In the experimental setup
discussed here, the optical axis is the z-axis and therefore, the small-angle requirement
means k,/k, < 1. This is satisfied given that k, /k, ~ Dg/7maz ~ 1073 [10]. Inserting
equations (3.1) and (3.2) into the dispersion relation (3.3) and using the fact thatr /R < 1,
we obtain an effective 2-dimensional harmonic potential for the photons in the transverse

direction 77 = (z,y)
~ o, (hk)* 1 2,2
E =~ mppc” + m + 5 "Mph Q°re, (3.4)
with Q = ¢4/2/DgR as the harmonic oscillator frequency and my, as the effective photon
mass, which is nonzero due to the presence of a frequency cutoff, ék| > ¢k.(0). The

corresponding “rest mass” term in Eq. 3.4 is given by

E. o = muné® = hék,(0). (3.5)

By introducing variation in the effective shape of the mirror ?, different kinds of trapping
potentials for the photons can be created. One particular method of doing this [30] is elabo-
rated on in Chapter 6. A sketch of a such a reshaped mirror corresponding to a double-well
potential for the photons, is shown on the right panel of Fig. 3.2. The effective mirror sep-
aration D(r) is no longer given by equation (3.2). Instead, the optical wavelength now has
two local maxima, corresponding to local minima in the effective potential. Inserting the

condition (3.1) on the wave vector into the general expression for the photon energy (3.3),

"This approximation is valid given that 7 < 1mm is much smaller than the radius of the spherically
curved mirrors R ~ 1m [10].

*We use the word “effective” here, because it is not necessary to physically deform the mirror in order to
produce a different effective potential for the photons. The only requirement is that a variation in the optical
wavelength is produced via some technique, like the one mentioned in Chapter 6.
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D(r) A'>A
r
D,
q = const.

FIGURE 3.2: Left panel: spherically curved mirrors (with radius of curvature
R) separated by D(r), which depends on the distance 7 from the optical axis.
Right panel: reshaping of the mirrors produces a different potential. The re-
quirement that the boundary conditions imposed by the cavity are locally sat-
isfied, results in a variation of the optical wavelength, and correspondingly,
the effective potential experienced by the photons.

we get

Eegy(r) ~ he <’fz(”") + 215(1“))

(gt K2D(r)
_hc<D(T)+ Sam ) (3.6)

4
= mppd® + (k) + ) Cu(0)r™ + O(5)
P 2mph ’

n=1

where an expansion in /R < 1 is made in the last equality. By tuning the system param-
eters, the expansion coefficients C, (0) can be achieved which correspond to a double-well

potential, for instance.

In the case of spherically curved mirrors the transverse photonic modes 1;(7) (Fig. 3.3) are
the eigenfunctions of the two-dimensional harmonic potential. They are characterized by
a pair of harmonic oscillator quantum numbers in x and y direction, i = (v, /), and have
energies F); = h[Qy (v, + 1/2) + Qy(vy + 1/2)] with oscillator frequencies €2, and €,,.
In the following, we assume (2, and €, to be almost identical, 2, = 2 and €, = 0.99 Q2.

This slight anisotropy of the trap is a realistic assumption and is required for eliminating
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(4,0)

N 0/

(2.0)

FIGURE 3.3: Photon mode densities [y, , (¢)|? projected onto the z axis. For

simplicity, only modes (n,, 0), with nodes only along x direction, are shown.

the coherent mixing of otherwise degenerate modes i °. The harmonic oscillator length
d associated with €} is used as a natural unit of length. The total energy of the cavity
mode ¢ is then given by ¢; = hw; = E; + E, o, where F, o is defined in Eq. 3.5. As
already mentioned, other photonic modes corresponding to different potential landscapes
can also be considered and realized experimentally. This is done in Chapter 6 for the case

of an asymmetric double-well potential.

3.1 Master equation

The system can be modeled by the master equation [19, 44] for the state characterized by

the electronic degrees of freedom of the dye molecules j as well as the photon modes ¢

p o= —i [Zézﬂ}amﬂ
i

+ Zﬂﬁ[ai] + Z (Pjﬁ[a;“] + I’E[a}]) p

? J

+ Z(R%jﬁ[am;r ]+Rj’j£[aja;]) P, (3.7)

i7j

where £[X]p = XpXT — % {X tX, p} are the standard Lindblad terms. The various
processes contained within this master equation are schematically illustrated in Fig. 3.4.

Each dye molecule has its position (labeled by j) in a two-dimensional space given by

*In any real experiment, there will be a slight anisotropy to break the degeneracy, resulting in a definite
set of photon modes. In the isotropic case, however, any orthonormal set of linear combinations of modes
within a degenerate subspace is an equally valid choice and choosing any particular set would be arbitrary.
Therefore, to avoid any ambiguity, we choose the slightly anisotropic case in our simulations.
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FIGURE 3.4: Illustration of the model showing all of the processes contained
in the dissipative part of the Lindblad master equation.

the transverse directions (perpendicular to the optical axis of the cavity), ¥ = (z,y). Its
electronic states are modeled as a two-level system with the corresponding raising and

lowering operators Uj[ = (0] & ij) /2. To each photon mode i corresponds the creation

(annihilation) operator a;[ (a;), while 0; = w; —w,p is its frequency relative to the splitting
of the two-level system (zero-phonon line) w,,;. The presence of the detunings ¢; (as
opposed to the mode frequencies w;) in the master equation, results from a shift to a frame
rotating with the zero-phonon frequency. The rate of spontaneous losses, where the dye
molecules emit photons into non-cavity modes *, is given by I'. The photon-cavity lifetime
is finite, due to loss mechanisms (like the mirror losses), which happen at a rate «, assumed
to be mode independent. These are processes where photons leave the system (photon
gas) without going into the particle reservoir (electronic excitations of the dye molecules).
Therefore, the system needs to be (continuously) pumped with an external laser in order

to stabilize the average photon number. The corresponding spatially dependent pump rate
is denoted by P; = P(7).

As mentioned in Chapter 2, the rovibrational states of the dye molecules in a solution re-
lax rapidly to equilibrium (the corresponding rate is much larger than the rate of radiative
decay). As a result, their occupation numbers need not to be taken into account explicitly.
Instead, this effect is described via the rates RZTi = p|¢i(r})\2R%, |- They depend on po-
sition 77, the number density of the molecules p and the frequency w; of mode %, through
the absorption (1) and emission (| ) rates R%y B which characterize the dye solution. They
satisfy the Kennard-Stepanov law [10, 39, 40]. That is, their ratio is proportional to the

*We define cavity modes as all the modes corresponding to a single longitudinal mode number g, which
populate the cavity and are considered explicitly in the master equation (rate equations). All the other modes
are called non-cavity modes.
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Boltzman factor
R} /R = CemPhwimwsp) (3.8)

enabling the thermalization of photon gas. Here, C is a frequency-independent propor-
tionality factor. The coupling between the dye molecules and the photons is only present
in the dissipative part of the master equation. This approximation is justified by the very

broad emission and absorption spectra of the dye [19, 44] (see upper panel of Fig. 2.4).

3.2 Derivation of the rate equations from the master equa-

tion

From the master equation a closed system of semiclassical equations of motion can be
derived [19, 31, 44] for the photon mode populations n; = (a;-rai>, and the fraction f(7) =
[j of excited dye molecules at position 7. The quantity f; has the following relation to the

Pauli operators
14 (0%)

The expectation value of an observable @ is given by (Q)) = Tr(Qp), where p is the density

matrix. The observables cosidered here are CLZ a; and 0. In the following derivation of the
]

rate equations for (a;a;) and (07), we use the freedom to interchange operators which
commute and to perform cyclic permutations under the trace operator. We also use the

following commutation relations

lai,al] = 6i;,

(3.10)
+1 +
07,01 = 05
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Using the Lindblad master equation (3.7), we find that the equation for 7i; is, term by term

(=" is the m'" term in the master equation):

G,T(l
d< i) =1 _ ZZ(S Tr { (alai)( T am)p — (a;raz-)p(a;fnam) =0
CLTCLZ
dlaja)) 5 _x ZTr [(alan)(ahyan)p + (alai)plafyam) — 2(alar)anpal,|
2k Z T [(aas)(@hyam)o + (alas)(@ham)o — 2(ala)(@hyan))
m;éz

K
5 Tr {(a;rai)(a;rai)p + (a;rai)(a;rai)p 2aTaTaZaZp]
=2 —kTr [a;r [a;, a;r]aip}

=2 _kTr [alam} = —K <ajai> = —Kn;

d{ala)) _; R%j [(at t -+ t i -5t t i
— = - Z - Tr |(a;a:)(aam)(o; 0] )p + (a;a:)plag,am) (o o) — 2a, azama pa,0; }
7j )
R’LJ _
=5 — Z TT Tr _(a}ai)(a;%am)p(aj_ajr) + (ajnam)(aj.ai)p( 0;0; o) —2al a a,am,o(a O';—)]
7-7
R’LJ _
=5 _ Z TT Tr (aTai)(aTai)p(a;U;“) + (a;-rai)(azai)p( 0;0; o) — 2a a; aza,p(aj_aj)}

ZR I Ty [ (@i, Z]az(o'] Jj)p}
- ZRZTJ Tr [(a;rai)(aj_af)p}

J
=Y RPni(1- £5)

J

irj
W =5 _ Z R; Tr (agai)(ama%)(ajaj_)p + (ajai)p(amain)(dej_) - QGEGN%UJ_P@mU}r}
m,j
_6 _ Z Riij Tr _(aTa.)(a.aT)p(gfg.—) + (aial)(alai)ploFor) — 2(a~aT)(a-aT)p(a*a-_)}
~ 9 |\ i)\ Qi )PRO 5 9 AT TIPAE G R AT T
j
=6 —ZRi,jTr _[aT a;la; CLT[)O' o; +ai T[aT ailpoto;
_ | i) @i ia RLab R
j
6 Z R2¢] Tr {2aia;rpafaj_}
j

=N R (ni+1)f;
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To obtain a closed system of equations, in the last equation for each term we used a fac-

torization (semiclassical approximation)

Zamja;) = <aja¢> (aja;) = n;fj,

<a3aiaj_oj> = <6Lj(li> <0j_0j—'i_> = ni(1 = fj),

ta (3.11)

T

7

a; and ojj-[a;-F are replaced by

the product of expectation values. In other words, the state of the photons is assumed to

where the expectation values of products of observables a

be uncorrelated with the state of the dye molecules.

