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Introduction

Quoting the precious lesson by Anderson [1972], the study of emergent phenomena provides a
bridge between very different scales and is conceptually as fundamental as the search for the
microscopic laws of nature. Condensed matter physics is pretty much about the emergence of order,
symmetry breaking and low energy properties. One intriguing class of systems is represented by
quantum fluids, for which the thermal De Broglie wavelength is larger or comparable to the mean
inter-particle distance and the quantum statistics of the particles becomes relevant. Spectacular
phenomena like superfluidity and superconductivity are in fact characterized by the onset of some
kind of order on macroscopic scales.

A peculiar class of quantum fluids is provided by light in nonlinear media and examples of
symmetry breaking include lasing and polariton condensation. Since the first realizations in the
1960s, the laser represents a fundamental mechanism in both theoretical physics and in everyday
life applications. Polariton fluids, on the other hand, have been developed in the last two decades
as a very convenient paradigm for enhancing the effective interactions of the photons via strong
radiation-matter coupling. The dynamics and the coherence properties of quantum fluids of light
and matter have been modeled in a few simple regimes, but many central questions remain open
concerning vortical or turbulent flows, the role of dissipation, superfluidity in spatially inhomoge-
neous configurations, coupled laser oscillators and nonlinear physics in topological systems.

In this Thesis we apply several theoretical techniques developed in the fields of Quantum and
Nonlinear Optics, Statistical Mechanics and Condensed Matter to the study of a few relevant exam-
ples of fluids of light. While the original results presented here are of analytical or computational
origin, the experimental aspects of the available platforms are thoroughly discussed all over the
manuscript.

One main approach underlying most of the Thesis is to describe a quantum fluid via a classical
field; this is possible when the fluid possesses a high degree of coherence, as a result of the transition
to a lasing state or because the fluid is coherently created by an external drive. These two scenarios
of a resonant drive or of an incoherent one display different features and motivate the division of
the Thesis in Part I (Chapters 1,2) and Part II (Chapters 3,4). In both cases, focusing on the
coherent component of the dynamics of the quantum fluid allows to obtain an effective description
of many interesting phenomena without the formidable effort of dealing with the full quantum
problem. The starting point of such a semiclassical analysis will typically be a generalized nonlinear
Schroedinger equation: the Gross-Pitaevskii equation for weakly interacting quantum gases and
its driven-dissipative extensions and the Complex Ginzburg Landau equation for the dynamics of
laser systems will be two important declinations of this concept.

Another element which plays a major role is dimensionality. Basically all the devices that we
will review are implementations of one or two dimensional models. Correspondingly, polariton
hydrodynamics will be investigated in one and two dimensions; even more importantly, the low
dimensionality of the lattice determines the lack of long-range order of the field emitted from a 1D
laser array or from the edge of a 2D topological device, resulting in a broadening of the linewidth.

In contrast to these unifying methodological elements, whose two main flavors have been
grouped in Part I and II, the range of experimental platforms discussed is quite wide. For this
reason, the division in Chapters has been chosen based on the physical system, while the separation
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between known and original results has been performed via the use of the Sections, the material
contained in a Section marked by an asterisk being mostly due to ourselves!. Having stated the
general scope and features of the Thesis, let’s briefly introduce the contents of the individual parts.

Chapter 1 deals with hydrodynamics and superfluidity of resonantly injected polariton fluids
(Carusotto and Ciuti [2013]). In semiconductor microcavities, a mode of the electromagnetic field
can be strongly coupled to the excitonic transitions of the embedded quantum well, resulting in
quasi-particle excitations called exciton-polaritons (Yu and Cardona [2010]). These have bosonic
nature, light mass and short-range interactions. Depending on the pumping scheme, polariton
condensation can be achieved (Kasprzak et al. [2006]), which brings many analogies with the
physics of lasers and atomic Bose-Einstein condensates; alternatively, polaritons can be injected
quasi-resonantly, giving rise to a rich phenomenology which can be described in terms of the
generalized Gross-Pitaevskii equation introduced by Carusotto and Ciuti [2004] and which includes
bistable behaviors and flow without scattering.

After reviewing these well known results, we report some interesting features of the generalized
Gross-Pitaevskii equation. First, we provide, via a formal argument based on Galilean boosts, a
rederivation of the Doppler shift and of the link between critical velocity and speed of sound. In
particular, under an infinite excitation spot, the flow of a polariton fluid against a static defect
and the displacement of a moving defect in a fluid at rest are related by a mathematical boost
and in some sense are the same situation pictured in two different reference frames (Amelio et al.
[2020D]).

The other important finidings spring from a careful reconsideration of the results by Pigeon
et al. [2011], which suggested that, in analogy to weakly interacting atomic gases, a polariton
fluid ejected from a finite spot against a static defect would alternate a superfluid, turbulent and
solitonic behaviour for increasing injection velocity. Instead, we show that the dynamics of the
ejected flow is an extremly nonlinear one and it is not possible to directly control the flow velocity
via the pump wavevector (Amelio and Carusotto [2020a]). Correspondingly, the flow against a
defect always features a solitonic pattern, which can be shallower or deeper, but never displays
clean superfluidity and never breaks down in vortical or turbulent dynamics. These numerical
observations call for quantitative tests of the generalized Gross-Pitaevskii description and for a
better understanding of the conditions in which the experiment by Amo et al. [2011] was performed,
where a scenario compatible with the atomic gas predictions was claimed.

Chapter 2 is devoted to the study of the physics of resonantly injected polariton fluids in the
presence of a dark excitonic reservoir. Since such reservoir introduces an important bias when
trying to estimate the polariton-polariton interaction constant from the observed blueshift (Sun
et al. [2017], Estrecho et al. [2019]), we start reviewing the theory of exciton-exciton interactions
(Ciuti et al. [1998]). The experimental efforts directed at measuring the dispersion of the collective
excitations of the polariton fluids are then summarized, and the experiment by Stepanov et al.
[2019], which is the leading thread of the Chapter, is discussed in details.

In this experiment, the excitation laser is linearly polarized and the detection occurs in the
opposite polarization. The energy and angle resolved photoluminescence from the fluid is collected
as close as possible to the acoustic regime. Looking at the measured dispersion of the excitations
on top of the fluid, as presumably induced by thermal phonons, a much reduced slope is observed
with respect to the standard theory of a fully coherent polariton fluid, where the speed of sound
is determined by the blueshift.

This fact, together with other recent findings (Sarkar et al. [2010], Walker et al. [2017]), sug-
gests the existence of dark excitonic states which are populated by polariton-polariton scatterings,
contribute to the blueshift of the fluid and have a slower dynamics than the polaritons, so that
they impact on the dynamics only at frequencies lower than the linewidth. As a consequence, our
theoretical analysis highlights that the speed of sound is mostly determined by the fraction of the
Hartree energy due to polariton-polariton scattering, while exciton-polariton interactions mainly
produce a blueshift of the fluid.

While these concepts are first illustrated for a circularly polarized fluid, a careful quantitative
analysis has been performed to include the interplay of the two linear polarizations and to model

1For example, notice that Sec. 2.2, while it refers to (Stepanov et al. [2019]) and reports original experimental
results, does not bear an asterisk because it mainly springs from the work in the lab of Petr Stepanov and Maxime
Richard; our theoretical contribution to that paper is illustrated in Sec. 2.3
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the excitation of the photoluminescence by thermal phonons. Keeping into account all these fea-
tures allows for an estimate of the reservoir parameters and for the polariton-polariton interaction
constant.

In the final Section, the influence of the resevoir on the superfluid phenomenology of the po-
laritons is highlighted (Amelio et al. [2020b]). In particular, the breaking of the formal Galilean
invariance argument discussed in Chapter 1 entails that the critical velocity is not in general given
by the speed of sound. The two are equivalent for a defect moving in a fluid at rest, while in the
steady state situation of a fluid flowing past a static defect the critical velocity is determined by
the total blueshift.

Chapter 3 addresses the spatial and temporal coherence of 1D non-equilibrium quasi-condensates,
or equivalently of tight binding models of 1D laser arrays.

In the first Section the basic concepts underlying laser operation are illustrated. We show
how the celebrated Schawlow-Townes linewidth (Schawlow and Townes [1958]) can be derived in
a simple semi-classical analysis: due to the phase invariance of the laser equations, spontaneous
emission events (or other sources of white noise) lead to a diffusion of the phase of the laser field
and an exponential decay of the coherence in time (Henry [1982]). A brief overview of different
laser devices is also provided.

While the Schawlow-Townes treatment is adequate for an effectively point-like laser field, the
statistical mechanics literature focuses on the spatio-temporal correlation functions of infinitely
extended non-equilibrium fluids described by the Complex Ginzburg Landau equation (Gladilin
et al. [2014], He et al. [2015], Ji et al. [2015], Squizzato et al. [2018]), of which polariton condensates
are an example. In 1D in particular, any linearization approach is bound to fail due to the absence
of long-range order; conversely, a nonlinear Kuramoto-Sivashinskii equation for the dynamics of the
phase can be derived by eliminating the fast density fluctuations. Then, the renormalization group
approach predicts that the infrared physics falls into the Kardar-Parisi-Zhang (KPZ) universality
class (Kardar et al. [1986]), which was originally proposed to describe the stochastic growth process
of a classical interface.

Our contribution (Amelio and Carusotto [2019]) consists in elucidating the connection between
the Schawlow-Townes linewidth and KPZ physics, or in other words how spatial fluctuations affect
the temporal coherence properties. More precisely, the Schawlow-Townes linewidth can be viewed
as a finite-size effect that will dominate at very long times, while KPZ universality is visible at
intemediate times and for large enough systems. Moreover, while when the system size is small
enough the linewidth is the one described by the Bogoliubov-Schawlow-Townes theory, a marked
broadening occurs for large enough systems, where corrections due to the nonlinear phase dynamics
are expected. More specifically, the coherence time is expected to scale as the length of the system
in the linear regime and as its square root in the nonlinear one.

Chapter 4 presents the first theoretical study of the coherence properties of a topological laser.
First, we review the impetuous development of the topological photonics field and how lasing in
the edge modes of a topological lattice for photons has been achieved by several groups in the last
four years (Bahari et al. [2017], Harari et al. [2018], Zeng et al. [2020]).

A theoretical model of a topological laser is provided by the 2D Harper-Hofstadter laser (Longhi
et al. [2018]). The core of this Chapter reports the semiclassical solution of this model in the case
of a class-A device and for small intensity fluctuations (Amelio and Carusotto [2019]). To this
end, the Bogoliubov modes are computed and explained via a dimensional reduction argument
(Loirette-Pelous [2020]). Moreover, the structure of the correlation functions reflects the fact that
fluctuations travel in a chiral way around the edge of the system.

The linewidth is computed via the Bogoliubov method. We generalize the notion of the trans-
verse Petermann factor and show that it is close to 1, clarifying the nature of topological lasing
as opposed to gain guiding. For large enough arrays, in analogy with the analysis of the previ-
ous Chapter, the field on the edge brings the signatures of KPZ universality and of the linewidth
broadening due to the nonlinear phase dynamics.

Then, we demonstrate the robustness of the coherence properties to the presence of static on-
site disorder: more precisely, the disorder threshold for the topological array is roughly set by the
band-gap and is orders of magnitude higher than for a topologically trivial array. The robustness
of the KPZ universality in the correlation functions is instead mostly determined by the density of
states of the edge mode. Remarkably, the coherence time is enhanced by an intermediate amount

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio
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of disorder, since the Bogliubov modes of the Goldstone dome acquire a shorter lifetime and the
nonlinear phase dynamics is hampered.

These results have been derived within a very simple model. We expect that including nonlin-
earities and the carrier dynamics within the tight binding framework should not introduce major
qualitative modifications as long as no instabilities arise; the time and length scales entering the
correlation functions will instead change, per example yielding a Henry factor for the linewidth
(Henry [1982]). Finally, the tight binding approximation has no predictive power in determining
whether the emission is single or multi-moded in the very relevant case of semiconductor laser ar-
rays; however, if single moded emission is verified experimentally, our guess is that the qualitative
structure of the correlation functions described here should apply also to that situation.

Other PhD research NOT in this Thesis

Before entering in the core of the Thesis, I would like to briefly list here also some other research
efforts which couldn’t find their place in this manuscript or have not brought to any publishable
results (yet), but still deserve some mention for the amount of time they took during these three
years.

Just before the start and during the first year of my PhD T collaborated with Davide Galli and
Luciano Reatto on the study of vortices in Helium via Quantum Monte Carlo techniques: I learned
a lot in this first taste of quantum fluids and we also obtained some interesting results on the role
of rotons in quantum turbulence (Amelio et al. [2018]).

At the end of the first year, I started a collaboration, funded by the Unitn—College de France
exchange program, with Giacomo Mazza and Antoine Georges on the interplay of strong light-
matter coupling and phase transitions in correlated electronic materials. We investigated several
aspects of the problem, including the dynamics of superradiant excitonic states, some strategies to
cut off degrees of freedom in the ultrastrong coupling regime, and an Exact Diagonalization study
of the Hubbard and Heisenberg models in a cavity. In spite of the tremendous amount of time
spent in this project (2 months as visitor at College de France and at least one year of effective
work), we couldn’ t get to any solid results yet, also because of the many subtleties hidden in this
field. Still, I am pretty convinced that this experience has been a very good investment in view of
my future research directions.

Finally, I took some steps in the direction of continuing the work by Elia Macaluso and study
bosonic Pfaffian states with Tree Tensor Networks under the supervision of Matteo Rizzi, but the
pandemic plus hacker attacks to our supercomputer plus the writing of this Thesis killed these
attempts quite soon... However, I am happy to have had a taste of these fascinating topics!

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio
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Chapter 1

Gross—Pitaevskii description of
exciton-polariton fluids

The central topic of this Chapter is the discussion of the properties and predictions stemming from
the generalized Gross-Pitaevskii equation that it is used to describe resonantly-driven exciton-
polariton fluids.

We set off in Section 1.1 by introducing strongly coupled exciton-polaritons in 2D semiconduc-
tor microcavities. As explained in Sec. 1.2, under a proper pump scheme these quasi-particles can
be excited to form coherent fluids, described by generalized Gross-Pitaevskii equations. The basic
properties of a resonantly driven fluid are then reviewed in Sec. 1.3, as a prelude to the original
results of the Chapter: a formal theory of Galilean transformations between different pump con-
figurations is presented in Sec. 1.4; then, Sec. 1.5 deals with how drive and dissipation (and the
corresponding imaginary poles of the dispersion) affect superfluidity; finally, in Sec. 1.6 the study
of polariton flows off finite pump spots closes the Chapter by reporting some unexpected behavior,
which ultimately calls for new experimental assessment of the validity limits of the generalized
Gross-Pitaevskii approach.

1.1 Strong coupling in semiconductor microcavities

Along the next pages we will see that particles that arise from the strong coupling of matter and
radiation degrees of freedom have very intriguing properties. In this and in the next Chapter we
will mostly concerned with one outstanding platform where the strong coupling regime can be
realized, that is 2D semiconductor microcavities.

The basic idea, sketched in Fig. 1.1.a, is to have a central layer, usually called a quantum
well (QW), in which the interband exciton will be confined; this is sandwiched in between two
Distributed Bragg Reflectors (DBRs), consisting of different layers with alternating refractive index.
The DBRs act as dielectric mirrors and create a cavity for the optical radiation. With a proper
design of the structure, the interband transition occurring in the QW can be set into resonance with
one transverse electromagnetic (EM) cavity mode to give rise to a large Rabi splitting exceeding the
small radiative losses, a regime called of strong coupling. The quasiparticle excitation stemming
out of this interaction is called the exciton-polariton; polaritons can be excited and controlled via
optical means, p.e. by shining a laser on the microcavity, and the interaction between polaritons
gives rise to very rich nonlinear physics, which will be the main topic of the next Sections.