Collecting together all of the terms, we get the equation of motion for n;

dni
dt

= —kn; — ZR?jni(l —f)+ Z RY (ni +1)f;. (3.12)
J J
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Analogously, the rate equation for (07) is, term by term

d O'Z, P r
P; r
=3 _ 2] Tr _O'JZ( )p—i—(a o; Noip— 205 .p}
P;
= = Z T |lof.07 107 o+ 07 [0} o7l
- P;Tr —0; 0’ p—0;0; p}
=3 2P; <O'j_(7;_>
=% 2P;(1 ~ f;)
d{o?%) r _ _ _
dtj =4 _ 5 Tr _O’;(O‘;rdj )p+ Ujp(oj-raj ) — 20503 pa;f}
F -
:4_§Tr aj( )p—i—(o’ o; )O’p 20 O']p}
T
4 _ETr [a],a]}a p+o; [aj ,o*]]p}
T [(aj o )p+ (U;-“aj_)p]
=t —oryf;
d(o?) R
dt] =95 _Z G\ [o— ja ;o p+a paTa a@o'] —205a;0; paT
7
=> 3" 2RY ((a}ai)(o} o)
i
=3 2RYni(1 - f;)
i
d O'Z R 7,7
<dtj> =5 _ Z ; Tr [a azaj'aTa p+o; pa,aﬂzja_ —2075a T .paia;r

i

- 2R ((ala; + 1) (0] 07))

- Z 2R} (ni +1) f;

Again, we collect together all of the terms to obtain the equation of motion for f;
df; _ 1d{5)
a2 dt

= Pi(1—f;) =Tfi+ Y Rni(1—f ZR (ni+1)f;. (3.13)

Finally, using the substitution

Ry =ploi(7) P RS,

iy e (3.14)
RJ =p|ti(75)* R,
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in equations (3.12) and (3.13), we obtain a set of coupled rate equations

ng = —kKkn; + (nz + I)RipGi — niR%p (1 — GZ), (3.15)
f®) = L= fF@OIPF) + ZRﬂ%(F)FW)

— A+ ZRi!wi(F)P(m +1)). (3.16)

Here we have introduced a so-called gain ° of mode 4, which is quantified by its overlap

with the fraction f(7) € [0, 1] of excited dye molecules,

Gilf (7)) = / (PR di € [0,1], (3.17)

We proceed to explain the meaning of the various terms in the rate equations. In the first
equation (3.15), we see that the number of photons in a given mode ¢ can increase due to
both stimulated and spontaneous emission, thus the corresponding change is proportional
to (n;+1), as well as the emission rate Ri and the density of excited molecules in the spatial
region of the mode, given by p ;. A decrease in n; happens as a result of absorption by
the dye molecules and the corresponding term is proportional to the number of photons
n; available to be absorbed, as well as the absorption rate R% and the density of ground-
state molecules in the spatial region of the mode p (1 — G;). Photons also escape through
mirror transmission, which is incorporated by the term —xn;. In the second rate equation
(3.16) the number of excited molecules increase (decrease) by absorbing (emitting) a photon
and the corresponding absorption and emission terms are given by >, RZTW)l(F) >n; and
> Ri]wz(f’) |2(n; + 1), respectively. A positive change in f(7) also happens as a result of
pumping the ground-state molecules, incorporated by the term [1 — f(7)] P(7), whereas
spontaneous emission into non-cavity modes, given by f(7)[" contributes to a negative

change in f(7).

3.3 Phenomenological quasi-derivation of the rate equations

Equations (3.15) and (3.16) can be understood intuitively as an extension of the familiar rate
equation applied to an electronic transition (two-level system) of an atom or a molecule.
They contain three processes (absorption, stimulated and spontaneous emission) with the

corresponding Einstein coefficients (proportional to the rates of each process) [45]. This

>This quantity is proportional to the usual definition of the gain as the measure of the difference between
stimulated emission and absorption. For simplicity, we refer to it as the gain throughout the manuscript.
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rate equation for the average number of excited molecules Ny = [ d7 f(7) reads

Ny = BT(N — NT) pw — B Nt po, — AiNﬁ (3.18)

where IV is the total number of molecules, By, B| and A are the Einstein coefficients
of absorption, stimulated and spontaneous emission, respectively, while p,, is the spectral
energy density of the radiation field at the frequency w of the electronic transition. This
quantity can be decomposed as p,, = u,n,, where n,, is the average number of photons
with frequency w, while w,, is the spectral energy density per photon. The transition fre-
quency w of the two-level system can be understood as the previously defined zero-phonon
frequency w.,;,;. The absorption of photons increases the number of excited molecules and
the corresponding term B; (N — N4) p,, depends on the number of ground-state molecules
N — Ny, available to be excited. Similarly, the two emission terms are proportional to
the number of excited molecules N and affect a negative change in it. The terms cor-
responding to processes induced by electromagnetic radiation (absorption and stimulated

emission) also depend on the spectral energy density p,,.

Using the identity A|/B| = u,,, equation (3.18) can be rewritten in the form
Nt = By(N — Ny) ugng — By Ny uy(ng, + 1). (3.19)

If we now consider the case where the two-level system has a rovibrational substructure,
we need to sum over all the transitions between different rovibrational states of the ground
and the excited electronic levels that contribute to a change in N. These transitions cor-
respond to absorption and emission of photon modes 4, with a quasi-continuous spectrum

€;. We switch to a more convenient notation,

Ny — Ny,

(3.20)
Uy — Us,
and the Einstein coefficients are now also frequency dependent
By — B,
T (3.21)
Bi — Bi

If we allow for spatially dependent molecular excitations and introduce driven-dissipative
conditions, i.e., pumping with rate P(7') and spontaneous loss into other modes (rate T'),

the final equation describing the dynamics of N4 () reads

N3 (7) = P(ANY(7) — TNA(F) + N(7) Z Biui(P)n; — Ny (7) Z Bju;()(n; + 1),

(3.22)

where u;(7) is now a spatially dependent spectral energy density per photon at frequency
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w; and N4(7) is the number density of excited molecules at position 7. The latter can
be written as N;(7) = pf(7), where p is the total density of dye molecules and f(7) is

their excited fraction. Likewise, the number density of ground state molecules is NV (7) =

p{1— F(7)}.

The corresponding rate equation for the average photon mode occupations n;, including

the loss process with rate & is
iy = —kn; + (ni + 1) B} / ui (7) N4 (7) dif — n; B} / ui(F)N (7) dF, (3.23)

where a sum is taken over all the points in space where a change in N4 (7°) affects the mode

occupations.

In the energy basis we have u; () o [1;(7)|%, where 1;(7) are the eigenfunctions cor-

responding to the effective potential imposed by the cavity mirrors. The frequency de-
pendent proportionality factor can be absorbed by the Einstein coefficients to form the
absorption and emission rates, R% and Ri. This leads to a final form of the system of

equations, which matches Egs. (3.15), (3.16), derived from a microscopic theory.

3.4 Mode selection

In the following discussion we will use the general term “Bose selected” for modes acquir-
ing macroscopic occupation, which subsumes both equilibrium Bose condensation as well
as non-equilibrium processes leading to a macroscopic occupation of bosonic modes [26,
27, 46, 47].