1.1.1 Dielectric mirrors

Let’s now review more in details the basic ingredients of a 2D microcavity (Savona et al. [1999],
Kavokin et al. [2007], Liscidini and Andreani [2015]). First, we hint at how alternating dielectric
layers can serve as a mirror. The starting point is Maxwell equations in matter with no free sources,
which can be rearranged so that electromagnetic waves should satisfy the hermitian eigenproblem

9
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Figure 1.1: Semiconductor microcavity. (left) Sketch of a typical microcavity for achieving strong
coupling between the EM field confined by two dielectric mirrors and excitons confined in a QW.
(right) Frequency dependent reflectance for a simple Fabry-Perot cavity model; the sharp Fabry-
Perot resonance is here centered in the middle of the DBR stop band. Plots respectively taken
from (Kasprzak et al. [2006]) and (Liscidini and Andreani [2015])

UJ2

V x H} = SH (1.1)

1
e(r)
where ¢(r) is the local dielectric constant and we assumed unit magnetic permeability so that H
is the magnetic field, subject to the constraint V- H = 0. In a 2D dielectric mirror the dielectric
constant depends only on the normal coordinate e(r) = £(z) and due translational invariance along
the plane the EM modes will be in the form H(r) = H(z)e I Tl; it is convenient to consider a
periodic Bragg structure e(z) = e(z+a), so that the Bloch theorem allows to label the eigenvectors
by a wavevector ¢, in the first Brillouin zone and a photonic band number, together with the
polarization index. In particular, the periodic e(z) couples Fourier waves e*=* differing by a
multiple of 27/a; with respect to the light cone in vacuum or in a homogeneous medium, it is
clear that one Fourier wave will be mostly coupled to a wave with opposite group velocity in the z
direction; if two layers of different ¢ are alternated, the constructive interference of these reflections
from successive interfaces provides the way to maximize the photonic band gap around a given
frequency w, goal that is achieved by designing the structure in the so called A/4 configuration:
this consists in choosing the thickness of each one of the two layers as ¢/(wn;), I = 1,2. A wave
incident on the structure with frequency falling in the photonic bandgap doesn’t find any available
state for propagation and it is reflected; the reflectivity is closer to one if more and more layers are
stacked. (One can also reason in terms of evanescent waves, related to non-normalizable eigenstates
with complex wavevectors, which allows to compute the penetration length of the reflected wave.)

Now, two Bragg mirrors of reflectivity |r(w)| ~ 1 in a given spectral window form a Fabry-Perot
cavity, as sketched in Fig. 1.1.b. The input-output treatment of this structure yields a transmission
coefficient in the form

v |

B 1—rw)
T 1 r2(w)e2ik=(@)L:

tean(w) (1.2)
where L, is the effective length of the cavity (closely related to the thickness of the central struc-
ture) and k. (w) is determined by the refractive index of the inner layers and by the frequency and
incidence angle of the wave. Equivalently, this expression can be derived by summing the har-
monic series arising from the multiple reflections inside the two mirrors: any time the constructive
interference condition is matched, a sharp transmission window of Lorentzian shape appears. The
full width at half maximum (FWHM) of the resonance at frequency w,, is denoted ~,, and the
quality factor of the mode @ = wy, /¥ counts the number of optical cycles the trapped radiation
performs before leaking out.

1.1.2 Wannier excitons in GaAs

Then, we discuss the interband exciton arising in semiconductor materials with a direct band gap.
In the particularly relevant case of gallium arsenide GaAs (Blakemore [1982], Schlesinger [2001]),
the crystal structure, depicted in Fig. 1.2.a, is of the zinc-blende type, that is a bipartite version
of the diamond lattice, with Ga (As) belonging to the IIT (V) group of the periodic table. This
structure can also be thought as two interpenetrating fcc solids, with the nearest neighbours of

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio
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Figure 1.2: GaAs electronic states. (a) Unit cell of the zinc-blende crystal structure of GaAs. (b)
Single electron bands of GaAs computed via a pseudo-potential method. (c) Sketch of excitonic
hydrogen-like levels n = 1,2, 3 emerging as narrows peaks below the single particle continuum in
the excitation spectrum of a direct gap semiconductor. (d) Typical QW for GaAs, with external
layers containing aluminium to give type-I band alignment, i.e. lower (higher) edge of the valence
(conduction) band. Plots respectively taken from (Du et al. [2013]), (Schlesinger [2001]), (Yu and
Cardona [2010]) and (Wikipedia — Quantum well).

each atom forming a regular tetrahedron. The band structure, or more precisely the single particle
energies versus momentum along two crystal axes, is plotted in Fig. 1.2.b for the bulk material at
the temperature 7' = 300K. The band gap reaches its minimum of 1.42 eV at the T" point and the
bandgap decreases with increasing temperatures, since the lattice expands. The conduction band
features an effective mass of 0.067m, at the I' point, with m. the mass of the free electron, and has
s-wave orbital symmetry. The valence band instead is p-symmetric and splits in a heavy hole and
a light hole branches, with effective masses of 0.50m, and 0.076m, respectively and total anglular
momentum j, = 3/2,jf = £3/2 and j, = 3/2,j7 = £1/2. (There is also another sub-branch
j" = 1/2 which lies deeper in energy by a spin-orbit splitting of 0.34 eV.)

In order to obtain the spectrum of the semiconductor at low temperatures, as probed p.e. by
optical spectroscopy, the single particle approach is not enough. Nonetheless, the many electron
problem can be simplified by considering an hole in the valence band and an electron in the
conduction one, interacting by an effective potential that keeps into account Coulomb screening by
the other electrons. In semiconductors, this gives rise to hydrogen-like bound states with a Bohr
radius extending typically over many unit cells: such states are called Wannier-Mott excitons (Yu
and Cardona [2010]) and their spectrum is sketched in Fig. 1.2.c.

Such an excitation can be then spatially confined in a layer sandwiched between two layers with
some different alloy composition. To this end, the band gap of the central layer has to be smaller,
so that it provides an effective well potential for the exciton. It is convenient to adopt the envelope
approximation and consider the electron-hole pair frozen in the 1s bound state and in the lowest
subband along z, while translational symmetry along the plane allows for a parabolic dispersion
of the center of mass degree of freedom.

For example, in GaAs structures the exciton binding energy is of the order of a few meV, the
precise value depending on the temperature and thickness of the structure, and the Bohr radius is
~ 10nm. In order to obtain a quantum well, the GaAs layer is sandwiched between two Al,Ga;_,As
regions, as illustrated in Fig. 1.2.d. While the heavy hole and light hole are degenerate at k = 0
in the bulk, this degeneracy is lifted when the hole is confined in the QW, with the heavy hole
being energetically favourable by typically a few meV. In the following we restrict to heavy holes
excitons with J, = +1 = o, to satisfy the selection rule for optical excitation.

1.1.3 Exciton-polaritons

Having hinted at the microscopic aspects of the semiconductor 2D microcavities, it is now possible
to write down a simplified Hamiltonian to grasp the basic features of light matter interaction in
the strong coupling regime. Non-interacting excitons in the envelope approximation and in the the
first QW subband are described by

Hy =Y wx kbl b0, (1.3)
kHU

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio
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where the excitons can be considered as a bosonic excitation as long as their density is low enough
not to resolve the two fermionic constituents (Hopfield [1958], Keldysh and Kozlov [1968]). Since
the exciton mass is quite heavy for our purposes, it is possible to consider a dispersionless line
wx (kH) = wWx-.

On the other hand, the parameters are tuned so that a specific photonic branch ax o 1s nearly
resonant with the exciton line; focusing only on these modes, the cavity Hamiltonian reads

He = ch(k“)a;lgak“g. (1.4)
kHO’

If one injects photons with small incidence angle, the condition kL, < 1 allows to approximate
the polarization unit vectors as perpendicular to the z axis and take the dispersion independent of
the polarization o, neglecting the so-called TE/TM splitting (Shelykh et al. [2009]). For a perfect
and infinite planar cavity the dispersion looks like a rounded light-cone

/ c? h
wc(k”) = w% + ﬁkHQ ~ wo + mkﬁ, (1.5)

where for the M-th transverse mode one has the k; = 0 frquency wy = ;=M and the photon

effective mass mg = C;‘/%

The excitation of an exciton corresponds to an optically active transition with dipole moment
d. Since the exciton is confined in a region of a few nanometers, it is possible to resort to the
dipole approximation very much used in quantum optics and neglect the spatial dependence of the
electric field over the scale of the dipole moment. Keeping only nearly resonant terms, the so-called
rotating wave approximated (RWA) coupling term reads

Hia = hQRY_af bico + hec. (1.6)
k“O'
where the Rabi frequency is given by Qr = dFEy/h with Ey = % with V the effective volume

of the cavity. From this expression it is evident that for achieving strong light matter coupling it
is necessary to confine the electromagnetic field within the cavity and confining the exciton at one
anti-node of the EM field.

The Hamiltonian Hy + Hc+ Hpps can be easily diagonalized by the rotation ﬁﬁﬁ, = cos Hgkllg +

sin fay o, ﬁglﬁ; = cos fay o —sin Hgkllg. The new bosonic operators create and annhilate excitations
called exciton-polaritons (Hopfield [1958]). The dispersion of the coupled system consists of two
branches wrp(k)), wyp(k)) arising from the avoided crossing of the light-cone with the exciton
line, as depicted in Fig. 1.3. The excitonic versus photonic character of a polariton of given
wavector is given by the Hopfield coefficients characterizing the above rotation. In experiments the
microcavity can contain Ngw quantum wells located at different anti-nodes of the field. Repeating
the diagonalization of the light-matter Hamiltonian in this case, one sees that the photon field
couples only with the symmetric combination of the exciton operators, with the other Now — 1
fields remaining dark. The Rabi coupling to this bright exciton is enhanced by a factor /Ngw,
so that having multiple QWs is a practical strategy to have a stronger coupling. For instance, the
microcavities used in (Bajoni et al. [2007], Stepanov et al. [2019]) consist in a A/2 AlAs region
stacked in between two DBRs made of 16 and 20 /4 pairs of Aly2Gag gAs/AlAs layers; in total
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12 GaAs QWs are embedded in the central AlAs and the innermost DBR AlAs layers, at the
anti-nodes of the cavity field.

This very simple treatment can now be enriched if one reintroduce by hand two essential
ingredients: losses and interactions. Losses arise both from the leaking of photons out of the cavity
and from the decay of the exciton due to scattering with electrons, phonons and impurities. A
formal treatment of the coupling of the cavity to the external EM environment and of the electronic
decay and dephasing channels requires the use of a master equation with Linblad terms accounting
for losses and dephasing (Gardiner and Zoller [2004], Walls and Milburn [2007]). Nonetheless,
for many puposes it is sufficient to deal with a Hamiltonian containing complex eigenfrequencies
W= w—i3 .

Having introduced losses, we can now define the strong coupling regime via the condition
Qpr > 7. Physically, this means that energy is exchanged over many cycles between the photon
and exciton fields before being lost in the EM or electronic environment. Within this regime, in a
spectroscopic experiment we are able to resolve the avoided crossing splitting between the photon
dispersion and the exciton line.

The picture presented so far holds as far as the system is probed linearly, i.e. the density
of excited polaritons is low enough. However, the electronic constituents of the overall neutral
polaritons start to see each other for close-by quasiparticles: at high polaritons densities, achieved
for strong pumping, polariton-polariton interactions need to be taken into account. A detailed
discussion of these issues is postponed to the next Chapter, where the polarization dependence of
the interactions and the subtle problem of determining the coupling constant will play a central
role. For our purposes, here it is sufficient to add to the Hamiltonian the quartic local Hartree
term Y., goor [ d°x l;Lgl;xgl;LG,ExJ/.

With the further approximation that we focus on the lower polariton branch and on just one
polarization, all the complex physics of the undriven polariton field is summarized in the bosonic
Hamiltonian

Hrp— 61271{ k 3 K| ol p 2x plp.plp.

v = [ g [#er 0 = 5700 il +a [ P ik (1.7
this equation describes the polariton excitations considered in the rest of this Chapter. Notice
that one of the limits of exploiting photons in many Quantum Technologies, including Quantum
Computation, is the fact that in the vacuum two photons interact very weakly via the QED one-loop
vertex containing four electronic propagators; this vertex is then negligible at optical frequencies,
which are well below the Compton scale. However, dressing the photon with matter degrees of
freedom endows it with the possibility of exerting a strong interaction on another polariton. The
quest for strong photon-photon nonlinearities, with the ultimate goal of reaching a perfect photon
blockade (Imamoglu et al. [1997]), has motivated a tremendous amount of work in the solid state,
atomic and superconducting qubits communities over the last two decades.

In the following Section we will discuss different strategies to excite polaritons. Clearly, many
of the approximations illustrated above are well motivated only retrospectively, because one drives
the microcavity in regimes in which we have good theoretical control.

1.2 Polariton fluids

In this Section we will sketch three different schemes to macroscopically populate a state in the
lower polariton band: via incoherent pumping, by resonant driving and through optical parametric
conversion (Carusotto and Ciuti [2013]). The basic mechanism underlying the first two of these
is bosonic stimulated scattering and in all the three cases the bosonic nature of the polaritonic
excitations allows to write down a generalized Gross-Pitaevskii equation (GPE) (Pitaevskii and
Stringari [2016]), which is the starting point for studying collective effects in polariton fluids.
Let’ s start with incoherent pumping. This relies on exciting in uncontrolled way many high
energy excitonic and electronic states of the microcavity, which will then relax into the bottom of
the LP band (Porras et al. [2002]). In practice, excitation is usually performed by shining a laser
with frequency above the conduction band edge or via electrical injection of carriers. A first stage
of the relaxation process via scattering with optical and acoustic phonons leads to an accumulation
of incoherent polaritons around the inflection point of the LP band. At this point polaritons can
further relax into the bottom of the LP band. If driven by scattering with phonons, this process
is usually very slow because of the small phase space of the final polariton states. However, for
high enough polariton densities, polariton-polariton scattering is fast enough to create a finite

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio



Polariton fluids 14

QW free carrier
states

/ Continuous wave
\/\/\/ Ti-sapphire
/ 1,768 meV

d =35 um spot

~
=

Energy (V)

4
>

-0 -5

1.72
Upper polariton :

1.

Emission angle, # (degree)
20 -10 0 10 20

10 20

-20 <10 0 10 20

~
o

Photon

Energy (V)

" Exciton

1.68

Emission
<\ \/\/\/W\/ Lower polariton
1.67 :

-60-30 0 30 60 3-2-101 2 3
6 (degree)

Energy (meV)

3-2-101 2 3

3-2-1012 3

In-plane wavevector (104 cm™")

Figure 1.4: Polariton condensation. (left panel) The incoherent optical pumping scheme is
sketched: a high frequency laser excites electronic states in the conduction band, which relax
in polariton states at large wavevector. Further relaxation into the bottom of the LP band is only
effective for high polariton densities, based on stimulated polariton-polariton scattering. This is
further demonstrated in the right panel, where the far-field emission of the microcavity is plotted
below threshold, at threshold and above threshold, showing macroscopic occupation of the k| = 0
LP state. Plots are taken from (Kasprzak et al. [2006]).

population around the k& = 0 polariton states. This spontaneous seed can then trigger stimulated
polariton-polariton scattering into itself. For strong enough pumping these processes result in the
formation of a non-equilibrium Bose-Einsten condensate, corresponding to a coherent macroscopic
polariton population in the bottom of the LP band. The phase of the condensate is spontaneously
selected based on the random phase of the initial seed. This physics was first experimentally
demonstraed by Kasprzak et al. [2006] and it is summarized in Fig. 1.4.

With respect to atomic BECs which need to be cooled down below the pK range, polariton
condensation has the advantage of taking place at much higher temperatures. This is due to the
very light mass of the lower polariton as inherited from the confined photon, which typically is of
the order of myp ~ 107*m,: indeed, the critical temperature for having a quantum degenerate

system is reached when the thermal De Broglie length hmi’;T approaches the average distance

1

between the particles. This allows to have Bose condensation ' at temperatures of a few Kelvin
(19K in the aforementioned experiment), or even at room temperature if one uses materials with a
large enough exciton binding energy (Ardizzone et al. [2019], Su et al. [2020]). In this perspective,
polariton condensates harness the best features of their matter and radiation constituents: they are
interacting as material particles, but on the other hand they are very light and allow for all-optical
control and imaging.