Setting the right-hand side of Eq. (3.15) to zero, it follows that a steady state population n;
is given by

=\ 7 — 1+
<R¢ Gl R‘L,OGZ'

- ~1
R (1-G,

i Gl 1) i ) . (3.24)
When a mode i becomes macroscopically occupied (“Bose selected”), the contribution of
spontaneous emission to this macroscopic population n; becomes negligible (n; +1 ~ n;).
This allows us to find a sharply defined threshold value G of the gain at which the “se-
lection” happens. It is obtained by setting the term in the brackets to zero (corresponding

to a divergent occupation). We get

7?h_R%—i-/f/,o_ RY/RY+1/¢
i T hi_pi pi/R0 4 RiJR0
R+ R,  R/RI+ R /R

(3.25)
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where we have isolated the thermalization parameter [19, 31]

¢=Rip/k (3.26)

as a dimensionless measure of the coupling between the photons and the dye relative to
the cavity loss. For a sufficiently large density p, the collisions between the dye molecules
and the solvent molecules are frequent enough that photons can thermalize via multiple
absorptions and emissions within their cavity lifetime 1/x [11, 48]. Therefore, the degree
of thermalization increases with both p and 1/k. One of the requirements of an effective
thermalization in the system is also that the absorption at the ground mode is not too low,
making Rg a reasonable choice in this definition. However, it is somewhat arbitrary and
it does not affect the results, given that the same quantity is divided from the absorption
and emission rates R%’ | to obtain the dimensionless form of the rate equations used in the
numerical calculations. Once a mode is selected, the gain G; is clamped [9] at (or, more
precisely, slightly below) the threshold value Gﬁh. Namely, when increasing G; further, n;

would diverge at G; = G*" and assume unphysical negative values for G; > Gt".

Inserting the Kennard-Stepanov law (3.8), Eq. (3.25) can be written in the form

m_ LRV (R
7 1+ Ce—ﬁ(si—ﬁwzpl) ’

(3.27)

3.5 Equilibrium limit

In the case of equilibrium Bose-Einstein condensation, this “divergent” (macroscopic) oc-
cupation in the ground mode happens when the chemical potential approaches the value
of ground mode energy. This locking of the chemical potential can be shown to be equiv-
alent to the above defined clamping of the gain G; in the limit & — oo for the case of
homogeneous excitation field f(7) = const. = f. Equation (3.24) then reduces to the

Bose-Einstein distribution )
n; = (emefﬂ) - 1) : (3.28)

where we have used the Kennard-Stepanov law [Eq. (3.8)] and identified the chemical
potential . of the photon gas to be given by [42]

Pt = CeMif /(1 - f), (3.29)

as derived in Chapter 2. Here f/(1 — f) is a spatially homogeneous ratio of the num-
ber of excited and ground-state dye molecules. In the limit where the chemical poten-
tial approaches the ground-state energy, © — ¢o (onset of BEC), Eq. (3.29) becomes
Ce=Bleo=wzp) — (1 — f)/f. It follows that f = G = 1/(1 + Ce BlEo=w=p)) which
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is exactly the selection threshold condition for the ground mode given by Eq. (3.25) when
the photon cavity lifetime 1/ o< £ — co. Therefore, in the equilibrium limit, which does
not require pumping in order to stabilize the average photon number, the locking of the

chemical potential is equivalent to the clamping of the gain.
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Chapter 4

Homogeneously pumped photon

gas

In this chapter, which is adapted from [32], we consider the case of a homogeneously

pumped system, P(7') = const = P .

The equations of motion (3.15), (3.16) derived in Chapter 3 form a large system of coupled
nonlinear differential equations. To obtain numerically the steady-state solution, we use
the parameter values which correspond to the experiments of Refs. [10, 24, 30]. We choose
a slightly anisotropic harmonic trap, as defined in Chapter 3, with /27 = 4 THz. As
mentioned in Chapter 3, due to the large spacing between successive longitudinal modes,
only one of these modes occupies the cavity at room temperature. That is, the energy
spacing Ae = hém /Dy ~ 3 eV is much larger than the thermal energy kT =~ 0.026 eV.
The ground-mode (cutoff) frequency is set to w. = £9/h = 27 - 515 THz and the zero-
phonon frequency (dashed vertical line in Fig. 4.1) is w,y/2m = 555 THz. From the
measured absorption and fluorescence spectra of the Rhodamine 6G dye [19], we obtain
the corresponding rates R%’ , as fitted functions of the frequency ¢; /h [19, 49] using a cubic
smoothing spline, as shown in Fig. 4.1. The values of the absorption and emission rates
across the whole frequency range are determined by setting the absorption rate of the
ground mode to R? /d* = 1 kHz. The density of dye molecules is set to p = 10%/d? and
the thermalization parameter & lies between 0.01 and 100, where £ = 25 corresponds to
the mean experimental value of the photon loss rate x ~ 4 GHz. The rate of spontaneous

losses into non-cavity modes is set to I' = 0.2 GHz.

We kept 28 modes (corresponding to 7 energy levels) in our numerical calculations. The
value of the frequency spacing {2 between the modes was chosen large enough, while

also achievable experimentally [30], so that increasing the number of modes considered

"The pump can also be modeled as a very wide Gaussian beam, to more accurately correspond to the
experiment. This introduces only minor quantitative changes into the work presented here, without affecting
any of the qualitative results.
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FIGURE 4.1: Fitted absorption and emission rates (solid lines) vs. frequency
€;/h. The rates are fitted to experimental data (crosses) [19, 49] using a cubic
smoothing spline. The frequency range of the relevant cavity modes is indi-
cated by the shaded gray area with a sharp cutoff at w. = £¢/h.

would not produce a significant effect on the results. That is, any additional modes would
remain unselected across the whole pump-rate range and would not affect the transition
thresholds of the selected modes. We used the LSODA algorithm and set a sufficiently
large time interval to achieve convergence to a steady state for the range of parameters
used. The initial condition was set to a zero mode-population vector for the lowest value
in a range of pump rates P, and adapted to the current solution at each successive value

of P. We also solved the steady-state equation directly via a root finding algorithm to
confirm that both methods produce exactly the same results.

4.1 Threshold pump rate

The general condition for the selection threshold pump rate P}" of mode i can be obtained

by inserting Eq. (3.16) into the definition of the gain (3.17) and setting it equal to G*. We
get [31]

h L P+ 3 es By [ (M) ny
'+ P+ ZjeS(RT + R¢) |15 (M)]?
where the sums in the integrand are over all of the modes which have already been Bose-
selected at lower pump rates. Again, the sharpness of transitions allows us to omit the

contributions of spontaneous emission to the mean occupations, which are negligible once
a mode is selected.
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FIGURE 4.2: Threshold pump rate P, of the first selection as a function of the
thermalization parameter £ and the energy E; of the modes.

This equation would allow us, in principle, to iteratively determine each selected mode and
the corresponding threshold pump rate, if the populations of all the already selected modes
are known as a function of the pump rate P. Namely, at each value of £, the selected mode
is the one for which the Eq. (4.1) holds for the lowest value of P. However, an analytic
expression can only be obtained for the first selection. Here, the approximate value of the
threshold P}" can be obtained by setting all n; to zero (i.e. neglecting the coupling to the
still weakly occupied photonic modes). Equation (4.1) then reduces to

th __ P

h — _— 4.2
¢ r+P (42)

Solving this equation for P and inserting the condition (3.25), we get the first-selection

threshold pump rate P! as a function of the thermalization parameter &

i 0
m_ G AR/
Y 1-G R -RY/S

(4.3)

It follows that the first-selected mode is the one with the lowest threshold gain G!*(¢).
In Fig. 4.2 the threshold pump rate Pith is shown as a function of ¢ and the mode energy
E; (blue surface). The orange line on this surface follows the minimal Pfh at each value
of £. We see that only for very small values of the thermalization parameter, { < 0.1,
this is not the ground mode. This follows from Eq. (3.25) when taking into account the
shapes of the absorption and emission spectra (see Fig. 4.1). In particular, by looking at
the second equation we see that the ¢-independent denominator always favors the ground
mode which has the largest Boltzmann factor, whereas the nominator contains the relative
absorption rate of mode 1, R% / R% modulated by the thermalization parameter. When the
latter is sufficiently large, & 2 0.1, this term becomes negligible compared to 1, and the

selected mode is determined solely by the ground-mode favoring Boltzmann factor. On the
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FIGURE 4.3: The left panel shows the mode populations n; as functions of
pump rate P for two values of the thermalization parameter, £ = 0.03 (a) and
& = 20.1 (c). Only one of the modes in an almost identically behaving sym-
metric pair is labeled. The right panel, (b) and (d), shows the corresponding
spatial distributions of excited dye molecules f(z) for the chosen values of P
(vertical lines in the left panel).

other hand, in the high loss regime, £ < 0.1, excited modes with higher relative absorption

rate can “win out", i.e. have the smallest threshold gain.

4.2 Tuning the photon cavity lifetime and mode competition

Let us now discuss how the selection of modes is influenced by the thermalisation pa-
rameter &, or equivalently the photon cavity lifetime 1/x. Numerically obtained photon
mode populations as functions of the pump rate are shown in Fig. 4.3 for two values of
the thermalization parameter €. The colors correspond to the modes as shown in Fig. 3.3
and only modes with varying shapes are shown with different colors, e.g. symmetric pairs
like (2,1) and (1,2) are depicted with the same color (brown), but a different linestyle (solid
vs. dashed). These same colors are used consistently in all the figures of this chapter. As
expected from Fig. 4.2, for the low value £ = 0.03 (Fig. 4.3a), multiple quasi-degenerate
excited modes (2,0), (0,2) and (1,1), colored green and red, respectively, are selected at prac-
tically identical threshold pump rate. This is followed by further selection of modes with

higher energy, while the ground mode (0,0) remains unselected.