The emergence of coherence in a fully quantum model and the excitations of the non-equilibrium
fluid were first studied by Szymariska et al. [2006]. A simpler mean-field model that captures many
features of this polariton laser has been proposed by Wouters and Carusotto [2007] and it is based on
the single-particle wavefunction 1 (x) describing the macroscopically occupied state and on the the
incoherent density of polaritons ng(x) populating the inflection point states. The corresponding
generalized GPE plus the rate equation for the reservoir density read

FLQ ﬁ’y AR gr
, _ |y P _ 2 2 _ : Y 1
ihoy) = | hw T Vet gl]® —i 5 Ti5 (1 22hR) nR} W, (1.8)
g =P — (yr + R[Y[*) ng, (1.9)

where R is the stimulated scattering rate, gr takes into account the variation of the QW refrac-
tive index due to the presence of incoherent excitons, P measures the injection rate of incoherent
polaritons and it is closely related to the pump strength, v describes the rate of polariton recom-
bination out of the condensed state. Notice that the parabolic approximation with effective mass
myp for the LP dispersion holds because only states at its bottom are considered.

lin 2D condensation is well defined only for finite pump spots.
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Two very important features typical of lasing and Bose-Einstein condensation are captured
by equations (1.8,1.9): the existence of a threashold under which the steady-state condensate
wavefucntion is zero and the symmetry under global phase shift ¥(x,t) — e'®i(x,t). Above
threashold, in order to have a steady-state lasing state it is then necessary to spontaneously break
this U(1) invariance; nevertheless, this microscopic symmetry survives through the Goldstone mode
in the spectrum. These issues will be considered in full details later on in the subsection 3.2.1; in
particular we refer to Fig. 3.2 and surroundings for the discussion of the collective excitations.

These two important features are missing if the microcavity is instead driven resonantly. In this
case a laser is tuned at a frequency w, close to the bottom of the LP band and with an incidence
angle corresponding to the in-plane wavevector k,. The use of a single-particle wavefunction in
this case is justified because the polaritons are created by the laser in the same state and with a
phase inherited by the one of the laser. The appropriate generealized GPE here is (Carusotto and
Ciuti [2004])

2
ihdy) (v, t) = (hwgp - :—mvz + gly)? - 17?) Y+ F(r)ert (1.10)

where the driving term F(r) includes the spatial dependence of the laser field, its amplitude and
the coupling with the microcavity states. As it is apparent, due to this pump term the global phase
shift 1 (x,t) — e (x,t) is not a symmetry of Eq. (1.10), leading to completely different features
of the excitation spectrum and superfluid properties. Resonantly injected fluids will be the main
topic of the rest of this Chapter and of the following one, so we posticipate the discussion of their
basic features to the next Section.

Even though we will not focus on it in this Thesis, for completeness we briefly mention a
third commonly used experimental setup, usually referred to as optical parametric oscillation
(OPO). One can resonantly drive the microcavity with parameters (wy, k) corresponding to the
inflection point of the LP band: in this region it is possible to satisfy the condition of phase-
matching for four-wave mixing processes (Boyd [2019]), for which two pump photons (wp, k) are
converted in a signal (ws, k) and an idler (w;, k;) photons while conserving energy and momentum,
2wp = ws +wi, 2k, =k, +k;. This polariton-polariton scattering process can be stimulated by an
external probe laser at the signal frequency and momentum or by the spontaneous accumulation
of signal and idler polaritons which in turn triggers the nonlinear process and leads to a polariton
condensate via breaking of the U(1) symmetry (Baumberg et al. [2000]). Mathematically, this
physics can be described by a resonantly driven generalized GPE with complete LP dispersion
wrp(—ihV) and where the formation of the signal and idler beams are signaled by instabilities of
the single-mode steady-state wavefunction (Carusotto and Ciuti [2005]).

1.3 Collective physics of resonantly driven polaritons

In this Section we will be concerned with the theoretical study of resonantly driven GPE Eq. (1.10)
in the case of a plane wave pump field F(r,t) = Foetk» Tt Since we will rely a lot on these
results in the course of the thesis, we will discuss in great details the bistability of the steady-state
solutions, the spectrum of the collective excitations and the superfluid behaviour in the presence
of defects.

1.3.1 Bistability

As a first step, for any shape of the laser spot, one can adopt the transformation ¢(r,t) —
e~ wrty(r,t) and move to a rotating frame where the steady-state field is time independent. In
this frame, the GPE reads

2
ihOpp(r,t) = (A - j—mvz’ + gl]? — z?) Y+ F(r), (1.11)

where we introduced the detuning A = hwlf — hw,. Since, as we will show below, a Galilean
symmetry argument allows to reduce the general case k,, # 0 to the treatment of k, = 0 (Amelio
et al. [2020b]), we will start considering a uniform pump F(r) = Fy. The staedy-state solutions
then are also uniform with amplitude 1y which satisfy
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Figure 1.5: Bistability and Bogoliubov spectra. Left panel: typical p versus Irp diagram in the
optical limiter (upper) and bistability (lower) regimes. Right: Bogoliubov spectra, showing Rew
(upper) and Imw (lower) as function of k, at the various working points highlighted on the diagrams
on the left. Plot taken from (Carusotto and Ciuti [2013]).

0= (A+g|¢o|2—ih;) Yo + Fo. (1.12)

Squaring this equation one can study the blueshift or Hartree interaction energy of the polariton

field 1 = gltbg|? in terms of the effective pump intensity Ir = g|Fp|*:
hry 2
(A+p)?+ <2> ]N:IF. (1.13)

This is a third order equation for u and it is easily shown that I (u) is monotonic for p > 0 as long
as A > —?7, so that in this optical limiter regime for any value of Fy there is only one stable ).

When A < —?7 instead, for Ir € [}, I2] there are three values of y satisfying Eq. (1.13), but it
will turn out that at most two of them are dynamically stable. This result, depicted in Fig. 1.5.a,
indicates that, if the driving laser is blue-detuned at least by @7, there is a range of values of the
pump intensity for which the polariton field configuration is bistable (Boyd [2019]). In practice
one has to deal with a hysteresis cycle: ramping on the pump the polariton state follows the lower
bistability branch; when I passes I% the laser gets resonant with the blue-detuned polariton state
so that p jumps up; when ramping down instead, the pump power u follows the upper bistability
branch before jumping down.

Bistable behaviors have indeed been found in a number of experiments (Baas et al. [2004],
Sarkar et al. [2010], Paraiso et al. [2010], Rodriguez et al. [2017], Stepanov et al. [2019]), although
it turns out to be very difficult to obtain quantitative agreement with theory, likely because of the
sensitivity of this phenomenon to external noise sources. We also mention that, while bistability
holds rigorously in this mean-field treatment, strictly speaking the full quantum theory forbids
bistability, because of the finite tunneling rate between the two candidate bistable states (Vogel
and Risken [1988], Vicentini et al. [2018]). In practice, the auto-correlation time diverges with the
number of photons and the size of the spot, so that within an observation window of finite duration
the phenomenology gets hysteretical (Rodriguez et al. [2017]).

1.3.2 Bogoliubov excitations

We now move to consider the dynamics of small excitations on top of the uniform steady-state.
This is done by inserting ¢ (r,t) = ¥ + d9(r,t) in Eq. (1.11) and keeping terms of the first order
in d¢:

2
i (r, t) = (A - ziva + 2g4o|? — /?) 5 + guhday”. (1.14)

Because of the last term, arising from the nonlinearity, this linear problem is not diagonalized
just by exploing translational invariance and expanding in Fourier waves e’* =@t Instead,
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since each plane wave is coupled to its complex conjugate, one has to consider the general ansatz
5p(r,t) = uekr—iwlt 4 gre—ikrtiw ()t (Pitaevskii and Stringari [2016], Carusotto and Ciuti
[2004]) and diagonalize the 2 x 2 Fourier-Bogoliubov blocks

hw <Z> = [—zh; + (A + ;il;? +2p A %kQ - 2#)] <Z> = Z(k) (g) : (1.15)

The excitations have dispersion

hop () =~ 1o/ (a+ ke 1o e (1.16)
=T om B :

and are depicted in Fig. 1.5.b for different values of u and both in the optical limiter and bistable
regimes. In the former case and for A > 0, the Bogoliubov excitations are always dynamically
stable, i.e. Imwy < 0 and the particle (hole) branch, defined by the condition |u] > |v| (Ju| < |v]|)
has positive (negative) real part. When this is the case the dispersion does not cross the w = 0
line and it is said to be gapped; also the hole fraction of particle-like excitations will be small and
vice versa. In particular, in the linear regime of small pump intensities u < ~y, the nonlinearity
doesn’t play any role, the particle branch starts at A and the Bogoliubov modes closely follow the
polariton modes of the undriven cavity,

The situation is much richer in the second regime, for which A < —@fy. For small pump
intensities (point A of Fig. 1.5.b), we recover the bare LP band, which is the linear regime explained
above. At very high pump intensity (point D), for which A 4+ p > 0, the polariton band is blue-
shifted because of interactions and the dispersion is gapped. When the special condition A4y =0

is met (point C), the dispersion is acoustic:
_ Y
wy (k) = teslk| — iy (1.17)

with the speed of sound defined by
me? = p. (1.18)

We will return on this regime later. For slightly lower intensities, the particle and hole branches
stick together and an imaginary part develops (point C’) around k = 0, which finally becomes an
instability when at the turning point I = I}. Other instabilities at finite wavevector develops at
the end of the lower bistability branch via the same sticking mechanism (points B, B’). The central
bistability branch is characterized by the unphysical property ddl“p < 0 and it is always unstable.
The symmetric structure of the spectrum is explained by noticing that the Bogoliubov matrix

Z (k) is characterized by particle-hole and parity symmetries, that combine in

22k)=-Zk)Z (1.19)

where
P ( 0 é) (1.20)
and # stands for complex conjugation. For a generic eigenvector |wi) = (u v)T of Z(k) of

eigenvalue w, this symmetry implies that
Z(k) P|wg) = —w* P|wy) , (1.21)

i.e. that Z|wy) = (v* u*)T is itself an eigenvector of £ (k) of eigenvalue —w*. This imposes the
presence of pairs of eigenvectors with the same imaginary part and opposite real parts, correspond-
ing to complex dispersions of the form w* (k) = +e(k) — iy(k)/2, or to two purely imaginary and
in principle unrelated eigenvalues w* (k) = —iy,(k)/2.

Because of this connection and of the form of the ansatz for Jv, the positive and negative
excitations cannot be excited independently: when an external probe is present both branches are
in general visible in the spectrum. This can be easily understood from the linear kernel obtained
by inverting the Bogoliubov matrix and we will see some examples of this procedure later.
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1.3.3 Landau criterium

It is now time to introduce a notion of superfluidity. In equilibrium quantum fluids there exists a
particularly precise definition, stating that a superfluid yields no resistence to a transverse probe,
or in the linear response language the transverse current-current correlation function is zero. This
definition may apply to polariton condensates, but it has been shown rigorously by Juggins et al.
[2018] that such correlation function is certainly nonzero in coherently driven fluids. The funda-
mental difference with standard BECs is that the polaritons are injected with the phase of the
laser, so that there is no U(1) spontaneous symmetry breaking; on the contrary, the phase is fixed
and this rigidity prevents the formation, under the pump spot, of any current which is not directly
imprinted by the drive, such as the currents involved in vortices. It is nevertheless possible to
measure how much a resonantly injected polariton flow gets distorted in passing around an ob-
stacle, and how strong is the drag force exerted on it. As shown below, a regime can be clearly
identified when this distortion and drag force are strongly suppressed. This is phenomenolgical
sense in which the polariton community uses the word superfluidity for resonantly driven fluids.

The study of the collective excitations provides a good starting point for discussing the super-
fluid properties of equilibrium quantum fluids. According to the Landau criterion (Landau et al.
[1981], Pitaevskii and Stringari [2016]), a standard superfluid is able to flow without friction at
speed v around a static defect until it is energetically favourable to create excitations in it, i.e. if
wk) + k-v > 0, where w(k) is the excitation dispersion of the fluid at rest. This provides the
well-known expression for the critical velocity,

Ve = min ——=. (1.22)

For a weakly interacting fluid of bosons with acoustic dispersion w(k) = ¢4|k| at low momenta, the
Landau criterium yields v, = ¢4, where the equilibrium analogue of Eq. 1.18 typically holds for c;.

Alternatively, a weak defect is able to move through a superfluid without friction if the disper-
sion w(k) of elementary excitations in the latter has no intersection with a straight line w = —v -k.
For particles with a parabolic dispersion and local interactions, equivalence of the two points of
view is ensured by the Galilean invariance.

This formulation applies well to superfluids of material particles with a long lifetime of the
collective excitations, i.e. where the imaginary part Im[w(k)] of the dispersion relation is much
smaller than the real part Rew(k)] and can be neglected at long wavelength. However, subtleties
arise in the case of driven-dissipative fluids, e.g. the polariton ones, where the real and imaginary
parts of the dispersion w(k) may have comparable magnitudes. The importance of this effect for
incoherently pumped polariton condensates was first discussed by Wouters and Carusotto [2010],
who suggested a generalized form of the Landau criterion for driven-dissipative systems in terms of
real frequencies and complex momenta. In particular, for a polariton superfluid flowing against an
obstacle it was shown that a pattern forms when the velocity of the fluid is larger than the critical
velocity, thus showing clear superfluid-like features even in the presence of drive and dissipation.
In the case of coherent pumping, for which a phenomenological way of assessing superfluidity is
by computing the drag force, a pioneering discussion of the effect of drive and losses was reported
in (Berceanu et al. [2012]).

In spite of these issues, the naive application of the Landau criterium provides very good
indications about the behaviour of polariton flows injected by a coherent spatially infinite pump.
This was first discussed in (Carusotto and Ciuti [2004]), using the version of Landau criterium for
a moving fluid against a shallow static defect. Their results, depicted in Fig. 1.6, show how the
intersection of the dispersion with the w = 0 plane allows to predict the distribution in Fourier
space of the scattered wave. Also, the regime of panels (e,f) is what one would call superfluid and
it translates to a very small perturbattion of the real space profile of the flow (not shown here).
On the experimental side, this physics has been beautifully demonstrated by Amo et al. [2009] by
making use of a defect centered under a large pump spot.

To derive the dispersion curves shown on the left side of Fig. 1.6, let’ s study via simple algebra
how the k,, # 0 case of the GPE (1.10) gets mapped to the k, = 0 one. The ultimate origin of this
connection will be clarified in the next Section via a Galilean transformation. The GPE (1.10) with
F(r,t) = Fye'kr*=iwpt can be treated by making the transformation v (r,t) — 1(r, t)etkr T=iwst to
yield

h2

0t t) = (& + 5kt k) 4 ol — 15 ) v+ (129
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Figure 1.6: Scattering from a static defect. On the left sides, the dispersion relation along the
ky = 0 cut is plotted for different values of the pump intensity and of k,,. On the right side
the far-field emission of the scattered part of the polariton wave is reported, as computed via
Eq. (1.36). In particular, the first row (a,b) shows the linear with the usual Rayleigh ring. In the
third row (e,f) the superfluid regime is depicted. Plot taken from Carusotto and Ciuti [2004].

where k = —iV. The search for a “uniform” steady-state leads to the condition
n? 2 2 vy
0= (A+2mkp+9|1/)0 Z2> Yo + Fo, (1.24)

which is the same of Eq. (1.12) provided that one considers a new and more proper definition of
detuning A, = A + %kg = wrp(k,) — wp, which quite naturally is the detuning not with respect
to the bottom of the LP band, but rather relatively to wyp(k,). The discussion of the bistability
diagram is then inherited from the previous paragraphs.