When ¢ is sufficiently large, as shown in Fig. 4.3c, the ground mode is the first one to get
selected at a much lower value of P. However, as P is increased further, eventually also

modes (6,0) and (0,6) get selected, as opposed to the energetically favorable selection of the
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FIGURE 4.4: Spatial distributions of excited dye molecules f(x) close above
the first selection threshold P for 4 values of the thermalization parameter
€. The corresponding threshold gain G* is marked by a horizontal blue line
of the same style.

first excited modes (1,0) and (0,1), which according to Eq. (3.25) possess a lower threshold
gain GU".

In order to explain this, we plot the fraction of excited dye molecules f(x) = f(z,0) in
Fig. 4.3d for three chosen values of P (indicated by vertical lines of the same style in the
left panel). We see that once P is increased above the first selection threshold, the shape
of f(x) reflects the clamping of the gain in the central region, which overlaps with the
selected ground-state mode. This clamping in the center of the trap then suppresses the
selection of further low-energy modes, whose wave functions have a large weight in the
trap center. This mechanism of mode repulsion explains why after the ground mode, the
next modes to be selected posses six excitation quanta. Likewise, Fig. 4.3b shows that after
the first selection f(x) reflects the shape of the selected excited modes for the scenario of

Fig. 4.3a.

To see more clearly how the shape of f(x) and with that the mode competition changes
with £, we plot its value at P = 0.02 for 4 values of £ (Fig. 4.4). This pump rate is slightly
above the first selection threshold P*" and only the ground mode is selected in each case.
It follows from Eqs. (3.25) and (4.3) that a higher value of £ lowers the first selection thresh-
old and the corresponding gain gets clamped at a lower value G*, indicated by horizontal
blue lines for each £ in Fig. 4.4. We see that with increase of £ the excited dye molecules are
clamped both at a lower value and in a wider spatial region, therefore becoming progres-
sively more inaccessible to modes close in energy to the ground mode. In other words,
when the gain is clamped at lower values, not enough molecules can be excited in the
region of overlap between the ground mode and following excited modes. We can say
that successive modes (those with largest overlap) “compete” for gain in the same spa-

tial domain and block each other from being selected together in the regime of higher P.
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FIGURE 4.5: Population n; (a) and gain G; (c) of modes ¢ vs. pump rate P for
¢ = 1.8. Only one of the modes in an almost identically behaving symmetric
pair is labeled. Dotted horizontal lines indicate threshold values G* to which
the gain is clamped at selection. The middle panel (b) shows the zoomed-in
gain of modes (2,0) and (0,2), which are deselected when the clamped gain
starts to drop below Gfg,o) and Gfg,z)’ respectively.
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When the thermalization parameter is increased even further to £ = 20.1 (Fig. 4.3d) f(x)
is locked to an even lower threshold value of the gain G¥* (dashed blue line) in an even
wider middle region. In this way, when increasing &, a quasi-equilibrium steady state is
approached, where the gain clamping is equivalent to locking of the chemical potential.
The fact that f(z) is free to increase with the pump power in the outer spatial region
until gain saturation is reached (no more dye molecules available to excite) reflects the

non-equilibrium nature of the system.

Another observation that we can make from Fig. 4.3 is that, while the modes (6,0) and (0,6)
are selected in high P regime, all the other modes with the same energy (like (3,3), (4,2),
(5,1) etc.) remain unselected due to the key influence of the dye excitation profile on the
behavior of modes. This is another indicator of the non-equilibrium nature of this state
(even though at lower PP where only (0,0) is selected, this state can hardly be distinguished
from the equilibrium photon BEC (of a finite system), as will be discussed below in more
detail).

In Fig. 4.5, at an intermediate value of the thermalization parameter £ = 1.8, we can also
observe the phenomenon of “deselection”. Namely, we can see that the green-colored mode
pair (2,0) and (0,2) gets deselected, as the purple-colored one, (3,0) and (0,3) is selected
(Fig. 4.5a) [henceforth for brevity, mode pairs {(, ), (4,%), ¢ # j} are denoted simply
as “mode pair (i, 7)”]. Fig. 4.5(c) depicts the corresponding gain G; of each mode (solid
curves) as a function of the pump rate. The threshold values of the gain G are shown
as the dashed horizontal lines. One can see that each mode selection [Fig. 4.5(a)] is ac-
companied by gain clamping [Fig. 4.5(c)]. Decondensation of photonic modes was already
discussed in Ref. [31] and a similar effect was predicted in a system of driven-dissipative
polariton condensate [50]. This is another manifestation of the above-mentioned compe-
tition between successive modes which have a large spatial overlap. It happens when not
enough dye molecules are pumped to their excited states in the combined region of mode
density for both mode pairs to stay selected. Once, after the ground mode, the mode pair
(2,0) is selected, f(7) can only increase in a very restricted way, such that it stays clamped
close to both G (¢ ) and G5 ) (dotted lines in Fig. 4.5¢). This restriction still allows for the
selection of the mode pair (3,0). However, the more particles this third selected pair ac-
quires, the more attractive it becomes for further photons due to bosonic enhancement (i.e.
stimulated emission). This non-linear effect leads to a competition with the energetically
slightly favored (2,0) modes, which eventually causes the decondensation of the latter. This
is accompanied by the “declamping” of its gain, which is better visible in Fig. 4.5b showing

the zoom-in around Gfg,o)'
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FIGURE 4.6: Phase diagram showing three main regions. The white region has
no selected modes, only the ground mode is selected in the blue region, and
there are multiple selections in the gray one. Colored dots (crosses) are numer-
ical points indicating selections (deselections) of the corresponding modes.
The dotted line is the lower (upper) phase boundary, interpolating between
the points of first (second) selection. The pump rate at which the two phase
boundaries meet is the minimal P for which the ground mode is selected. Be-
low this pump rate (“lasing phase"), the phase boundaries are indistinguish-
able, because multiple quasi-degenerate higher energy modes are selected at
almost exactly the same P. The analytical result for the first selection thresh-
old (Eq. (4.3)), is shown with a solid black line. In the high & regime, this phase
boundary approaches the dashed horizontal line, showing the high thermal-
ization limit of Eq. (4.3) P*"(¢ — o00). The three dotted vertical lines mark
the cuts through the phase diagram shown in Fig 4.3 and Fig 4.5.
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4.3 Phase diagram

After having discussed the role of mode competition for the selection of excited cav-
ity modes, let us now compute the phase diagram of the system in the parameter plane
spanned by the pump rate and the thermalization parameter. Figure 4.6 shows a phase
diagram where the various phases are characterized by which modes are selected. There
are no macroscopically occupied modes in the white region. Only the ground mode is
selected in the blue region, whereas in the gray one, there are multiple selected modes.
Colored dots (crosses) are numerical points indicating selections (deselections) of the cor-
responding modes. The lower and upper phase boundaries (dotted lines) are obtained by
interpolating between the points of first (second) selection. Below the value of ¢ at which
both boundaries meet, the mode which become selected first is not the ground state any-
more. Below this point, the two phase boundaries are indistinguishable, because multiple
quasi-degenerate higher energy modes are selected at almost exactly the same P. The solid
black line indicates the analytical result for the first selection threshold, given by Eq. (4.3)
and shown with the orange line in Fig. 4.2. It closely matches the numerical result, espe-
cially in the high ¢ regime, where it approaches the high thermalization limit of Eq. (4.3)
P (¢ — 00)/T = Rg / RE (dashed horizontal line).

We note that our phase diagram differs from the one obtained in Ref. [31]. Namely, in
agreement with the analytical prediction (4.3), we find that the threshold pump rate for
the first selection process decreases as a function of the thermalization parameter, while

it increases in Ref [31].

In the regime of low £, where the photon cavity lifetime is too short for photons to effec-
tively thermalize, there are multiple high energy modes selected closely together instead
of the ground mode, and these transitions to macroscopic occupation represent the limit
where the operation of the system would typically be considered as that of a laser. Given
that drive and thermalization are both present in this system, Bose condensation cannot be
sharply distinguished from lasing. Nevertheless, this phase diagram still clearly shows the
trend of going from the lasing limit towards the BEC limit as the thermalization parameter

is ramped up.

The second phase boundary separates the blue region with only the ground state selected
from the gray one, where also excited modes have acquired a large occupation. With
increasing &, the separation between the Pi" of the ground mode selection and the P}h of
the next selected mode j increases together with its energy £;, due to mode competition
explained above. In this way, a limit of quasi-equilibrium photon BEC is approached for

large ¢ and pump powers well below the second selection threshold.

To support this claim, in Fig. 4.7 we compare the Bose-Einstein (BE) distribution In(1 +
1/n;) = Be; — p (straight orange line) with the distribution of numerically obtained mode
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FIGURE 4.7: Numerical mode population n; (blue dots) vs mode energy E;
compared to the thermal distribution (orange straight line) below, close above
and far above the first selection threshold P! when ¢ = 1 = P = 0.0065T
(left panels) and ¢ = 100 = P** = 0.0044T (right panels).

populations n; (blue dots), for P close and far above the first selection threshold P*". Left
panel corresponds to £ = 1, and the right one to £ = 100, for which only the ground mode
is selected. As expected, for higher &, the match between the numerical points and the
thermal distribution is better, particularly when P is only slightly above the threshold, P 2
P Here the small deviations are only due the fact that the absorption and emission rates
fitted to measured data (Fig. 4.1) do not satisfy the Kennard-Stepanov relation (Eq. (3.8))
exactly, but only to a very good approximation. As P is raised significantly above P*, the
numerically obtained populations start to deviate from the BE distribution, particularly
those of higher modes. This is expected, even though at the very high value of £, no other
mode is selected at P >> P except the ground mode. The reason for this is that outside of
the increasingly wide central region of the trap where the gain is clamped, f(z) can still
increase with P. Therefore, the occupation of modes with a high density there (higher

energy modes) can increase as well, moving away from the thermal distribution.