Moving to the Bogoliubov spectra, one can plug the ansatz ¥(r,t) = ¢y + uetkr—iw( )t
*e~ikrtiw” ()t into Eq. (1.23) and obtain the linearized eigenproblem

Ty B2 A, + 2K2 19
N N )
v 2 2m — —Ap — 5-k* =2 v v

The dispersion is now

v

m(k)z—i@+ik-ki A+h—2k2+2 2— 2 (1.26)
* 2 " om P » " om r) —HS '
with the Doppler term %kp - k which tilts the dispersion. Apart from this shear mapping and
with the sagacity of using A, instead of A, all the needed knowledge has already been explained
in Fig. 1.5 and in the relative discussion. This Doppler shift is in perfect analogy with standard
quantum fluids and it allows to use interchangeably the two formulations of the Landau criterium,
for a moving defect in a fluid at rest or for a fluid flowing against a static defect.

1.4 Galilean boosts and polariton fluids*

(this Section closely follows Section II of Amelio et al. [2020b])
In the first half of this Section we will illustrate a mathematical mapping that relates the GPE
dynamics of polariton fluids driven with different pump wavevectors. As a corollary, if the relative
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velocities and the polariton densities are the same, the two cases of polaritons injected against a
static defect and of a defect moving in a fluid at rest turn out to be the same situation depicted
in two different systems of coordinate. Because of its formal analogy, we call this transformation
a Galilean boost, even though it does not correspond to a physical change of reference frame.

The starting point is the GPE Eq. (1.10) for the field ;45 (x, t) expressed in the coordinates of
laboratory frame

. h .
Zatwlab(x7 t) = <w0 - %VQ + glq;[}lab‘2 + Vert(x) - Z;) wlab + Eab(x7 t)a (127)

where g = g/h and hV,,+(x) is the static potential acting on the polaritons, including static defects.

Now we develop the aforementioned formal Galilean boost and with some abuse of notation
employ the terminology commonly adopted for physical Galilean transformations. For instance,
when within this analogy we refer to the “frame of reference moving at velocity v with respect to
the lab”, we have in mind the change of coordinates y = x — vt (the lab is just one chosen frame),
while the time variable remains the same in the two coordinate systems. The chosen convention
for the sign of v¢ is such that a fluid moving at velocity v in the laboratory frame is seen as at
rest in the boosted one. The Galilean transformation is given by the unitary operator

P X p X 'm'u2 7
Ulab—>G =é ae el S iR ot 2hct, (1.28)
so that applied on the wavefunction reads
2 _imyvg gt
Ve (y) = [Viab—cian](y) =€ 7 e 720 ap(y + vat) . (1.29)

Galilean invariance of the conservative part of the GPE evolution (1.27) is then guaranteed
by the parabolic form of the kinetic energy according to elementary quantum mechanics (Cohen-
Tannoudji et al. [1991]), so that in our terminology the (undriven) polariton field is Galilean
invariant; instead, the covariance of the driving term is to be discussed in a moment. For usual
polariton systems resulting from the strong coupling of a cavity photon mode to an excitonic
transition this parabolic approximation is accurate for the typical flow speeds considered in the
experiments (Carusotto and Ciuti [2013]).

The pump and loss terms can be treated by taking a step back and considering the Hamiltonian
that generates the GPE (1.27); in particular the pump term in this Hamiltonian reads ];Il‘fl’;”@ =
[ dxFlap(x,t)¥(x) + h.c., which transforms as

. myvg

mv3,t .
Hérwe — UlabﬁGHllizdbweUl];bﬂG — /dyF‘lab(y + vet, t)e_ZTe—ZTnG \I/T (y) +h.c.. (130)

The dynamics in the boosted frame is then described by the same GPE

. h .
Zath(yat) = (WO - %VQ + g'wG|2 + V;:L’t(y + VGt) - 7’;) QZJG + FG(yat)7 (131)

provided the pump term is covariantly transformed according to

2
_myv _mv t
iR i (1.32)

Fo(y,t) = Fiap(y + vat, t)e e

Note that this transformation involves a shift of the wavevector proportional to the velocity as
well as an overall frequency shift mv2t/(2h). The loss term remains unchanged thanks to the
spatio-temporally local form that we have assumed from the outset.

Eqgs. (1.27) and (1.31) describe the same dynamics, the observables in the two frames be-
ing linked by the usual Galilean prescriptions: |¢q(x,t)|> = |¢g(y,t)|? for the density and
vlfalgw (x,t) = Vélow(y, t) + vg for the flow velocity, defined in terms of the wavefunction as usual
as v/1ov = RIm[y* V)] /(2m [1p|?). Note that the overall phase factor in Eq. (1.32) is needed to
ensure that the density (and thus the bistability properties, the acoustic shape of the dispersion
etc.) is independent of the Galilean frame.

For a plane-wave coherent drive with frequency w, and wavevector k, the detuning A, =
hwo + h2k]2, /2m — hw,, pops out again quite naturally in the frame comoving with the fluid at the
flow velocity imprinted by the pump v, = hk,/m. Our approach then gives a formal insight on
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the algebraic trick used in the previous Section to treat the case k, # 0. Notice that for finite
pump spots the Galilean arguments still hold: per example, they relate a stationary spot centered
at wavevector k,, is related to a spot with spatial envelope moving at velocity —hk,/m and carrier
centered, in a given instant, at zero wavevector. The second situation is not so relevant for our
discussion, so we always consider pump spots that can be considered spatially “uniform” (where
the quote marks mean apart from the plane wave factor).

Before proceeding, it is important to stress that the Galilean transformation discussed here is
useful to mathematically relate the dynamics of fluids injected with different speed, but it does
not correspond to a physical change of reference frame, for instance an experimentalist running
parallel to the cavity mirrors. Indeed, for a medium with a refractive index different from unity,
light propagation in a physically boosted Lorentz frame at velocity v, is affected by the celebrated
Fresnel drag effect (Jackson [1975], Landau et al. [1984], Jones [1972], Artoni et al. [2001], Carusotto
et al. [2003]), which changes the dispersion relation to the same order in vz, /c as the Doppler shift:

1

W'(K) =wk) + (nQ — 1) v k' + .. (1.33)
cav

where the apex refers to quantities measured in the Lorentz frame and n.4, is the refractive index

inside the cavity.

In conclusion, despite the covariance of the pump term, the Galilean invariance of the (undriven)
polariton field allows to state that the critical (relative) speed depends on the density but not on
the reference frame, as a corollary of what shown in the previous section; importantly, this does
not assume to work at the acoustic point. More precisely, in the approximation of an infinite
uniform excitation spot, the pattern created by scattering against a defect (hence the superfluidity
threshold) depends only on density and on the relative velocity between the defect and the fluid:
the flow against a static defect and the defect moving through the fluid at rest correspond to the
same dynamics viewed in two different Galilean frames.

1.5 Driven-dissipative aspects of polariton superfluids

(this Section closely follows Section III of Amelio et al. [2020b])

Now we turn to a formal study of the density pattern created when a polariton fluid is coherently
excited into motion against a static obstacle by a monochromatic pump of frequency w, and in-
plane wavevector k,, with a special focus on the effects due to drive and dissipation. The Galilean
argument just discussed entails that these results extend straightforwardly to the case of a defect
moving in a fluid at rest.

In order to determine the density modulation pattern of the fluid flowing around a weak defect
at rest, we adopt the method explained in Carusotto and Ciuti [2004] and linearize the GPE (1.10)
on top of the homogeneous solution at the pump’s wavevector k, and frequency w,, via the ansatz

(x,t) = i(kpx—wpt) |:¢0+/dk 5¢keik-x:| : (1.34)

with d1 of the same order of the weak defect potential 6Vger. Importantly, since the defect produces
a static perturbation on the fluid, the wavefunction (1.34) keeps a monochromatic form at the pump
frequency wy,.

Inserting this ansatz into the GPE (1.27) and keeping the terms of the first order in §Vge¢, one
finds that the different Fourier components §vy are decoupled and each of them satisfies

2
(a4 M2

o + 2g|tbo|* — wp — zéy) Sthi + V2 60" . = —6Vaer (K)to - (1.35)

Then, by combining this equation with the complex conjugate one and solving the matrix inversion
problem, we obtain for an arbitrary (real) potential

0t = Xy (K)1odVaer (k) (1.36)
where the response function to an external potential is defined as
Xy (k) = [ZX)]5 — X)) (1.37)
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Figure 1.7: (a) Evolution of the four complex poles of the one-dimensional response function
Xy (k € C) for different values of the flow speed k, > 0 . The residue theorem is to be applied
to the upper (lower) half-plane for > 0 (z < 0). (b) Spatial profile of the density modulation
induced by the defect (located at = 0) for different values of k,. More precisely, the renormalized
density perturbation %{Zf”o] is reported. (c) Ratio |Re[k]/Im[k]| between the real and imaginary
part of the poles as a function of &, and for different dissipation rates; the horizontal dashed line
indicates v/3. (d) Drag force as a function of the flow speed for different loss rates 7. Across (a—d)
the pump frequency is kept at the sonic resonance point A, = gng, unless differently specified the
damping is set to v/gno = 0.2, and no incoherent reservoir is present.

and the 2 x 2 Bogoliubov matrix reads

n(kp + k) + gno — iv/2 g’ >
Z(k) = ( ” ) . 1.38
() —gto" —n(kp — k) — gno —i7/2 (139
Here, k =k, + k is the (real-valued) total momentum and the detuning function
n(k) = wo + hk*/2m + gng — w, . (1.39)

The perturbed wavefunction in real space is finally obtained from (1.36) by means of the Fourier
transform (1.34). The Bogoliubov dispersion relation w(k) corresponds to the eigenvalues of the
matrix (1.38), i.e. the zeros of det [w — £ (k)] on the manifold k € RP,w € C.

While these complex frequency modes allow to study dynamical excitations, it was hinted at
in Wouters and Carusotto [2010] that the response of the steady state to static external perturba-
tions is most conveniently characterized in terms of modes with a real frequency and a complex
momentum. In classical electromagnetism (Tait [1972]), such waves naturally appear when dealing
with monochromatic light incident on an absorbing medium. In our context, this point of view is
implicitly assumed upon using the residue theorem to evaluate the Fourier integral (1.34): since
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the defect is at rest, it generates a static perturbation in the fluid at w = 0, whose peak wavevectors
k are determined by the zeros of det £ (k), i.e. the poles of x,, (k) as a function of k € CP.

In the simplest case of a one-dimensional geometry and a delta-like potential at rest giving
a momentum-independent 6Vier(k) = 0Vier, the position of the poles in the complex k plane are
shown in Fig. 1.7(a) for different values of the pump wavevector k, > 0 (that is, of the speed kk,/m
of the fluid) and a resonant laser frequency w, = hk2/(2m) + gno + wo such that the Bogoliubov
dispersion is gapless and has a sonic behaviour with a well-defined speed of sound c;.

With the residue theorem technique, evaluation of the Fourier integral (1.34) for = > 0 (x < 0)
only picks the poles in the upper (lower) complex half-plane. For the = > 0 region, a single pole
is present and this has a vanishing real part. It corresponds then to the exponentially decaying
perturbation that is visible in Fig.1.7(b) in the # > 0 downstream region. The faster the flow, the
closer the pole to the real axis, so the slower the exponential decay.

The behaviour is richer in the 2 < 0 upstream region: for small speeds k,, the two poles have
again a vanishing real part and the perturbation displays a monotonic decay. Around hk,/mc, ~
0.75 the poles merge in the complex k plane at a finite Im[k] and then separate again along a
direction parallel to the real axis. For sufficiently large speeds, their real part exceeds the imaginary
one so that the perturbation in the fluid starts displaying a clear oscillatory character upstream of
the defect.

As the association between the real part of the wavevector and the transferred momentum
suggests, this change in behaviour is expected to result into a sharp change in the value of the drag
force exerted by the moving fluid onto the defect, defined as (Astrakharchik and Pitaevskii [2004],
Wouters and Carusotto [2010], Berceanu et al. [2012])

Py = _/ da VVaer () [0(2)|. (1.40)

A plot of Fy as a function of the fluid speed is shown in Fig.1.7(d) for the sonic case and
qualitatively agrees with this prediction.

In particular, the position of the threshold position is consistent with the naive Landau criterion
based on comparing the flow speed with the speed of sound. The velocity-independent value of
the friction force at high speeds is typical of one-dimensional superfluids and was first anticipated
by Astrakharchik and Pitaevskii [2004] for conservative atomic systems. Finally, the smaller the
loss rate -, the sharper the transition from a frictionless superfluid behaviour at slow speeds to a
finite friction force at fast speeds.

While this picture is qualitatively accurate, establishing a precise relation between the location
of the threshold and the behaviour of the poles in the k-complex plane requires a bit more careful
analysis. As one can see in the lower half-plane of panel (a), the k vectors aquire a real part in fact
at a smaller value k, ~ 0.75 than the threshold that is visible in the force plot around &, ~ 1. To
explain this feature, one can see in panel (c) that the different curves of Re[k]/Im]k] for different
values of the loss rate cross at a single value close to v/3 2 for a value of the pump wavevector
hky, ~ mcs ~ 1 that approximately corresponds to the threshold for the drag force shown in panel
(d). This suggests that the threshold is not determined by the point where the k vectors aquire a
real part, but rather by the point when the real part exceeds (by a factor \/3) the imaginary part.

1.6 Hydrodynamics from a finite pump spot*®

(this Section closely follows Amelio and Carusotto [2020a])

In this Section we discuss, within the Gross—Pitaevskii framework, superfluidity, soliton-like
patterns, and instabilities in a non-equilibrium polariton fluid injected by a spatially localized and
continuous-wave coherent pump and flowing against a defect located outside the pump spot. In
the case of resonant and continuous-wave (as opposed to pulsed) excitation, the use of finite laser
spots is necessary to avoid the fixing of the polariton field phase that occurs in the pumped region
and thus open to the possibility of observing nontrivial phenomena including vortical or turbulent
states (Amo et al. [2011]) and even analogue Hawking radiation close to the trans-sonic horizon of
the flow (Gerace and Carusotto [2012], Nguyen et al. [2015]).

2 Indeed, at hkp ~ mcs ~ 1 the pole condition in terms of z = k/k, simply reads 2% 4 iaz 4 a2, whose solution
satisfy |Re[z]/Im[z]] — V3 as a = 25 — 0.

2
mcg
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Most studies on polariton hydrodynamics have been so far guided by the analogies to equilib-
rium superfluids such as liquid Helium and Bose-Einstein condensates of ultracold atoms (Carusotto
and Ciuti [2013]): along these lines, Bose—Einstein condensation (Kasprzak et al. [2006]), super-
fluidity (Amo et al. [2009]) and turbulence (Amo et al. [2011], Sanvitto et al. [2011], Nardin et al.
[2011]) have been experimentally explored in polariton fluids in the last decade. In the resonant
case, the starting point is once again the GPE (1.11) where, in order to escape the phase locking
induced by the external laser and the consequent impossibility of generating vortices®, it is nec-
essary to consider a driving field with a spatially finite support. Outside the pump spot, one has
F(r) =0 and it is convenient to also consider a hydrodynamic velocity — density formalism,

on + V-(nv)=-yn (1.41)

m h?
moyv + V (A—l— Evz +gn — 2m\/ﬁv2\/ﬁ) =0 (1.42)

where n(r,t) = |¢(r,t)|* and v(r,t) = TZV arg[y(r,t)] are the local density and velocity of the
fluid. Without loss of generality, in this Section we always take g = h%2/m = 1meV um?. These
equations correspond to density and energy conservation respectively, and, exception made for the
decay term ~, they are locally identical to the ones used for conservative atomic BECs (Pitaevskii
and Stringari [2016]). Of course, the calculation of an actual flow profile using Eqs. (1.41,1.42)
requires that these local equations in the undriven region are supplemented with proper boundary
conditions to match the flow in the driven region. These boundary conditions are responsible for
the unexpected behaviours that are illustrated below.