4.4 Tuning the cutoff frequency

Let us finally discuss how the physics of the mode selection changes, when considering a
variation of the cutoff frequency w. (or equivalently, the detuning from the zero-phonon
line). The cutoff frequency corresponds to the ground-mode energy and can be tuned ex-
perimentally by varying the longitudinal frequency wy, via the cavity length. It determines

the absorption and emission rates, thus affecting also the degree of thermalization. This
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has been studied experimentally for the case of a continuous wave (CW) [10] and pulsed

laser pump [24], as well as in theoretical work [20].
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FIGURE 4.8: Population n; of modes ¢ vs. pump rate P for £ = 1. The cutoff
frequency is w./27 = 490 THz (a), w./27m = 515 THz (b) and w./27 =
525 THz (c). The inset of panel (c) contains the same result extended to high
P regime, showing that only the ground mode is selected before the gain is
saturated.

In Fig. 4.8 we show the numerical results for the photon populations n; for three different
values of the cutoff frequency, while keeping the thermalization parameter fixed at £ = 1.
Changing the cutoff frequency, i.e. the ground-mode energy, corresponds to shifting the
frequency range of cavity modes (sketched by the gray shaded area in Fig. 4.1) to the left
or right. This affects the threshold gain Gi" of each mode (Eq. (3.25)). For sufficiently
low cutoff frequency w./2m = 490 THz (Fig. 4.8a), the absorption and emission rates no
longer satisfy the Kennard-Stepanov law. Instead of the ground mode, now an excited
mode pair (3,0) has the lowest value of th and it is selected first, closely followed by
additional excited modes, while the ground mode remains unselected. In the case of higher
we/2m = 515 THz (same value used for all the rest of our results), the ground mode

is selected first, followed by the selection of several excited modes, as seen in Fig. 4.8b.
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FIGURE 4.9: The upper panels correspond to the case of a wide Gaussian pump
profile and show the mode populations n; vs. P (a) and f(x) for the chosen
values of P (b), indicated by the vertical lines in the left panel. The same
quantities are shown in the lower panels (c, d) for the case of a constant pump
profile. In both cases the thermalization parameter is £ = 4.

Compared to Fig. 4.8a, the threshold pump rate P* of the first selection has increased.
When the cutoff frequency is shifted even further to w./2m = 525 THz, only the ground
mode is selected before the gain is saturated (Fig. 4.8c) and no further selections can occur.
This is shown in the inset, where the P axis is extended by 2 orders of magnitude. In this
case the Kennard-Stepanov law still holds, but the corresponding P and G** are now the
highest. It should be pointed out that in the actual experiment, as the cutoff frequency is
varied, the photon cavity lifetime also varies significantly [24]. In the case of here chosen
w, values, this means that £ should increase with w, *. However, this would only enhance

the effect of increase in photon thermalization, observed from (a) to (c) panel in Fig. 4.8.

We end this chapter by comparing the results obtained using a constant pump rate (as used
throughout this chapter) with the ones produced when the pump has a wide Gaussian
profile, corresponding to the experiments [11]. More precisely, it has the form p(7) =
P g,,-(7), where g, () is a normalized 2D off-centered Gaussian with standard deviation
0 = 4 d and mean p = (0,0). In Fig. 4.9 we show the steady-state mode populations n;

as functions of P on the left, and the corresponding f(z) for the chosen values of P on

? Alternatively, we could consider (a), (b) and (c) to correspond to different cavities, which have the same
photon loss rate x at the given cutoff frequencies.



4.4. Tuning the cutoff frequency 43

the right, marked by the vertical lines in the left panels. The thermalization parameter
is set to & = 4. The case of a wide Gaussian pump profile is shown in the upper panels
(a, b), while the lower ones show the case of a constant pump rate for comparison. We
can see that only minor quantitative differences are present. Namely, the threshold values
of P are slightly shifted and f(x) reflects the Gaussian pump profile in the outer region
(upper panel), while the shape in the middle, reflecting the clamping of the gain, is almost

identical in both cases.
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Chapter 5

Off-centered pump beam

This chapter, as well as the following one, is adapted from [33]. Here we explore an alter-
native non-equilibrium scenario, where the interplay between driving and thermalization
is controlled by an off-centered and (relatively) narrow pump beam. This gives rise to
a robust engineering and the control of multi-mode emission. We find that the system
undergoes two pump-power driven non-equilibrium phase transitions. First, the system
starts to lase in an excited mode, which is directly determined by the position of the pump
spot. When the pump power is increased further, the spatial redistribution of pump power
mediated by this lasing mode then triggers a second transition, where thermalization leads
to the additional formation of an equilibrium-like Bose condensate in the ground mode.
In a system where both drive and thermalization are present, a sharp distinction between
lasing and Bose condensation is, strictly speaking, no longer possible. Nevertheless, the
characterizations of the first transition as lasing and the second as condensation provides a
useful way to mark the mechanisms (selective pumping vs. thermalization) that are mainly
responsible for the mode selection. The fact that the lasing mode can be selected by ad-
justing the pump spot, while the second transition always corresponds to the onset of
ground-state condensation, makes this mechanism of lasing-assisted Bose condensation a

promising tool for engineering systems with robust and tunable two-mode emission.

The spatially varying pump rate has the form p(7) = P g,, » (), where g, +(7) is a normal-
ized 2D off-centered Gaussian with standard deviation ¢ and mean p€;. In the equation of
motion (3.16), this p(7) now replaces the previously constant pump rate P. We compute
the steady state of the system using the same parameter values listed in the Chapter 4, with
the exception of the frequency spacing, which is now set to /27 = 3 THz (as opposed
to the previously used 2/27 = 4 THz) '. The Gaussian pump spot of width o = 0.4 d is
shifted away from the trap center by 1 = 3.2 d, so that it has essentially no overlap with

!This value was chosen for computational reasons and it was checked that increasing the number of modes
does not produce any significant changes in the results. Namely, those additional modes remain unselected
for the whole range of pump rates, while the selected modes and the associated threshold values stay the
same.
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Ficure 5.1:  Off-centered Gaussian pump spot (P) and photon modes
[¥n,n, (2)]* projected onto the x axis. For simplicity, only modes (7,0),
with nodes only along x direction, are shown.
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F1GURE 5.2: Population n; of mode i vs. pump rate P for £ = 0.04 (a) and
& = 6 (c). Spatial distributions f(x) of excited dye molecules along the x-
axis (b, d) is shown for £ = 0.04, 6 at those P marked by the corresponding
vertical lines in (a, c), respectively. The shaded area represents p(x)/T". The
threshold gain of the ground mode G

is indicated by the dashed blue line.

the ground mode [see Fig. 5.1]. In this way, the competition between driving and thermal-

ization is enhanced. A similar off-centered pump has already been realized experimentally

to study the transient relaxation dynamics following a short pump pulse [24]. In contrast,

we are interested in the steady state of the continuously pumped system.
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5.1 Non-equilibrium steady state and lasing assisted ground-

state condensate

Numerically obtained mode populations for £ = 0.04 and £ = 6 are shown in Figs. 5.2(a)
and (b), respectively. The colors correspond to the modes as shown in Fig. 5.1. In the case
of the lower value of &, a high-energy mode (5,0) (orange), which has a relatively large
overlap with the pump spot, is selected first, followed by further selections of modes (3,0)
and (4,0) at higher values of P. The ground mode remains unselected in the whole pump-
rate range. At P > 100T (i.e., above the largest P shown in Fig. 5.2), gain saturation has
already been reached and no further selections can occur. When ¢ is sufficiently high (b),
the selection of the ground mode (blue), which is favored via the thermalization process,

is triggered by the selection of mode (4,0) (green).