Because of this connection to the equilibrium equations, most of the previous work on soliton
formation, vortex nucleation and turbulence when the polariton flow exits the pump spot and
impacts against a static defect has been permeated by the equilibrium approach and has tended to
highlight the similarities with the physics of ultracold gases rather than the differences (Carusotto
and Ciuti [2013]). In particular, for equilibrium quantum fluids flowing against a static obstacle it
is known (Winiecki et al. [2000], Neely et al. [2010], Kamchatnov and Pitaevskii [2008]) that, for
increasing flow velocity, three regimes are scanned, going from a superfluid to a turbulent regime
and again to soliton nucleation.

A similar behavior was observed for polaritons in the experiment by Amo et al. [2011]. However,
that observation was backed by a flawed numerical study (Pigeon et al. [2011]) which confirmed the
equilibrium scenario of the three phases, so that a critical quantitative analysis of the experimental
data was never performed. In our work we reopen this issue and by solving carefully the GPE we
question this theoretical equilibrium prediction.

More specifically, we show that according to the resonantly driven GPE the superfluid-turbulent-
soliton picture is replaced by a crossover from a shallow to a deep soliton-like perturbation. In
particular, a clean superfluid flow around the defect is never reached in our simulations. This is
explained in terms of the properties of one-dimensional flows, in particular their weak dependence
on the pump parameters: acceleration of polaritons by the quantum-pressure-driven density gra-
dient outside the pump spot is shown to quickly induce a transition from sub- to super-sonic flow
in the close vicinity of the pump spot. This feature restricts our possibility to explore the super-
fluid hydrodynamics in the undriven region outside the pump. Such complex and highly nonlinear
behaviours call for quantitative experimental tests of the underlying Gross—Pitaevskii equation.

The role of disorder in inducing non-stationary behaviours with moving phase singularities is
also highlighted and the possibility of forming shock-wave-like patterns around a circular laser spot
is finally investigated.

1.6.1 Outward 1D polariton flow from a localized pump spot

In this paragraph we discuss a first application of the GPE formalism to one-dimensional geometries
under a coherent drive with a finite pump spot. In almost all works so far on superfluidity and
vortex nucleation in polariton fluids (Amo et al. [2011], Pigeon et al. [2011]), the fluid was quasi-
resonantly driven using a finite but large pump spot, and it was often implicitly assumed that the
flow velocity of the polariton fluid is controlled by the wave vector of the pump v = hk,/m.

3 When the polaritons condense spontaneously instead, vortices have been generated by a probe pulse in the
OPO scheme (Sanvitto et al. [2010]) or under pulsed non-resonant pumping (Lagoudakis et al. [2011]), and their
dynamics has been imaged in real time.
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Figure 1.8: Panel (a) Numerical GPE calculations of the one- dimensional polariton flow profile
under a spatially localized pump spot (grey-shaded area). Solid and dotted red lines respectively
indicate the local speed of sound c¢s(x), which is a measure of density, and the local flow veloc-
ity v(x). Green lines show the prediction of the local density approximation (1.45,1.46). The
dashed black line indicates the asymptotic velocity v given by Eq. (1.50). Panel (b): frequency-
momentum spectrum obtained from the Fourier transform of the wavefunction evolution in response
to a weak 0-like perturbation localized at ¢t = 0 and x. = 25um (blue arrow in panel a). The red
curves represent the bare polariton dispersion (dotted), a rigidly blueshifted polariton dispersion
(dashed) and the acoustic Bogoliubov dispersion (solid line), computed using the local values of
the speed of sound ¢s = ¢4(z) and flow velocity v = v(z.). Panel (c): space-time evolution of the
density modulation n.(x,t) — n(x) induced by a small gaussian perturbation of width 1 gm around
ze = 25um at t = 0. The solid green line indicates the light—cone emerging from the perturbation’s
location, also computed using the local values of the speed of sound ¢ = ¢s(z.) and flow velocity
v = v(x,). Parameters: A = —0.5meV, iy = 0.02 meV and g = h?/m = 1meV ym?. The drive is
defined in Eq. (1.43) with \/gFy = 10meV?, x,. = 8.0um, ope = 0.25um and k, = 0. Numerical
calculations were performed by means of the 4th order Runge-Kutta method in a simulation box
of size L, = 1280um with a grid of 2'2 points and periodic boundary conditions.

In the following we show that the physics of polariton fluids driven by spatially localized pumps
can be significantly more complicate than that: in spite of the simplicity of the configuration,
intriguing features are found for the polariton fluid that propagates away from the pump spot,
namely a quick transition to a super-sonic flow and an unexpectedly weak dependence of the flow
profile on the pump intensity and wavevector. Polariton wire devices (Wertz et al. [2010]) appear
as ideal candidates where to experimentally investigate this physics in a quantitative way.

We consider 1D systems and pump configurations F'(x) of the kind

Fla) = Foeo |1 — expd 08 =20e* V) g (1.43)
= Fpe exp 552 Tpe — |2]), .
pe

where ©(X) is the Heaviside step function, equal to 0 (1) for X > 0 (X < 0). The parameters
Zpe and ope respectively determine the position and the sharpness of the pump edge, so that F(z)
is a plane wave with wavevector k, in the central region, and smoothly decays to zero outside
of [—xpe, Tpe]- To avoid artifacts, the numerical integration box is chosen to have a much larger
extension —L/2 < x < L/2 with periodic boundary conditions.

Local density approximation and local speed of sound

The qualitative physics of one-dimensional polariton flows under such a spatially finite coherent
pump is represented in Fig.1.8(a), which displays the stationary solution of the GPE evolution
Eq. (1.11). The solid lines indicate the spatial profile of the flow velocity v(x) defined above and
the dotted lines indicate the local speed of sound

cs(z) = gle@) (1.44)

m
which serves as a convenient proxy for the polariton density |¢(z)|?.

Within the pumped region indicated by the gray shading, the polariton fluid is well described
by the usual theory by Carusotto and Ciuti [2004]. In the undriven region, the density and flow

profile show a rapid crossover through a trans-sonic point towards a ballistic flow at large distances.
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Because of polariton losses, the density then slowly decreases to zero, while the flow speed tends
to an asymptotic value vno.

In analogy with the Thomas—Fermi approximation of atomic BECs (Pitaevskii and Stringari
[2016]), for sufficiently smooth flow profiles the last “quantum pressure” term in eq. (1.42) can
be neglected, which gives explicit equations for the steady-state flow profile in one-dimensional
configurations within a local density approximation (LDA)

d(gn) dv
dv ~
= = ! 1.4
dx 1- 22 (1.46)

From the second equation, we immediatly see that the Thomas—Fermi approximation breaks down
in the neighborhood of the trans-sonic point where mv? = gn and the derivative of the velocity
diverges. On the other hand, when these equations hold, the current profile satisfies the modified
continuity equation

_ z _dz’

j(@) =nv=j(zg)e "m0 G (1.47)

which includes the effect of the polariton decay.
The last equation suggests that away from the pump spot the steady—state wavefunction can
be approximated by a decaying plane wave

YT MU oo x

Y(x) ~e e R, (1.48)

with the real part of the Laplacian in Eq. (1.11) requiring

m 52 72
A _— 2 _——— = 0 M 1.49
+ 2 UOO 8m vgo ? ( )

the presence of A in this equation (and the very existence of a steady-state in the frame rotating
with frequency w,,) has the physical meaning that the pump fixes the time dependence of the field
also in the undriven region. While the last term plays an important role for A 2 0, it is fully
negligible when the laser frequency is well above the bottom of the polariton band (—A > k)
and the asymptotic speed

A+ %vgo ~ 0. (1.50)
is correspondingly large. This shows that the asymptotic flow velocity v is fixed (in modulus)
by the (assumed negative) laser detuning according to energy conservation; in contrast, the pump
wavevector does not play any role in determining v...

The quantitative accuracy of the LDA past the trans-sonic point is confirmed in Fig.1.8(a).
Comparing the LDA predictions (1.45-1.46) to the numerical solution of the GPE, one sees that
the agreement is excellent far in the downstream region and, as expected, a significant discrepancy
only occurs in the vicinity of the trans-sonic point where the LDA equation (1.46) has an unphysical
divergence.

The physical meaning of the speed of sound ¢, in our context is highlighted in the plots shown
in panels (b-c). As reviewed in Sec. 1.3, the Bogoliubov dispersion in the driven region is generally
not an acoustic one (Carusotto and Ciuti [2004, 2013]), unless the pump power, wavevector and
detuning are precisely tuned to fulfill the resonant condition

hQ
A+ —Fk? = 1.51
+2mkp+gn 0 (1.51)

The situation is different far in the undriven region where, for sufficiently small losses ~, the
wavefunction ¢ (z) is locally well approximated by a plane-wave v/n exp[ikz] with slowly varying
density 7 and wavevector k that automatically satisfy the resonance condition (1.51). Within the
LDA, this is straightforwardly derived by inserting the plane wave ansatz into the GPE (1.11) and
taking the small v limit. Here the bar stands for averaging over a region broader than the healing
length /h2/(mgn), but smaller than the typical decay length hk/(m~). In this case, in fact, one
recovers an acoustic dispersion similar to the one of equilibrium fluids. This statement is verified in
panels (b) and (c) respectively in the frequency-momentum plane and in the physical space-time.
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Figure 1.9: Steady-state solutions of Eq. (1.11), for a pump with support in the grey-shaded
region. Continuous lines indicate the flow velocity, while the dotted ones indicate the local speed
of sound as defined in (1.44). Within each panel, the curves in different colors refer to the different
sets of pump parameters as indicated in the inset. The horizontal black dashed lines indicates the
asymptotic flow velocity v, = \/2|A|/m. A detailed explanation of the specific physics underlying
each panel is given in the text. The grey shaded region indicates the extension of the pump spot,
whose profile is given by (1.43) with z,. = 8.0um and ope = 0.25um. If not otherwise specified,
A = —0.5meV, iy = 0.02 meV, k, = 0. Units in the legends are meVpum ™! for the pump amplitude
Fy and pm™? for the pump wavevector k,. In (d), the decay rate is set to hy = 0.1 meV.

Panel (b) shows the spatio-temporal Fourier transform of the wavefunction (i.e. the spectral
distribution of the emission) after this has been suddenly perturbed at ¢ = 0 at the position
e = 25 pm far in the downstream region. Specifically, the plot displays the (logarithm of the
modulus of the) Fourier transform of the perturbation . (z,t) — ¢ (x) in the momentum—frequency
plane. To reduce the spectral broadening due to the spatial inhomogeneity, the emission from a
region around the excitation point has been selected by using a spatial filter of Gaussian shape with
standard deviation 10um. Except for the fringes visible at positive wavevector (due to interference
with the perturbation that is reflected off the high-density region) and the obvious broadening ~,
the distribution follows the expected equilibrium-like Bogoliubov dispersion shown as a solid line.
The distinction from the bare polariton dispersion (dotted line) and from a rigidly shifted parabolic
dispersion (dashed line) are apparent, which puts the concept of speed of sound on solid grounds.

Further evidence in this direction is shown in panel (c) where we show the temporal evolution
of the density modulation n.(z,t)/n(x) — 1 in response to a localized perturbation at ¢ = 0 and
x = 25 pm. To focus on the low-wavevector modes and improve the visibility, a spatially smooth
perturbation of Gaussian shape with standard deviation 1 um has been used. As expected, the
perturbation peaks along the light—cone corresponding to the values of the speed of sound and the
speed of flow extracted at the excitation position, v = v(z.) and 7 = n(z.). Higher-wavevector
Bogoliubov modes propagate at a faster group velocity, so to have well visible fringes outside of
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the light-cone and only a small signal inside the light-cone. Of course the physical meaning of the
sound velocity breaks down in the vicinity of the pump edge, where the flow parameters feature
large variations on the scale of the healing length and the local density picture is no longer valid.

Before proceeding, it is important to remind a different configuration where the usual concept
of speed of sound was recovered in spite of the driven-dissipative condition, namely the time-
dependent experiments by Nardin et al. [2011]. Here, a pulsed excitation is used to inject a
polariton cloud with a given wavevector, that is then left free to evolve according to the undriven
GPE. As the experiments have demonstrated, in this case the speed of sound defined in (1.44) is
a useful concept to characterize the Bogoliubov dispersion on top of the (decaying) polariton fluid
in a sort of temporal LDA.

Weak dependence of the flow profile on the pump parameters

In spite of the complex physics determining it, a most remarkable feature of the polariton flow
outside a localized pump spot is its weak dependence on the specific parameters chosen for the
pump. A first illustration of this physics is given in Fig.1.9.a which shows how the flow profile
right outside the pumped region features small variations across a wide range of very different
excitation powers and pump wavevectors. This can be clearly seen by looking at the position z*
of the trans-sonic point such that ¢;(x*) = v(z*), which does not display major variation for all
choices of parameters. Further to this point, the velocity displays a monotonic growth towards the
asymptotic value vo,: within the local density approximation, this follows by energy conservation
the decrease of the polariton density and, thus, of the interaction energy,

%U(I)Q =—A —gn(x). (1.52)
On the other hand, the extension of the sub-sonic ¢s(z) > v(x) flow region remains quite limited
even with a very strong drive and very long lived polaritons and, most importantly, the complex
shape of the flow profile in this region is determined by the matching of the asymptotic long-
distance flow at wavevector ko, = muvs,/h with the one in the pumped region, whose wavevector
kp and intensity are fixed by the pump via the usual nonlinear equations for spatially homogeneous
configurations (Carusotto and Ciuti [2004]). For instance, depending on the relative value of k,
and koo, the velocity profile shows a monotonic (red and blue lines) profile for k, < koo or a
non-monotonic one (green line) one for k, > ko to understand this last behaviour, one needs to
remind that at intermediate distances the local flow speed is smaller than the asymptotic speed and
grows towards it according to (1.52), while in the pumped region it has to match the (larger) pump
wavevector k,. These two conditions impose the existence of a minimum of the flow velocity in
the vicinity of the pump edge. A further mathematical interpretation of this variety of behaviours
is found in the denominator of the expression (1.46): imagining to integrate the steady—state with
initial condition at large x, solutions that are initially close will strongly deviate from each other
as the trans-sonic point x* is approached and the denominator tends to 0.

The specific effect, of interactions is illustrated in Fig.1.9.b, where we fix the pump wavevector to
a value close to the asymptotic velocity for the chosen pump frequency and we vary the pump power
from the linear regime of very weak pumping towards high intensities well above the bistability
loop. In the linear regime (red lines), the density is so low so that v sticks to v as soon as
the flow exit the driven spot. The oscillations in the velocity and density profile in the pumped
region are due to partial reflection of polaritons at the edge of the pumped region. As it was
also experimentally observed by Nguyen et al. [2015], these oscillations disappear in the strongly
nonlinear regime where superfluidity sets in (green and blue lines). In this regime, the speed right
outside the pump spot is strongly reduced by the higher density according to (1.52) and recovers
the asymptotic value only at large distances.

To better understand the peculiar hydrodynamic features in the sub-sonic region, in Fig.1.9.c
we report results for varying decay rate while the pump wavevector and the (relatively strong)
intensity are kept constant. No appreciable change is found in the pumped region where the
system is far on the upper bistability branch and the density is fixed by the interplay of pump
intensity and density-dependent detuning (Carusotto and Ciuti [2004, 2013]). Even though the
size of the subsonic region up to the trans-sonic point at z* indeed increases with decreasing +,
the dependence is a very slow one and sub-sonic flows of macroscopic size are hardly obtained.

This observation is corroborated by comparison with the magenta curves for the conservative
~ = 0 limit (in the undriven region). In this case absorbing boundary conditions were implemented
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at large distances by means of a smooth imaginary potential. These dissipationless curves suggest
that the flow outside the pump spot tends to self-regulate itself to the maximal velocity that can
be supported without creating scattering, so to asymptotically have v — c¢;. Even though the
trans-sonic point x* is now at infinity, the flow is only barely sub-sonic in most of the space. Since
the non-dissipative condition allows for spatially uniform flows at large distances, the long-distance
limit of the speed is now ¢y ~ v ~ V4 /V/3, With v, computed from Eq. (1.50). Note in particular
how the quick decay of the density right outside the pump spot is not an effect of losses (that are
not present here), but originates from hydrodynamics effects dominated by the quantum pressure
term.