In order to understand, which mode becomes selected first, let us approximate the distri-
bution of excited dye molecules in the steady state below the first threshold by f(7) =~
p(7)/(p(¥) +T') = p(7)/I'. Here the first expression is obtained from Eq. (3.16) by ne-
glecting the coupling to the still weakly occupied photonic modes. Inserting this expres-
sion into the threshold gain given by Eq. (3.25), we get the following condition for the
threshold pump rate of mode ¢

ph =t (5.1)

where G;[g,,0(7)] = [ |1i(7)|*gp,0(F) dF is the overlap of mode i with the pump profile.
The selected mode ¢ is the one with the lowest value of Pith. We see that there are two
competing effects here. While the denominator favors modes having a large overlap with
the pump spot (i.e. excited modes), the numerator favors modes with low energy. For a
narrow pump spot with o /d < 1, as considered here, we expect the former effect to be
the dominant one. Figure 5.3 shows the threshold pump rate Pl-th of the first selection as a
function of the pump spot position p. Results from Eq. (5.1) (solid curve) match the exact
values obtained numerically (dots) very well. The colors and the labels (n,,n,) indicate
which mode is selected first; it changes at the vertical dotted lines. The colored bars at the
bottom, in turn indicate the mode with the largest overlap with the pump spot. We can
see that the impact of the nominator in Eq. (5.1) is to slightly shift the dotted lines with
respect to the corresponding colored bars. However, as expected, energetics plays a minor
role in the selection of the first mode compared to its overlap with the pump spot. For the
value 1 = 3.2 d, which was used for the simulations shown in Figs. 5.1 and 5.2 (arrow
in Fig. 5.3), the selected mode is (4, 0), which has only slightly lower G;[g,, »(7)] then the
mode (6,0). Therefore, we will refer to the first selection as simply “lasing”, since (for
w2, d) an excited mode is selected predominantly as a consequence of its large overlap

with the pump spot, while the impact of thermalization is very small.
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FIGURE 5.3: Threshold pump rate P!" for the first selection [Eq.(5.1)] vs.
pump-spot position p for £ = 6. The different colors and labels (n,, n,),
separated by dotted vertical lines, indicate which mode is selected. The dots
are obtained numerically form the full rate equations. The colored bars at
the bottom indicate the mode with the largest overlap with the pump profile
Gilgu,0 (7)) and the arrow points to the case shown in Fig. 5.2(c, d)

Once the system starts to lase in an excited mode, this mode will create excited dye molecules
in an extended region in space, much larger than the narrow off-centered pump spot. This
can be seen in Fig. 5.2(b, d) showing the spatial distribution f(z) of excited dye molecules
along the axis of the pump spot displacement (x-axis). The different linestyles correspond
to the pump rates indicated by the vertical lines of the same style in Fig. 5.2(a,c). As
mentioned previously, below the first threshold there are no selected modes and f(z) ~
p(x) /T, as can be seen from the perfect match between the dashed line and the shaded
area denoting p(x) /I". The dotted curve, which shows f(z) just above the lasing transition,
has the additional structure corresponding to the first selected mode. This lasing assisted
redistribution of pump-power can then trigger the selection of a second mode. For a suffi-
ciently large thermalization parameter (which lowers the threshold gain Ggh [Eq. (3.25)]),
this mode is always found to be the ground state, which is favored via thermalization with
the dye due to its lowest energy. Thus, in this respect, the second transition is akin to
equilibrium Bose condensation and we call this effect lasing assisted ground-state con-
densation. In Fig. 5.2(d) we can also see that the threshold gain of the ground mode G
(dashed blue line) roughly matches f(z) in the center of the trap.

Although a range of £ can be found for which only the ground mode and one excited mode
are selected below dye saturation (a particular case is shown in Fig. 5.2(c, d)), there can
be additional selections outside of this £ range. This is shown in Fig. 5.4 where the mode
populations are depicted for various £ and p values. In Fig. 5.5(a) we plot the mode pop-
ulations vs. pump rate for a high value of &, while the corresponding spatial distribution
of excited dye molecules along the x-axis is shown below [Fig. 5.5(b)] at values of P in-
dicated by the corresponding vertical lines of the same style in the upper panel. We can

see that there is an additional mode (5,0) selected before saturation is reached and that the
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FIGURE 5.4: Population n; of mode ¢ vs. pump rate P for £ = 2, p/d = 3.2
(@, & =3, u/d = 325 (b) and £ = 4, u/d = 3.1 (c). In each case, the
threshold pump rate for the ground mode is marked by the dotted gray line.
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chemical potential (proportional to Gy, as shown in Chapter 3) is approximately flat in the

center of the trap for this relatively high value of &.
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FIGURE 5.5: Population n; of mode ¢ vs. pump rate P (a) for £ = 15, u/d =
3.2. Spatial distribution f(x) of excited dye molecules along the x-axis (b) at
those P marked by the corresponding vertical lines of the same style in (a).
The shaded area represents p(z)/T. The threshold gain of the ground mode
Gt is indicated by the dashed blue line.
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Chapter 6

Structured cavity

In the previous chapter we have shown that the mode which is selected first can be accu-
rately controlled via the position of the pump spot [Fig. 5.3] and that for sufficiently high
thermalization parameter, the second transition always corresponds to the selection of the
ground mode. Here we consider a structured potential (as introduced in Chapter 3). The
idea is to explore the prospect of engineering systems with robust and tunable two-mode
emission and to investigate how the effect can be controlled by shaping the transverse

potential landscape in the cavity.

This can be done using recently developed experimental tools based on thermo-optic im-
printing [30]. We consider a structured cavity imposing an asymmetric double-well poten-
tial for the photons, Vow (7, y) = Vio(z,y) + Lexp [—(z — §)?/(22)]. In the following
we choose [ = 7.5 72 and € = 1.0 d, while ¢ is used as a tuning parameter. Here 2 and
d denote the angular frequency and the length associated with the harmonic oscillator
potential Vio(z,y) given by the curved mirrors. We choose a pump beam with a Gaus-
sian shape centered at the upper well minimum and sufficiently narrow (width o = 0.5 d)
so that it has a negligibly small overlap with the modes localized in the lower well (see
Fig. 6.1).

6.1 Controlled two-mode emission

In the upper panel of Fig. 6.1 we depict the potential and the corresponding photon modes
for 0 = 0.79 d together with the pump profile p() (gray), projected onto the x-axis. The
modes shown in color are those that get selected. As shown in the lower panel of Fig. 6.1,
for a slightly different value 6 = 0.81 d, the lasing mode E becomes delocalized between

both wells, as a consequence of an inter-well resonance.

As already mentioned, this choice of trapping potential is motivated by recently developed

technique for creating a structured transverse potential using thermo-optic imprinting
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&

FIGURE 6.1: Upper panel: Double well potential and modes |¢;(x)|? for § =
0.79 d together with the pump spot (P), projected onto the z-axis. The modes
shown in color (blue and purple) and labeled by their energy are those that
get selected. Lower panel: For a slightly different value 6 = 0.81 d, the lasing
mode 6 becomes delocalized between both wells, as a consequence of an inter-
well resonance.

[30]. Part of this experimental setup is shown schematically in Fig. 6.2. A thermosensitive
polymer is added to the dye solution in a microcavity, so that variations of the refractive
index are induced through irradiation with a heat-producing laser beam. This local heating
increases the optical wavelength between the two mirrors. In the paraxial limit, this is
equivalent to a locally decreased potential for the photon gas. In other words, in order to
locally satisfy the boundary conditions imposed by the cavity, larger optical wavelength

(corresponding to a smaller photon energy) is required.

In Fig. 6.3(a) we present the mode populations versus pump power for the potential shown
in the upper panel of Fig. 6.1. The thermalization parameter is ¢ = 6, the frequency spacing
is set to £2/2m = 4 THz, while all the remaining parameters are the same as in previously
discussed cases. Since, essentially, we are only pumping the upper well, mode Fjg (purple),
having the lowest energy among those modes significantly overlapping with the pump
spot, is selected first. The only other mode that gets selected at a higher P is the ground
mode Ej (blue). Thus, by modifying the cavity structure, we have isolated the effect of

lasing-assisted ground-state condensation from the selection of further modes.
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FIGURE 6.2: Mechanism for creating a variable potential landscape for photons
trapped in a microcavity [30]
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FIGURE 6.3: Mode populations n; vs pump rate P for two slightly different
values of §. The grey area indicates a P range in which there is only lasing,
while in the blue region the ground-state condensate is also present.
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6.2 Effect of inter-well resonance

Figure 6.3(b) shows the mode populations for the slightly larger parameter 6 = 0.81 d,
corresponding to the double well potential shown in the lower panel of Fig. 6.1, which
essentially looks the same as the one depicted in the upper panel. Note that this small
parameter change leads to a large change in the separation between the first and the second
threshold value. This strong sensitivity is caused by the delocalization of the lasing mode
(purple) over both wells. This is a result of the resonant coupling to a mode in the left well.
As a result, the lasing-assisted creation of excited dye molecules in the left well is strongly
enhanced and the second threshold to ground-state condensation happens at much lower

pump rates.

In Figure 6.4 we plot how the two threshold pump rates for lasing (gray curve) and ground-
state condensation (blue curve) vary with §, while the thermalization parameter is held
fixed at £ = 1. The two arrows indicate the values of 6 shown in Fig. 6.3. One can clearly
observe a sequence of resonances at which the second threshold is strongly reduced. The
inset shows a zoom-in around the values of § used in Fig. 6.3. Remarkably, these reso-
nances can be used to control the second threshold value by orders of magnitude. The
threshold for the first transition generally increases with &, but it also shows small peaks
at the resonances, which are associated with a reduced overlap with the pump spot due to
delocalization of the “lasing” mode. By engineering the transverse potential for the pho-
tons in the cavity, one can use this effect to widely tune the separation between the first
and the second threshold.
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FIGURE 6.4: Phase diagram showing the resonance effect on the ground-state
condensate. The two phase boundaries are numerically obtained threshold
pump rates P'" for the lasing (gray) and the ground-state condensation (blue)
as functions of §. The arrows in the inset (zoom-in) correspond to the case
shown in Figs. 6.1 and 6.3.
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Chapter 7

Simplified model and analytic

solutions

Having discussed in detail the numerically obtained solutions for the steady state of the
system in different scenarios, which included varying the pump profile as well as the type
of trapping potential, we now turn to a possibility of finding a simplified model which

captures all the qualitative features discussed so far, while being analytically solvable.

We start with the last discussed case in the previous chapter - the double-well potential.
We approximate the spatially dependent fraction of excited dye molecules as a constant
f(7) = f; in each of the two spatial “bins” (i = 1, 2) separated by a plane perpendicular
to the x-axis and passing through the center of the potential barrier (xg,0), which is the

BIN 1 BIN 2

o (€3]
=7

&/

W

FiGure 7.1: Simplified model: two modes, labeled Ej and E, are taken into
account, as well as a spatially constant fraction of excited molecules in two
regions separated by a plane (dashed line passing through the barrier center
2 B), such that the ground mode can be taken as completely localized in the left
one, whereas the excited mode can be distributed between both wells, with
the respective fractions labeled by oy and as. Only the upper well is pumped
with a constant rate P.
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local maximum of the double-well potential (see Fig. 7.1). In other words, we use an ansatz

f(7) = fib0(xp —x) + fa 0(x — xB), (7.1)

where 6(x) is the Heaviside step function. Only the second bin is pumped with a constant
pump rate P, as shown in the figure. Within this simplification we also only keep two
modes, the ground mode and one excited mode (labeled e) having the lowest energy of
those with a significant intensity distribution in the pumped upper well. Since the spatial
variance of the modes and the pump profile is neglected, the modes are only characterized

by their energy and the fraction of their spatial distribution c(9) in each bin, respectively

alz/i /Zwi(f‘wdﬁ
azz/:/:mm?dﬁ

Probability conservation (normalization of wavefunctions) requires that a; + a2 = 1.

(7.2)

For the ground mode, the probability to find it in the upper-well region is negligible and
therefore of = 1and o = 0. Likewise, the two contributions of the excited mode a§ =
and o = ay will be approximately zero and one, respectively, except in the case of an

inter-well resonance.

Except for reducing the full spatial resolution to only 2 bins and minimizing the number
of modes which are taken into account, the resulting system of four equations with four

unknowns is analogous to the rate equations (3.15), (3.16) and reads

fo = —kno + noplfL(RY + R}) — RY] =0,

Ne = —kne + nepl(an f1 + aaf2) (R + R]) — RY] =0,
fi=-Tf+(1- fl)(RQno/wl + R{near /wn) (7.3)

—fl(REno/wl + Rﬁneal/wl) =0

fo=P(l— fo) = Tfa+ (1 - f2) Rineas /wa — faRineas/we =0,

where w1 (wy) is the area of the first (second) bin, respectively, while all the other symbols
represent the same quantities as used previously. Here we have also neglected spontaneous

emission in order to make the system analytically solvable.

We find that there are three steady-state solutions, each valid in a different pump-rate
interval (labeled 1, 2 and 3 in Fig. 7.2). To solve the system (7.3), we first rewrite the

second equation in the following form
Ne = n6{p[c;e(fi%1 + Rj) - Rﬂ — K} =0, (7.4)

where G, = a3 f1+aa2 fo is introduced as the gain of mode e, analogously to the previously
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FIGURE 7.2: Lower panel: analytically obtained mode populations ng . vs P
for £ = 1 and §/d = 0.46, for which the excited modes (Fs) is selected first,
followed by the ground-mode selection. The two threshold values of P, in-
dicated by dotted vertical lines, separate three regimes (pump-rate intervals),
labeled 1, 2 and 3. They correspond to the three qualitatively different solu-
tions of the system of equations (7.3). Upper panel: the double-well potential
for this value of § with the two selected modes shown in color.
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used definition (3.17). One solution is n. = 0, while setting the expression in the curly

brackets to zero, gives the condition for a nonzero n.. We get

R+ 0/K
_Bteis G, (7.5)
R+ R

which is, as expected, the already familiar condition for the threshold gain (3.25). Setting
the first equation of the system (7.3) to zero, analogous condition is found for the gain of

the ground mode Gg = fj.

From the last two equations it follows that in the regime where both modes are unselected,
ng = ne = 0, the fraction of excited molecules in the first bin is also zero, given that it is
not pumped, while f5 increases monotonically, fo = P/(P + T). Inserting these results

into the condition (7.5), we obtain the threshold pump rate of the excited mode e

th
th — ag(ieGghF' (7.6)
When P is increased above this value, population of mode e becomes macroscopically
large, while ng remains zero. Correspondingly, G- is clamped (exactly) at G, while Gy =
f1 starts to increase. For this second regime, n. as a function of P is found using the last
two equations of the system (7.3) together with the condition (7.5). Due to the length and
complexity of the obtained expression, it is displayed in Appendix A.

Finally, above the second threshold P/ (regime 3), both of the modes become selected and
the gain of both modes gets clamped, Gy = fi = G and G. = G'. The analytically
obtained mode populations as functions of the pump rate, presented in Appendix A, are

shown in Fig. 7.2 for a particular choice of parameters £ and 9.

Figure 7.3 shows the mode populations as functions of P for 4 values of the parameter §
(roughly determining the double-well barrier position), while the thermalization param-
eter is held fixed at { = 1. We compare the analytically obtained ng (P) (dashed lines)
with the numeric solutions (solid lines) of the full original rate equations [(3.15), (3.16)].
As always, the blue color corresponds to the ground mode, while the other colors repre-
sent the various excited modes e, which get selected at the respective value of §. Given
that the spontaneous emission is neglected in (7.3), the analytically obtained ng . abruptly
switch from zero to a large occupation at the thresholds (dotted lines). We can see that this
simplified model very accurately predicts the two threshold pump rates, at least for these
arbitrarily chosen values of § and £. On the other hand, the macroscopic populations pre-
dicted by the model are quite larger than the numeric ones. This was to be expected, given
that spontaneous emission is neglected and that only two modes are considered within
the model.

We proceed to evaluate the agreement more systematically across a whole range of both
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FIGURE 7.3: Mode populations ng . vs P for £ = 1 and 4 values of the pa-
rameter 9, for which various excited modes (F.) shown in different colors
are selected first, followed by the ground-mode selection (blue) in each case.
Results obtained analytically using the simplified model are shown as dashed
lines with the corresponding threshold P values marked by dotted vertical
lines, whereas the numerical solutions of the original rate equations [(3.15),
(3.16)] are shown as solid lines.
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FIGURE 7.4: Threshold pump rate P! vs ¢ for the first selection of mode e
(purple) and the second one of the ground mode (blue), for § /d = 0.79 (a) and
0/d = 0.81 (b). The analytically obtained results (solid curves) are compared
with the numerical ones (dots interpolated by dotted lines to guide the eye).
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the thermalization factor and the ¢ parameter. In Fig. 7.4, we first show how the ana-
h,0(e)
pt

model

lytically obtained threshold pump rates (solid lines) vary with the thermalization

parameter, while § is kept the same as in Fig. 7.3 (a, b), where the latter case (b) corre-
sponds to an inter-well resonance. The numerical values PZZ;%(S) are indicated by dots.
Unsurprisingly, the agreement for the first selection (purple) is excellent ', while there
are small deviations for the second threshold (blue). However, we can see that the agree-
ment between the two solutions increases with £ and they become barely distinguishable
above £ =~ 1. The blue curve asymptotes to the horizontal blue line, which indicates the

minimum value of the second threshold ?

R) R Ry
SoW2 — g W2 + |1+ S (w1 + wg)az
PO (e 4 o) = Ry Ry

model e 0 e
R R R
4 g g
Te T o0 |2t pe2— 1)]
R " R) ( R

As expected from the discussion in the previous chapter, in the case of inter-well res-

7.7)

w2

onance, the first (purple) and second threshold (blue) become closer, due to the excited
(“lasing”) mode being approximately equally distributed between both wells. The vertical
dashed line marks the lowest value of £ for which the model predicts the occurrence of a

ground-mode selection (below this value, piro

 hodel DECOMES negative, and thus unphysical).

This “cutoft” also matches the corresponding numerical one very well.

Finally, in Fig. 7.5, we compare how the analytic (solid lines) and the numeric threshold
pump rates (dots) vary with §, with £ = 1. While the match for the first threshold (gray) is
excellent across the whole range of §, as expected, there are some deviations for the second
one (blue), in particular between the resonances. The two lower panels show magnified
regions around two of the resonance points (indicated by arrows in the top panel). We
can see that the agreement is perfect for the first threshold, while the model consistently
underestimates the P" of the second threshold.

The very good agreement between the solutions of the simplified and the original rate
equations in the double-well case suggests that this model should also be applicable to the
case of the inhomogeneously pumped harmonic trap. The equations remain the same and
the only difference is how the placement of the border between the two spatial regions is
chosen. It is placed at a position between the ground mode and the pump, where they both

become vanishingly small °, as shown in Fig. 7.6. Again, the excited mode is distributed

'Given that the threshold P for the first transition can be obtained analytically even for the original rate
equations, it is expected (and required) that the simplified model merely reproduces that result.