This crucial result is confirmed by the comparison with the curves for non-zero losses shown
in the same panel: the transition from the pumped region in the vicinity of the trans-sonic point
depends only weakly on v and is qualitatively similar to the v = 0 conservative case. This indicates
the crucial role of the quantum pressure term that was neglected in Eq. (1.46) and that is responsible
for the fast, almost ~-independent drop of the density right outside the pump spot. In contrast,
the long-distance behaviour beyond the trans-sonic point is dominated by the decay rate v and is
well captured by the local density picture of Eqs. (1.45-1.46).

Finally, in Fig. 1.9.d we show the result of simulations varying the detuning A and keeping
fixed the decay rate, the pump wavevector and the inner polariton density (by adjusting the laser
strength). For negative enough values of the detuning, the asymptotic velocity is well captured
by vs (dashed red and green lines). For A = 0, it is instead determined by the decay rate and is
equal to \/v/(2m). Even though both the density and the speed of sound ¢ increase with more
negative detunings, the behaviour of the fluid in the outer region is dominated by the even faster
growing asymptotic speed, so the size of the sub-sonic region actually decreases with the pump
intensity.

The calculations discussed here illustrate the dependence of the outward flow on the different
pump parameters. From this, one can extract physical insight on the behaviour of the system and
anticipate the most favourable regimes to observe a given effect. In particular, if one wants to
study superfluidity using a defect located outside the pump spot, it looks beneficial to have z*
as large as possible so to maximize the size of the sub-sonic region. To this purpose, the most
favourable regime (for a given ) appears to be at small negative A.

1.6.2 Superfluidity and instabilities in two-dimensional flows

The features pointed out in the previous paragraphs in the simplest one-dimensional geometry
have profound consequences on the hydrodynamics of two-dimensional driven—dissipative fluids
generated by a laterally very wide pump (in the y direction) which induces an effectively one—
directional flow directed along the x direction. Translational invariance along y is broken by a
static obstacle inserted in the flow.

While the usual behavior discussed in theoretical literature (Carusotto and Ciuti [2004, 2013])
and reviewed in Sec. 1.3 is numerically observed for obstacles located in the pumped region, the
small extension of the sub-sonic region and the quick quantum-pressure-driven density drop dis-
cussed above entail that defects located outside the pump always produce a solitonic pattern. As
a result, superfluidity or vortex nucleation are hardly found, even for very small dissipation, being
replaced by a smooth deep—to—shallow perturbation crossover as the pump power is increased. A
time-dependent behaviour is recovered when a realistic amount of static disorder is included in
the model: the ensuing spatial motion of the phase singularities that appear in the low-density
region around the solitonic troughs is responsible for a localized loss of coherence. Remarkably,
this non-stationary behaviour turns out to be facilitated by the presence of a incoherent reservoir.

Here we consider a pump profile that is a function of x only and does not depend on the lateral
coordinate y, Fy = Fy(x). The defect is located completely outside of the driven region. The main
feature that one can observe in Fig.1.10 is that a (possibly shallow) V-shaped, soliton-like density
modulation always appears past the defect and extends to the edge of the cloud in the downstream
direction. Such a breaking of superfluidity occurs even for weak dissipation, high powers, small
defect size, and small distance of this latter from the pumped region. For the case shown in panel
(a), the density depletion along the slice marked by the dashed magenta line [shown in panel (b)]
is as high as 25% even though the defect is fully in the region of locally sub-sonic ¢; > v flow
delimited, in the absence of defect, by the green dash-dotted line. Furthermore, in contrast to the
conservative case of atomic superfluids (Winiecki et al. [2000], Neely et al. [2010]), no turbulent
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Figure 1.10: Panel (a): Steady-state density profile [in units of the corresponding blue-shift gn(r)]
of a two-dimensional flow under a coherent pump profile of the form (1.43). The vertical black
dotted line indicates the edge of the pump spot at * = z,., while the green dash-dotted line
indicates the trans-sonic point x = x* in the absence of the defect. Note that the density is heavily
saturated in the pumped region, where the blueshift attains values as high as 0.7 meV. A cut of the
density along the vertical dashed magenta line at = 23 um is shown in panel (b). Parameters:
A =—-0.1meV, Fy = 0.5 meVum~!, Ay = 0.04 meV, k, = 1.0um™?!, 2, = 8.0pum and o = 0.25um.
The defect is of effectively infinite strength Vz = 20 meV, has radius r4 = 1 um and is centered
outside the pump spot at x4 = 9.25 um. Panel (¢): cuts of the density along the same vertical
magenta line at © = 23 um for different pump powers. Panel (d) the same cuts when various
parameters are varied with respect to the curve in (c) for Fy = 10 meVum~—!. Given the small
polariton decay rate iy=0.02 meV used in (c,d), these simulations had to be performed in a large
box of sides L, = 640um, L, = 80um with a grid of 2! x 28 points.

state with a time-dependent vortex nucleation has been found. Note that this last prediction is
not in contrast with the experiment by Nardin et al. [2011], which was performed in a completely
different regime where the coherent pump had a pulsed character and the polariton phase was
afterwards free to evolve.

Whereas panels (a,b) show the breaking of superfluidity in an experiment with realistic param-
eters of state-of-the-art samples, panels (c,d) aim at demonstrating that, as soon as dissipation is
present, no clean superfluidity is possible for a defect located outside the pump spot. As a first
step, in panel (¢) we plot sections of the steady-state density for an extremely small decay rate
and a series of different values of the pump strength. The cuts are taken far downstream from the
defect (along the same line as in the top panel). In agreement with our discussion in Sec.1.6.1, the
density does not appear to change much even under a very large (possibly unrealistic) increase of
the pump power. Note that the very small value of the decay rate used in this panel requires to
perform the simulation in a large box to avoid numerical artifacts *.

We now try to convince the reader that the configuration plotted as a solid blue line in the
middle panel is optimal to achieve superfluid-like features given the constraints imposed by the
presence of dissipation at a given decay rate. To this purpose, in panel (d) we present cuts of the
density profile at a given x normalized to their large y value for different choices of parameters
that differ from the reference one by the variation of a single parameter. Specifically, the blue
solid line is the reference, the red dashed line is for a larger detuning (A = —0.6 meV instead of
A = —0.1 meV) for which the flow gets more quickly supersonic, the cyan dotted line is for a larger
dissipation (fy = 0.08 meV instead of iy = 0.02 meV) which again reduces the size of the subsonic
region, and the green dashed—dotted line is for a defect located farther away from the pump (at
xq = 12.25um instead of x4 = 9.25um), that is closer to the trans-sonic point. As discussed in
Sec. 1.6.1, the dependence on k,, is a very weak one and thus not worth being illustrated here.

Building on these numerical results, we can trace back the imperfection of the superfluid be-
haviour to the relatively quick decay of the polariton density outside the pump spot studied in
Sec.1.6.1. In order to assess whether a defect is able to generate a density perturbation in a
spatially inhomogeneous flow, it is in fact not enough to apply the Landau criterion for superflu-
idity at the defect’s location only (which would in any case be questionable in our case, given the
strong density gradient in the subsonic region), but one has to look for all points where the flow

4The vortical, non-stationary phases reported in (Pigeon et al. [2011]) are likely due to interference of the back-
scattered flow by the pumped region through the periodic boundary conditions. Simulations with small decay are
in fact very sensitive to scattering effects and we have encountered similar problems when smaller boxes were used.
Notice that the box used here is 16 x 4 times larger than the one used in (Pigeon et al. [2011]) and with the same
numerical grid spacing.
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Figure 1.11: (a) Time averaged polariton density and (b) first-order coherence function in the
presence of static disorder. This has the Gaussian distribution described in (1.54) with correlation
length ow = 0.5pum, and amplitude Wy = 0.06 meV. Pump parameters: A = —0.4 meV,k, =0
and Fy = 0.25 meV um~!. The strong defect is of radius r4 = 2um and is located at x4 = 10.5um.

is supersonic: even though locally in the subsonic region there are no on-shell phonon modes that
can be excited by the defect, the perturbation can in fact “tunnel” across the forbidden subsonic
region before getting “on-shell” again in the supersonic region. This mechanism of tunnel-assisted
radiation is well known in electromagnetism, e.g. in the theory of the Cherenkov emission from
particles moving through vacuum holes drilled in material media (Jelley [1958]).

For our case of polariton superfluids, this mechanism is illustrated by the green line in Fig.1.10(a)
which shows, for each value of x, the position along y of the density minima. Since the defect is
located upstream of the trans-sonic point, the perturbation is initially evanescent and does not
propagate in the lateral direction. Only later, well in the downstream supersonic region, it trans-
forms into the usual, laterally expanding V-shaped structure.

The calculations above have shown how the presence of dissipation makes a superfluid flow
more fragile: no matter the pump parameters and the spatial position of the defect outside the
pump spot, this latter is generally able to induce a significant perturbation in the flow. However, it
turned out hard if not just impossible to observe vortex nucleation and the polaritons flow remains
generally stationary in time at all points.

Since experiments (Amo et al. [2011]) have instead observed a loss of coherence, it is important
to assess the importance of other effects on the dynamical stability of the polariton flow. In what
follows we will characterize non-stationarity in terms of a first—order coherence function

[{¥(x))]
(n(r)):

which uses the phase of the pump as a reference. As usual, perfect coherence corresponds to having
(2 =1
g .
Fig.1.11 shows the spatial profiles of the time-averaged density (measured in terms of the local
blue-shift g(n(r));) and of the g(!) coherence function in the presence of a static disorder modeled
as a Gaussian-distributed random real potential W (r) with ((W(r))) =0 and

g (r) = , (1.53)

(r=r')

(W)W (') = Wge *v, (1.54)

where ((...)) stands for average over disorder, oy is the correlation length of the field and Wy its
amplitude, chosen of magnitude comparable to the decay rate.

As expected, the density profile (slighty saturated in the left part of the figure) is perturbed
by the presence of disorder. But even more importantly, the fluid often fails to converge to a
stationary state and keeps displaying irregular oscillations in time. Further insight in this behaviour
is obtained by looking at the time evolution of the phase shown in the Movie M1 included as
supplemental material of (Amelio and Carusotto [2020a]): here, one can see how the disorder
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Figure 1.12: Main (b) panel: density profile under a long-tailed coherent pump as described in
Eq.(1.55) with x,. = 8um (indicated by the vertical black dotted line) and ( = 0.25um. The
defect is centered at x4 = 11uym and has a radius rqy = 2um. Parameters Fy = 3.0 meVyum ™!,
hy =0.05 meV, A = —0.4 meV and k, = 0. Upper (a) panel: cuts of the local blueshift along the
y = 0 (solid blue) and y = 20um (red dashed) lines.

perturbs the phase fronts and makes them perform small oscillations. This time dependence has the
strongest impact in the neighborhood of the vortex-like phase singularities induced by the disorder,
in particular in the low density region around the solitonic troughs. Since the phase displays a
singular 27 variation around the phase singularity, any minor modification of the wavefunction in
this vicinity will result in a dramatic suppression of the ¢() phase coherence.

As a general trend, we have found that a stronger disorder is required to break the stationary
state for stronger decay rates. For instance, for a doubled decay rate iy = 0.04 meV close to
experimental parameters, no instability is generated for static disorder of amplitude up to around
Wy = 0.1 meV. Also, having a short correlation length oy enhances the instabilities. While a
stronger pump intensity typically leads to a reinforced stability, no instability can ever occur for
weak pumps in the linear regime where the wavefunction smoothly tends to its steady-state. Of
course, the vanishing speed of sound in the linear regime prevents a superfluid behaviour, so that
any defect produces a sizable density modulation.

Finally, we mention that the effect of disorder in generating vortical behaviour has been exper-
imentally investigated by Grosso et al. [2011], who observed the evolution of the injected fluid but
did not consider the issue of reaching a steady state.

1.6.3 Solitonic and shock-wave-like patterns

In this last subsection, we complete our discussion by considering additional configurations whose
interesting features may be of importance to understand experimental observations.
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Figure 1.13: Polariton density profile under the linear pump spot of Eq.(1.43) [upper panel (a)]
and under the circular pump spot of Eq.(1.56) [lower panel (b)]. Black dots indicate the edge
of the pumped region, while the green points indicate for each z the position of the density
minima. Parameters: A = —0.2 meV, hy = 0.08 meV, Fy = 0.5 meV pm ™!, kp =0, rpe = 10 um,
Ope = 0.25 um and z4 = 12.5 pm.

Long-tailed pump spot

We will start from the case of a pump profile whose intensity is mostly concentrated in a small
region of space, but also presents a long tail extending outside the main spot. Unless specific efforts
are made to restrict the light intensity to a finite spot, in any experiment diffraction is in fact likely
to be responsible for a weak light intensity to be present in the whole space.

This physics is illustrated in Fig.1.12. We focus on a model configuration where the pump spot
is uniform along y, but displays along = a sharp jump around z,. and a slowly decaying tail for

T — 00,
Fy |m Tpe — T
F(x)ﬂ{QJratan( pC >] (1.55)

In contrast to pump configurations with a finite spatial support, the fact that the pump wavevector
is now locking the velocity at all points facilitates the observation of a robust superfluidity. This
robustness is illustrated in the figure by the absence of a density modulation around the defect,
even though this latter is located well outside the high-intensity part of the pump spot delimited
by the vertical black dotted line.

As another interesting feature, we notice clear vertical fringes in the right part of the figure.
Such fringes were clearly visible in the experiment (Stepanov et al. [2019]) as reported in Fig. 2.6
of the next Chapter, but do not appear when the pump has a finite support or has a fast decaying,
e.g. Gaussian, tail. Rather than shock waves, a natural interpretation for these fringes involves
the interference between the tail of the coherent pump with the polaritons that are simultane-
ously ejected from the high-density region according to the outward flow mechanism discussed in
Sec.1.6.1. An evidence for this mechanism is provided by the approximate v/—A dependence of
the fringe wavevector on the detuning A for vanishing pump wavevector k, = 0 (not shown). Note
that a related but different mechanism for controlling superfluid and turbulent behaviours was
investigated by Pigeon and Bramati [2017] using a support field on the downstream side.

Circular spot geometry

We conclude our discussion with some remarks on the experimentally relevant case of a finite
circular laser spot,
ikpz (r— Tpe)2
F(r) = Foe'™* |1 —exp{ —————— (1.56)
202,

for r < rpe and O for r > rp.. In this geometry, illustrated in Fig.1.13, reaching the superfluid
regime for a defect located outside the pump spot is even more difficult than in the linear geometry
of Fig. 1.10. This is a direct consequence of the geometrical spreading of an outgoing circular wave,
which results in a reinforced decay of the density along the radial direction.
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Another interesting consequence of the radial flow is the different shape of the solitonic dark
lines. These are illustrated in the top and bottom panels of Fig.1.13 for the two cases of a linear
or a circular pump [Egs.(1.43) and (1.56)], in the absence of disorder. The black dots indicate the
geometrical boundary of the pump spot, while the green points mark for each x the position of
the density minimum. While the solitonic troughs start from the defect with a similar aperture
in the two cases, their shape becomes markedly different further downstream. For a linear pump
spot (upper panel), the rapid growth of the flow speed over the speed of sound leads to solitonic
lines that asymptotically approach the x direction. For a circular pump spot (lower panel), the
solitonic lines eventually approach the radial direction of the flow (cyan dashed lines) and have the
quite rectilinear shape observed in the experiments (Amo et al. [2011]).

1.7 Conclusions

To summarize, we have reviewed the microscopic aspects of exciton-polaritons in semiconductor
microcavities in Sec. 1.1, the generation of polariton fluids under incoherent, resonant and para-
metric pumping in Sec. 1.2 and the basic properties of uniform resonantly injected fluids in the
Gross—Pitaevskii framework in Sec. 1.3. In the original part of the Chapter, we have discussed
some general properties of the generalized, driven-dissipative GPE.