*Here, we explicitly write the expression for Pff t;((i)el only in the limiting case £& — oo. The general
expression, given in Appendix A, is too long and complex to provide much insight.

3The same criterion is also automatically satisfied in the case of the double-well trap by placing the border

at the center of the potential barrier.
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FIGURE 7.5: Top panel: threshold pump rate P** vs § for the first selection

of the excited mode (gray) and the second one of the ground mode (blue).
Pth,O(e)

oder, (solid curves) are compared with

The analytically obtained results
the numerical ones, PﬁZ;?,(e) (dots). The three qualitatively different regimes
are shown with different colors, white (no modes selected), gray (only mode
e selected) and blue (ground mode also selected). The two resonance points

marked by arrows are shown magnified in the two lower panels.
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F1GURE 7.6: Simplified model applied to the case of asymmetrically pumped
harmonic trap. The border between 2 spatial regions is placed between the
ground mode and the pump, where they both become vanishingly small.
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FIGURE 7.7: Mode populations n(g 9y and n¢,g) vs P for { = 6 (a) and § = 0.04
(b). Results obtained analytically using the simplified model are shown as
dashed lines with the corresponding threshold P values marked by dotted
vertical lines, whereas the numerical solutions of the original rate equations

[(3.15), (3.16)] are

shown as solid lines.
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across both regions, while the ground mode is taken to be localized completely in the left

region.

In Fig. 7.7 we show the mode populations as functions of P for 2 values of the thermaliza-
tion parameter £ = 6 (a) and £ = 0.04 (b). These are the same values that were used in
Chapter 5 where the numerical solutions of the original rate equations for the asymmetri-
cally pumped harmonic trap are discussed. The agreement between the analytic (dashed)
and the numeric solutions (solid lines) is still quite good, but the deviations are larger here,
partly because the analytically solvable model requires a constant pump in the second bin,
whereas a gaussian pump profile was used to obtain the numerical results. The model
also accurately predicts that for the lower value of ¢ [Fig. 7.7 (b)], the ground mode is not
selected. This is indicated by the fact that the model produces a negative value of pino

model

in this case.

This simplified model and the corresponding rate equations (7.3) can be easily modified to
account for the case of a homogeneously pumped harmonic trap. Namely, a term P(1— f1)
must be added to the third equation of (7.3), since both f; and f are now pumped with
a constant rate P. However, this model where the full spatial dependence is replaced
with only two bins, is too crude to replicate the key effect of mode competition, i.e. the
fact that, following the ground mode, the second mode to be selected at larger P is of
successively higher energy as € increases. One of the reasons is that in the model, various
excited modes are differentiated by their value of ar, and not their overlap with the ground
mode. While the latter decreases monotonically with the mode energy, the former does
not. Another reason is that the detailed spatial dependence affecting how different modes
overlap with each other, and correspondingly, the way in which the shape of f(7) changes
above threshold P, has an a an important role in the effect of mode competition. This

means that it cannot be reproduced within a model which reduces f(7) to only two values
f1and fo.
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Conclusions

We have studied how the variation of the photon cavity lifetime 1/~ and the cutoff fre-
quency w, affects the steady state of a homogeneously pumped photon gas coupled to a dye
medium. We have shown how, through the effect of mode competition (governed by the
dye excitation profiles), the equilibrium-like ground-mode condensation emerges from the
steady state of the system. Namely, we found that increasing the thermalization parameter
¢ o« 1/k produces a form of mode repulsion, in the sense that the ground-mode selection
is followed by a selection of modes with increasing number of excitation quanta. This is
explained as a consequence of how the dye excitation profile f(7) at pump powers above
which the ground-mode is selected, changes with £. We produced a phase diagram of the
system in the space of 2 parameters, the pump power and the thermalization parameter
and noted how it differs from the one in Ref. [31].

We then looked at the effect of varying cutoff frequency w. on the selection of modes,
and found that, in agreement with previous work [10, 20, 24], below a certain value of w,
the photons are unable to effectively thermalize, resulting in the closely spaced selections
of many excited modes, as opposed to the ground mode. On the other hand, the cutoff
frequency can be increased above the value used in the rest of this work, while keeping
the ratio of emission and absorption rates still to a good approximation proportional to
the Boltzmann factor (i.e. the Kennard-Stepanov law still holds). We show that in this case

only the ground mode is selected before the gain saturates.

We have also studied the case of an asymmetrically pumped photon gas, where a mecha-
nism for controlled two-mode emission is observed. Namely, a transition to lasing in an
excited cavity mode induced by an off-centered pump beam can trigger a second transi-
tion, where thermalization leads to the formation of a photon condensate in the ground
mode. This mechanism can be made very robust and widely tuned by using a recently
developed experimental technique for shaping the transverse potential for the photons in
a trap. Namely, when pumping the upper minimum of an asymmetric double well, the
second transition threshold can be shifted by orders of magnitude by tuning the system

close to or further away from interwell resonances.
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Finally, we formulated a simplified model which can be solved analytically and, for the case
of asymmetrically pumped system, reproduces the qualitative features of the numerically
obtained solutions of the full original model, while the quantitative agreement between

the two models is also very good.
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Appendix A

Full analytic solution of a

simplified model

The population in the ground mode ng for the three regimes, as shown in Fig. A.1

ng =ng =0,
ng = ((R§ + R)(—R} + (RS + R)an)((1 + p)waon — wias)
+ RY(—RE(1 + p)waan (RS — R + RS + (RS + RY)an)
+ (R§ + RS)(R§wi + (RS + Rf)pwaan)an — RS (RS + R wia3)E
+ RS(R))*waon (RE(1+ p) — (RS + Rf)pan)€® + (RY)*E(— RS (1 + p)waon
+ R?U}loég + ijloa + (Rj(l +p)w2041(1%$(—1 +a1)+ Rjal)
+ (RS + RS) (R (—w1 + pwa)on + R(wy — wian))ae — R§(RS + R)wia3)€)
+ RU(RS + RY)(—(1 4 p)waon + wias) + ((1 +P)w2041(—((R$))2
+ R$R) — R{RS — R)R] + (RS + RY) (RS + 2R)an) + (R + R) (RS + R))w,
— (RS + RS)(2w1 — pwa)on) oz — RE(RS + RS )wia3)€
- f%?(f?%(l + p)wgal(—ﬁﬁf{j + (R$ + Rj)al) - (Rﬁ + f%j)(ﬁi?wl + (—R? + Rj)pral)ag
+ R§(RS + R))w103)€%)) /(B + RY)(RS + Rf)ras((Rf + R))ou
+ RY(—14 R§(—1 + a2)€) + RYU—1+ R{oné + R§(—1 + o1 + a2)f))).

Here we use the dimensionless quantities

r= R?/F,
p=P/T,
)] % 0
Ry = R /Ry
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Appendix A. Full analytic solution of a simplified model

§/d=046 = e=3

108

10*

uz

10?

10°

1073 1072 107! 10° 10!

FIGURE A.1: Lower panel: analytically obtained mode populations ng . vs P
for ¢ = 1 and §/d = 0.46, for which the excited modes (Fs) is selected
first, followed by the ground-mode selection. The corresponding threshold
values of P, indicated by dotted vertical lines, separate the three solutions of
the system of equations (7.3). Upper panel: the double-well potential for this
value of § with the two selected modes shown in color.



Appendix A. Full analytic solution of a simplified model 69

The population in the excited mode n. for the three regimes, as shown in Fig. A.1 is

ne =0,
n? = (—(R$)*(wi(~1 + a)as + waar (—1 + a1 + p(—1 + a1 + a2)))¢
+ Rf(wiag + woar (1 + p — R{pass)) + R (waon(14+p — Rf(—1+ o
+ P(—1+ a1+ 202))€) + wiaz(l + R (€ — az€)))
((R¢ + R¢ 4Rrw2041 1+ p)waag —wi2)é(1+p + R?& —I—p(Rﬁ - (R$ + RE)OQ)@
+ (wion(—1 4 R§(—1 + a2)€) + waon (1 +p+ (R§(1+ p)(1 + o)
— (B§ + R))pa2)€))*)'/?) ) (2(RS + RY)*ranas(—1 + R§(=1+ a1 + az)f)),

nd = (wa((1+p)(RY — RS + R) — R + R§R)E — RORSE)
+ (RS + RY) (1 + p + R — Rp€)as))/(Bf + Rf)roa(R — RY + R
— RSR)¢+ R)(—1 + R§¢) — (RS + RS — RSR)E + RIRE)as)).

The threshold pump rate for the ground mode is calculated by setting n3 = n3 = 0 and
solving it for P. The solution P(’;h is given by

Py = (RS + R — R{R)E + RORE)wa(—1+ o) (R’ — RS + R) — R{ + R{RY¢
— ROR{E + (RS + RS)(1+ R°)a) + (RS + RY) (1 + R°&)wiaa(R° — RS + R
— R{ + R{R)¢ — ROR{S + (RS + R — RYR)E + ROR()an)) /(RS
+ RO (RS + RS — RER)E + ROR§&)wa(—1 + R)E + (RS — R) + RS
— R?Rgf + RY(—-1+ Rif))/((é’f + Rj)m))(—l + az)a).
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