First, we have shown in Section 1.4 how a formal Galilean transformation relates the two
situations of a fluid flowing against a static defect and of a defect moving in a fluid at rest. As
a result, the dispersions of the Bogoliubov excitations are related by a simple Doppler shift and
the density modulation pattern are identical in the two cases, as it normally happens in Galilean
invariant fluids of material particles in free space.

Then, in Sec. 1.5 the effect of driving and dissipation has been considered in 1D, where our
analysis of the complex momentum poles complements the usual loose formulation of the Landau
criterium.

In Section 1.6 we have reported some unexpected predctions of polariton hydrodynamics when
the polaritons are injected by a spatially localized coherent pump. In contrast to the case of a
spatially homogeneous pump considered in (Carusotto and Ciuti [2004]), the combination of the
driven-dissipative condition and of the quantum pressure term beyond the local density approxi-
mation are responsible for a quick drop of the polariton density right outside the pump spot; an
experiment currently running in Alberto Bramati’s lab aims at exploring this feature. Importantly,
this effect strongly reduces the spatial extension of the subsonic flow region and suppresses its su-
perfluidity features. In particular, a sizable soliton-like density modulation appears downstream of
a static defect located outside the pump spot even when this is located still in the subsonic region.
Finally, the impact of a static disorder on the dynamical stability of the flow and on the develop-
ment of turbulent behaviors is highlighted. Qualitative comparisons with available experimental
data are drawn.

Our results highlight the importance of a new generation of experiments aimed at going beyond
the pioneering experimental studies of polariton superfluidity (Amo et al. [2009, 2011], Sanvitto
et al. [2011], Nardin et al. [2011]) and exploring polariton hydrodynamic effects in a quantitative
way. In particular, new experiments are needed to firmly assess the mechanisms at play in realistic
microcavity devices and possibly isolate phenomena that are not yet included in present non-
equilibrium Gross-Pitaevskii equation models, due e.g. to the exciton reservoir and its spatial
dynamics (Caputo et al. [2017]), interaction with the static disorder, and polariton scattering on
phonons (Savenko et al. [2013]). This analysis will be of paramount importance in view of using
polariton fluids as a platform for quantum simulation of the physics of quantum fluctuation effects
such as analog Hawking radiation from a trans-sonic horizon (Gerace and Carusotto [2012], Nguyen
et al. [2015]).
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Chapter 2

LEXCitatiOﬂS and superfluidity of resonantly
driven polariton fluids in the presence of a
dark excitonic reservoir

In this Chapter we move to consider the physics of resonantly driven polariton fluids in the presence
of a dark excitonic reservoir. Indeed, the fully coherent model illustrated in the previous Chapter
does not account for all the experimental observations, in particular with respect to spin-dependent
bistability (Sarkar et al. [2010]), soliton formation following pulsed excitation (Walker et al. [2017])
and measurments of the polariton-polariton coupling from the blueshift (Sun et al. [2017]).

Our work takes inspiration from the measurement of the collective excitation reported in the
experiment by Stepanov et al. [2019], which lies at the heart of the Chapter. The speed of sound
extracted from the data turned out to be significantly lower than the theoretical prediction based
on the fully coherent theory; this suggested us to take into consideration the presence of a reservoir,
which relaxes on a slow timescale and contributes to the blueshift but not to the speed of sound:
the refined theory is in very good agreement with the measured dispersion relations. However, this
work also opened a few conceptual questions concerning the superfluid behavior of the polariton
plus reservoir model and in particular the relation with the experiments by Amo et al. [2009],
where the critical velocity was consistent with the fully coherent theory. These issues are discussed
and resolved below.

In Section 2.1 we review the theory of the spin dependent polariton-polariton interaction con-
stant and the attempts to measure it. In Sec. 2.2 we explain the aforementioned experiment in
great detail. Coming now to our contributions, in Sec. 2.3 the model including the dark excitonic
reservoir is introduced and the collective excitations are derived. Finally, in Sec. 2.4 superfluid-
ity in the presence of a defect is investigated, showing that in general the critical velocity is not
determined by the speed of sound.

2.1 The polariton-polariton interaction constant

In the previous Chapter we analyzed the nonlinear physics of polariton fluids by restricting to a
single polarization, which allowed us to focus on the spin-diagonal component of the polariton-
polariton coupling constant. Also, both in the derivation of the steady-state and of the Bogoliubov
spectra the interaction constant entered only via the combination y = gn or Ir = FZ/g. In an
experiment one has easy access to the blueshift p while is much harder to count the polaritons
and have a direct estimate of |¢|2. Also, one can measure the power of the laser outside of the
cavity, but Fp includes also a radiative coupling factor between light external to the cavity and the
polariton field, which is non-trivial to estimate. Similarly, studying the dispersion of the excitations
of the microcavity gives access to u (with some important caveats which will be one main topic
of the follwing Sections), but not to g or n separately. Because of this experimental difficulty,
the community has not reached a strong consensus on the magnitude of g yet. Moreover, in the

35



The polariton-polariton interaction constant 36

following Section we will need to consider a linearly polarized excitation scheme: in this spin basis
the interaction is no longer diagonal and some considerations about the spin dependence of the
coupling constant are needed.

Therefore, the goal of this Section is first to review the microscopic theory of the polarization
dependent interaction constant and then to briefly discuss recent experimental efforts towards its
measurement.

2.1.1 Theory of exciton-exciton interactions

A clean theoretical treatment of the spin dependence of exciton-exciton interactions was first
provided by Ciuti et al. [1998]. Here they consider excitons made of a hole from the heavy-hole
valence band and a conduction band electron. Neglecting higher order many-body effects leading
to an electron-hole exchange interaction, the electron and the hole are effectively distinguishable
particles: as a result, the orbital and spin parts of the exciton wavefunction are factorized; plus,
the spin wavefunction is just the tensor product of the electron and hole spins, so that a basis for
the exciton spin consists of the 4 states |J, = £1) = [s¢ = F1/2,5" = £3/2) and |J, = +2) =
|s¢ = +£1/2,j% = £3/2). Importantly, only the first two states allow for dipole transitions, while
the other two are optically inactive.

With very good approximation, the orbital part of the exciton wavefunction is just the 1s
hydrogen-like bound state in the 2D QW times a center of mass plane wave. Indeed, the exci-
tons that are in strong coupling with photons in typical experiments with polaritons have very
small kinetic energy with respect to their binding energy, so that the exciton-exciton scattering
processes are not energetic enough to excite the relative electron-hole coordinate component of the
wavefunction and can be considered elastic collisions.

Denoting (r.,ry, sZ, j7|k, 1s, J,) the wavefunction of a single-exciton, when the scattering of two
excitons |k, 1s,J,) and |k’, 1s, J.) is studied the initial and final states need to be anti-symmetrized
according to the fermionic statistics of their electron and hole component, yielding the Slater de-
terminants (re1,Thi, Te2, Tha, 87,500, 8%, j72|k, K/, J., J.) in the first quantization formalism. The
interaction is provided by the Coulomb attraction or repulsion between the charged fermions and
the matrix element between an inital and final 2 exciton state consists of 4 terms, corresponding
to the “classical” electrostatic direct interaction term, to the electron exchange and hole exchange
terms and to the exciton exchange term. It is clearly seen the electron exchange and hole exchange
terms are dominating and have a further spin dependence, which is tabulated in (Ciuti et al.
[1998]). In particular, circularly polarized excitons J, = J, = +1 can scatter only into circularly
polarized excitons J, = J., = +1; on the other hand, excitons excited in an elliptical polarization
of the J, = +£1 states can scatter into the dark states with .J, = £2. This physics gives rise to spin
relaxation phenomena, as first experimentally probed by Amand et al. [1997], and to a density
dependent contribution to the exciton homogeneous linewidth.

For small exciton densities, the exciton can be bosonized and the matrix element between
two excitons is extrapolated to have in the excitonic Hamiltonian the quartic local Hartree term

S oot 95X [ dPx bL byl byo with a theoretical estimate of
9% = gf1X+1 =g 1 ~ 6Epay (2.1)
for the diagonal interaction coupling (Tassone and Yamamoto [1999]). The polariton-polariton
coupling is then obtained multipling by the fourth power of the excitonic Hopfield coefficient and
dividing by the number of quantum wells: g, = gXX|X|*/Now. According to Ciuti et al. [1998],
gg?X = g+1 _, = 0. However, while all experiments confirm that g~ > |g§X\, a more advanced
analysis suggests a contribution arising from the bi-exciton state which can yield a weakly attractive

X < 0 (Wouters [2007], Shelykh et al. [2009], Takemura et al. [2014]).

2.1.2 Measuring the coupling constant

For realistic values ap = 10 nm and Ej, = 10 meV the estimate of Eq. (2.1) yields g2 % ~ 6pueV pum?.
As reviewed in (Estrecho et al. [2019]), in the literature one can find experimental measurements
of g spanning 4 orders of magnitudes (in Fig. 5 of that work the different experimental ¢’s are
properly plotted as a function of the Hopfield coefficient and rescaled by Ngw; below, if not
explicitly written, we report the not rescaled measured g’s).

When polaritons are incoherently created (as explained in Sec. 1.2) the reservoir of intermediate
carrier and exciton states contributes a large part of the blueshift; for this reason, in (Sun et al.
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[2017]) the excitation laser is shined on a ring with a radius of a few tens pm, so that the fast
polaritons reach the center of the ring and get spatially separated from the much heavier excitons,
which decay before travelling a few pm. The polariton density is calibrated both by directly
counting the transmitted photons and by comparison with the critical density for Bose-Einstein
condensation. In spite of these precautions, the value of the extracted from the blueshift was
g ~ 1700ueV pm?, dramatically larger than the theoretical estimate.

On the other hand, if polaritons are resonantly injected one doesn’t have to deal with interme-
diate electronic states, but counting the number of polaritons in the microcavity is more involved,
since they are mixed with photons of the laser and a spectral separation is not possible. To avoid
this inconvenience, in (Walker et al. [2017]) they use a waveguide geometry so that the number of
polaritons is given by the intensity transmitted by the waveguide, with the input laser field being
spatially separated. The interaction energy is then measured from the width of the soliton created
by a phase defect of the input laser. If the experiment is performed in continuous wave, a value of
g ~ 30ueV um? is found; however, repeating the experiment with short pulse yielded g ~ 0.3ueV
pm?2.

A tentative explanation of these results was attempted in the same works by introducing a
reservoir of dark excitonic states which is replenished by polaritons; the reservoir has a slow
dynamics and it has no time to get populated during a short laser pulse. A similar model was
first considered in connection to polarization dependent bistable behaviour (Sarkar et al. [2010],
Wouters et al. [2013]), where it was explicitly checked that the reservoir is unpolarized in spite of
the degree of polarization of the emission, since spin relaxation typically occurs on the scale of a
few picoseconds. These states presumably arise from disorder-induce localization of the excitons,
with some estimates having been provided by Krizhanovskii et al. [2001]; it is however important
to stress the very strong sample dependence of the reservoir characteristics.

Following these advances, the strategy of (Sun et al. [2017]) was refined by using pulsed exci-
tation: the experimental estimate of g is then consistent with microscopic theory (Estrecho et al.
[2019]), provided a correction from the saturation of the exciton oscillator strength at high densities
is also included. We recall also the method by Delteil et al. [2019], who measured the polariton
g (1) correlation function and extracted a lower bound for ¢ consistent with theory from a 5%
anti-bunching induced by polariton-polariton repulsion; this measurement intrinsically avoids prob-
lems with any excitonic reservoir. As detailed in the next Sections, an explicit correction of the
contribution of the excitonic reservoir is instead provided by us in (Stepanov et al. [2019]), to yield
gNow = 8+ 2ueV pm?.

2.2 Measuring the collective excitations of a polariton fluid

In the previous Chapter we discussed superfluidity starting from the elementary excitations of the
superfluid. Interestingly, in the early days of quantum fluids things went the other way round.
For liquid *He superfluid behaviour was first discovered by Kapitza and London made the con-
nection with Bose-Einstein condensation . Landau then developed his hydrodynamical model and
conjectured the linear dispersion of the excitations, while a fully microscopic theory in the limit
of weak interactions and small thermal and quantum depletion of the condensate was provided by
Bogoliubov.

For polariton fluids, a first study of the Bogoliubov dispersion relation in the high density
regime p > hy was conducted by Utsunomiya et al. [2008] on an incoherently pumped condensate.
A marked deviation from the non-interacting parabolic dispersion obtained by blue-shifting the
bare LP band was demonstrated, as shown on the left of Fig. 2.1. Notice that the condensate is
created with circular polarization and the detection is co-polarized; the cross-polarized spectrum
instead appears as a small rigid blue-shift of the free parabola. One important feature missing in
these data is the signal from the hole branch, also called ghost branch, possibly overcome by the
large signal due to the condensate and noise due to the excitonic reservoir. These difficulties were
partially overcome using pulsed excitation by Pieczarka et al. [2015], who managed to find a clear
signal from the ghost branch.

Other interesting investigations have been carried out by Ballarini et al. [2020], where an
asymmetric dispersion is measured on top of the outward flow from a non-resonant pump spot
and the transition to the acoustic regime is clearly demonstrated; by Pieczarka et al. [2020], who
found the possible signatures of quantum depletion in the ghost branch of a polariton condensate.
The more important open issue though is the lack of a measurement of the diffusive part of the
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Figure 2.1: Measuring the Bogoliubov spectrum. (left) Spectrally and angularly resolved photolu-
minescence from a polariton condensate (Utsunomiya et al. [2008]). The white solid line denotes
the bare LP dispersion; this is replotted in black after being blue-shifted by ~ 1 meV to fall at
the center of the spectral peak at kK = 0. The Bogoliubov prediction is the magenta line instead.
(center and right) Plots from (Kohnle et al. [2011]): the four-wave mixing technique is sketched,
highlighting the coupling in the Bogoliubov problem between the normal branch at +ks and the
ghost at Fkso; this coupling is significant only in the high density regime, so that a pulse at ko
excites a signal at ko only above a certain pumping threashold P;,. This is recoved in the experi-
mental data, showing the spectrally resolved and angularly selected at —ks emission for different
excitation intensities.

dispersion relation, defined as the region where the real branches stick together and a Goldstone
dome appears in the imaginary part; probably this is due to the fact that with typical parameters
this occurs in a quite small window of wavevectors.

While the above mentioned works provide a good characterization of the excitations of inco-
herently driven polariton condensates by looking to the energy of emitted photons, in the case
of resonanly injected fluids this is much more challenging because of the driving laser itself who
overcome the signal of the Bogoliubov signal around the relevant spectral range; moreover, due
to elastic Rayleigh scattering with imperfections of the microcavity, the laser light appear in the
far-field detector as a very bright line spanning all k’s.

A way to circumvent these problems was implemented by Kohnle et al. [2011], by resonantly
injecting k = 0 polaritons via pulsed excitation centered at the bottom of the LP band. A short
trigger pulse of finite ko is then shined on the sample: as depicted in the central panel of Fig. 2.1,
since in the Bogoliubov nonlinear problem the uetk2T—iw(k)t 4 4o —ike rtiw” (k2)t wayves are mixed,
the ks seed stimulates emission of both the normal and ghost branches at —ks, which can be
resolved in the far field emission. As shown on the right of Fig. 2.1, the authors were then able
to prove deviations from the free LP dispersion in the high density regime, even though the final
results were not very clear because of the temporally inhomogeneous broadening due to the use
of pulsed excitation. (Actually, the proposal of using four-wave mixing to study the Bogoliubov
spectra was first advanced by Wouters and Carusotto [2009] for the specific goal of probing the
ghost branch of a polariton condensate.) The ghost branch was also found by Zajac and Langbein
[2015], who injected polaritons with negligible detuning |A| < Ay, thus probing only the optical
limiter regime physics.

2.2.1 The experiment
(this subsection follows closely the exposition by Stepanov et al. [2019])

A detailed quantitative study of the Bogoliubov dispersion of a resonantly driven polariton
fluid is then the main goal of (Stepanov et al. [2019]); the experiment, which now we illustrate,
was designed by Maxime Richard and carried out by Petr Stepanov and Jean-Guy Rousset. The
theoretical analysis, mostly developed by us, is posponed to the next Section.

The GaAs/AlAs microcavity used in this experiment is identical to that used in Bajoni et al.
[2007] and consists of 12 QWs and features a quality factor @ = 3000. The heavy-hole and light-
hole excitonic transitions energy are at Ej; = 1612.05meV and Ej, = 1644meV at T = 30K, and
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Figure 2.2: Fluid components and the detection scheme - a) A polariton field (red spot) of wavefunc-
tion 1y, and of radiative loss rate 7. is resonantly excited by the laser of power P. The excitations
0 (k,w) on top of the injected wave are shown in yellow in the (k, w plane, with a typical dispersion
relation (DR) w(|k|) shown by the black dashed line. The bare quantum well excitonic transition
energy hwx is shown as a green dashed line. An illustration of the typical quantum well excitonic
density of state pr(w) is shown as a purple line in b). Owing to their effective mass differences,
pr’s peak value exceeds the polaritonic density-of-state by 5 orders of magnitude. The low energy
tail of pr(w) originates from disorder in the quantum well, and can accommodate a reservoir (green
spot) of long-lived excitons (loss rate yg, fluctuations dng represented in light green). Intercon-
version of polaritons into reservoir excitons and back by optical absorption or scattering, occur at
rates v;, and v,k respectively. ¢) sketch of the experimental set-up used to measure the DR. The
excitation laser light is linearly polarized by a Glan-Thompson polarizer (GT) and passed through
a beam splitter (BS) to excite resonantly the polariton fluid. The cross-polarized reflected signal is
selected by another GT and passed through a monochromator (M).The polariton emission at the
laser frequency is further rejected by a metallic filter playing the role of notch filter (NF) and the
remaining EPL is detected on a CCD camera. Some optical elements are omitted, that provide
resolution on the EPL emission angle 8, and thus on its in-plane wavevector |k| = (w/c) sin(6) (hw
is the photon energy, and c¢ the speed of light in vacuum).

the corresponding Rabi splittings resulting from the strong coupling regime with the cavity mode of
energy E.o are h€),, = 15meV and k€, = 12.5 meV respectively. The microcavity is intentionally
wedged in order to tune F. with respect to Fp,. The background index of the microcavity is
npg = 3.65. The microcavity is placed in the vacuum chamber of a temperature-tunable Helium
flux cryostat.

The polariton fluid is driven resonantly with a single longitudinal mode CW Ti-Sapphire laser
of 5MHz linewidth, and linearly polarized with a high purity. The laser beam is shaped with
pinholes into a spatially Fourier-limited Gaussian mode of 50 yum diameter as measured on the
surface of the microcavity, and a corresponding 66 = £2° angular spread (i.e. k| = £0.28 pm~1)
in momentum space.

A sizable population of excitations is spontaneously created on top of the resonantly driven
polariton fluid by the interaction of polaritons with the thermal bath of acoustic phonons naturally
present within the solid-state microcavity (see the paragraph 2.3.3 below). The temperature is set
at T = 30K, that it is found as a good trade-off between a sufficient thermal phonon population
and a narrow polariton linewidth. The polaritons involved in these excitations can then relax
radiatively, so that their energy and momentum with respect to the injected wave constitute a
direct measurement of the DR of the excitations. This emission, that we will refer to as excitations
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Figure 2.3: Characterization of WPA - a) Measured cross-polarized polaritonic emission intensity
Iy vs laser power P; the bistability area is very small, due to the fast duty cycle of the laser. b)
Color-scaled microreflectivity measured across a region of 50um in linear size. The black area is
the polariton absorption dip. The white streak is due to residual laser light. The orange dashed
line show the extracted potential V(z,y) across the working point. Angle and energy resolved
cross-polarized EPL measurements I.(6,, Aw) in the free-particle regime (c), in the lower branch
of Iy(P) (d), in the upper branch (e). The intensity is color coded on a logarithmic scale. The
hatched rectangles show the spectral range rejected by the notch filter. The laser energy and
angular spread is shown as a red segment. WPA is characterized by § = +1.2 5meV.

photoluminescence (EPL), is collected by the detection scheme illustrated in Fig.2.2.c.

The EPL I, is isolated from the much brighter signal Iy of the (k,,w,) polaritons and from the
Rayleigh scattered laser light using a two-stage filtering scheme. The first stage builds on the fact
that the injected linearly polarized polaritons can scatter into the cross polarized stated because
of a weak residual birefringence: detecting the EPL in the cross-polarized direction gets rid of
most of the elastically scattered laser light. For the second stage, a narrow band notch filter was
designed (labelled 'NF’ in Fig.2.2.c), made up of a featureless metallic stripe and placed in the
output focal plane of the monochromator. The resulting rejection is such that the EPL signal can
be well identified even as close as 0.1 meV from the injection frequency. Fig.2.3.c-e show measured
angle-resolved EPL patterns I.(0,w) obtained with this method.

In order to measure sharply-defined dispersion relations, we chose two regions of the microcavity
of ~ 50um diameter characterized by a weak disorder amplitude of the potential experienced by
polaritons V(z,y). They are labelled further on as 'working points’ (WPs) A and B and are
characterized by a photon-exciton detuning § = E.y — Epp = +1.25meV and § = —1.82meV
respectively. The microreflectivity measurement shown in Fig.2.3.b provides a cross-section of
V' across WPA showing that its spatial fluctuations are smooth and small as compared to the
linewidth, defined as the full width at half maximum and measured to be Ay, = 0.4meV The
reference free-particle DR at WPA is extracted from the EPL measurement shown in Fig.2.3.c. It
is obtained under weak excitation at normal incidence, with the laser energy hw; red-detuned from
the k = 0 lower polariton resonance by A = fuw; — w(0) = —0.5meV. The corresponding extracted
free-particle DR is labeled 0’ in Fig.2.4.a.

Having the reference, the laser frequency was shifted to A = —0.79meV on the blue side of
the polariton resonance, in order to access the regime for which the polariton density dependence
n(P) on the driving laser power P exhibits a bistable behaviour. In the context of the GPE theory
reviewed in Section 1.3, the regime of collective excitations corresponds to the upper bistability
branch: at the lower laser power edge of this branch (just before switch down) sits the gapless
sonic regime, in which the excitations are expected to be phonon-like with a well-defined speed of
sound. Higher up along this branch, a gap opens up for increasing P and the DR adopts a more
curved shape. In order to characterize this bistability curve, the unfiltered (k,,w,) emission Ij is
collected in the cross-polarized direction vs the laser power P. Note that in this measurement the
excitations have a negligible contribution. The measured Iy(P) curve is shown in Fig.2.3.a: the
lower and upper branch are separated by a sharp jump: it is likely that since the laser is chopped
with a 5% duty-cycle to prevent unwanted heating effects the bistable region appears closed.

Moreover, under a finite pump spot there is a current flowing outward (the phase not being
completely fixed by the pump) and the polariton density is not homogeneous: as a consequence,
at the center of the spot the blueshift needs to be larger than |A| (even at the end of the upper
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branch) to compensate for the outward flow, so that strictly speaking the acoustic regime will never
be realized. Note that in spite of these limitations, the sonic regime appears to be quite close in
the measurements.

Based on this preliminary calibration measurement, the DR of the collective excitations was ex-
tracted at several laser powers P along the upper branch I(P). Due to the stringent requirements
of the driving laser beam shape both in Fourier and real space, a balance was reached by working
with a large laser spot of Gaussian intensity profile of 50 yum diameter. As a result, for states in
the upper branch of Iy(P), the polariton density is organized into two large spatial structures: The
high polariton density is contained in a large diameter disk-shaped area at the center of the laser
spot, separated from a low density outer region by a sharp switching front, see Fig. 2.6 below.
The nonlinearity thus acts as an effective 'top-hat’ spatial filter for the Gaussian pump mode, that
homogenize the high-density region of main interest.

In order to collect EPL only from the high density area, the signal from the outer region was
rejected using an iris of diameter D; matching that of the switching front of typically ~ 35 um
diameter. While this spatial selection introduces a spurious angular spread < 1.5° to the EPL, it
does not prevent resolving the collective features in the dispersion relation, that are visible within
a ~ 5° window as can be seen in Fig.2.4. This finite angular resolution was taken into account also
in the numerical simulations.

Two raw results of angle- and energy-resolved EPL are shown in Fig.2.3.d and Fig.2.3.e that
correspond to two states on the curve Io(P) labeled ’1’ and ’2’ respectively in Fig.2.3.a: ’1’ is a
state on the lower branch of Iy(P), while ’2’ is on the upper branch and as close as possible to the
switch-down point.

Fig. 2.4.a show the resulting DRs for WPA, for the free polariton dispersion (dark green line,
labelled ’0’), and three states at increasing blue-shifts (blue, red and magenta lines, labelled 1,
’2’ and ’3’ respectively). The collective excitations DR of 2’ and 3’ fuw.(0) = hw — hw;, properly
shifted by the laser frequency, are shown in greater detail in Fig.2.4.b and Fig.2.4.d respectively,
and the 95% confidence interval for the determination of Aw,. shown in Fig.2.4.c and Fig.2.4.e.
The same analysis is shown for WPB, defined by excitation incidence angle of —1° and by the
detuning A = —0.47meV, in Fig.2.4.f-j. The free polariton DRs from both WPA and WPB are
very well-fitted with the near-parabolic theoretical free polariton DR (light green line) as obtained
from the coupled oscillators model.

Let’s start with WPA, for which the laser drive is at normal incidence. Curve '1’ shows the DR,
of a polariton fluid for which the blueshift with respect to DR ’0’ amounts to hwpg = 0.18 meV,
and which is still on the lower branch of Io(P). Its shape is identical to ’0’, indicating that in
spite of the Hartree shift, the excitations have mostly single particle features. Curves '2’ and
’3’ are obtained in the upper branch of I(P) and feature a clearly modified shape with respect
to ’0’, which is an unambiguous signature that the nature of the excitations has changed from
free-particle to collective as a result of strong interaction energy (’2’ and ’3’ are blueshifted by
hwps = 0.85meV and fiwps = 0.90meV respectively, with respect to ’0’). In Fig.2.4.b and 2.4.g,
the low-energy low-angle part of both DR are compared with the theoretical shape expected in
two limiting situations: (i) the DR consists of a rigidly blue-shifted free-particle dispersion (as we
will discuss in the next Section, this situation arise for instance if all the blueshift is due to the
interaction with excitons in the dark reservoir, whose density overcomes the density of polaritons);
(ii) the system consists only of polaritons (without any reservoir fraction) so that the standard
theory described in the previous Chapter applies and the DR has the form given by Eq. (1.16).

In mathematical form, the rigidly blue-shifted DR in case (i) reads

e
wrp(k) = wps +wo(k) —i o (2.2)
where 7, is the polariton radiative loss rate, hwg(k) is known from the DR measurement at point
’0’, and wpg is the measured blue-shift. hwgrp(f) is plotted as a black dashed line in Fig.2.4.b
and g. The comparison between this model and the measured dispersion ’2’ and ’3’ show a clear
mismatch, in which the measured dispersion is steeper. The theoretical shape of the dispersion in
case (ii) is given by Eq. (1.16) that here we rewrite as

we(K) = wy £ |/ (wo(K) + 2gn — w,)? — (gn)? —i 2, (2.3

where we use the notation fig = ¢ (so that gn denotes a frequency, gn an energy) and similarly for
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Figure 2.4: Dispersion relations of the elementary excitations - Measured DR fw(f) as obtained
from the numerical analysis (see below) of the EPL (solid lines) for WPA (a) and WPB (f). Four
states of the fluids are shown according to their position along Io(P) (plotted in Fig.2.3.a for
WPA): ’0’ is the free-particle DR (green line), ’1’ is a lower branch state of Io(P) (blue), 2’ and
'3’ are two upper branch states (red and magenta). The free polariton DR calculated via the
Rabi model is the thick light green line underneath the measured one. (b,d) and (g,i) are zoomed
plots of DR ’2’ (narrow red line) and '3’ (narrow magenta line) of WPA and WPB respectively,
shifted according to Aw. = fuw — hw; to highlight the energy of the excitations themselves. The
95% confidence interval amplitude (CI) of the measured DRs is shown for each DRs in panels c,h
and e,j for WPA and WPB respectively, with the same color codes. The theoretical DRs in the
rigid blueshift limit Eq. (2.2) (dashed black line) and in the standard theory Eq. (2.3) (blue dashed
line) are shown in (b), (d), (g) and (i). The full vectorial theory developed in Section 2.3 is also
shown as a thick red and magenta lines visible underneath the measured DR; the line thickness
represents the 95% confidence interval of the fitting procedure with the data. In each panel, the
laser energy and angular spread is shown as a red segment and the vertical blue line shows the
angle of excitation. The hatched rectangle in (a,f) is the spectral range rejected by the notch filter.

the other coupling that will appear below, with the hope that possible confusion between the two
symbols will not produce any misunderstanding of the physics.

Like in the previous case, the interaction energy gn, is inferred unambiguously from the ex-
perimentally measured blueshift gn = hwpg, which fixes also the position on the theoretical curve
Iy(P). These calculated DRs are shown in Fig.2.4.b and g as dashed light blue lines. This time,
both for 2’ and ’3’, the measured dispersions are now clearly not steep enough to match the theory.

The same analysis can be performed also for the other working point WPB at nonzero laser
incidence angle 6, = —1°. In WPB, owing to the microcavity tuning, the interactions are smaller
by a factor ~ 2 and a smaller laser detuning of —A = 0.47 meV is chosen accordingly. The local
disorder is obviously different, but of similar average amplitude and characteristic length, as in
WPA. The measured DRs for WPB are shown in Fig.2.4.f-j with the same labelling conventions
as for WPA. For dispersions ’2’ and ’3’, situated on the upper branch of Iy(P), with ’2’ as close
as possible to the switch down point, an asymmetric shape of the DR is obtained, as expected
for the collective excitations when the fluid is injected at a nonzero velocity. Like in WPA, the
comparison with the two theoretical limiting cases are shown in Fig.2.4.d,i and demonstrates that
the measured DRs do not agree with either of them.
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Figure 2.5: Momentum dependence of the linewidth - Measured excitations linewidth A~y(6) versus
angle, as obtained from the numerical analysis of the EPL (narrow solid lines) for WPA (a) and
WPB (b). The full vectorial theory is shown as the thick solid lines. For the experimental data,
the line thickness show the 95%-confidence interval. The same labelling convention is used as in
Fig.2.4. The solid vertical line show the laser excitation incidence angle, while the dashed one
shows the zero incidence reference (6, = 0°)
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Figure 2.6: Spatial density of the polariton fluid The cross-polarized emission from the polariton
fluid is shown in real space for the states '1’ (b), 2’ (c¢) and '3’ (d) defined in the text. ‘LB’ ("UB’)
stands for the lower (upper) branch of Iy(P). The dashed orange line shows the circular switching
front separating the 'LB’ and the "UB’ areas.

The analysis of the raw measurement I.(f,w) also gives access to the excitations spectral
linewidth A~y. The results are shown in Figure 2.5 for both WPA (a) and WPB (b) together with
the results of the full theory calculation. In the low excitation regime, (solid black line labelled ’0’
in WPA), the measured linewidth is essentially angle-independent. This is expected as over such a
small angular range, the excitonic and photonic fraction hardly change vs 6: i.e. the kinetic energy
increase as compared to the Rabi splitting is small (1meV increase between 0° and 10°). For the
measurement of /y(0) in states '2’ and ’3’, both the finite spatial extension of the high density area
illustrated in Fig. 2.6 and the use of a circular aperture filter have a significant influence: in both
cases, the excitations of the condensate have a finite transit time either throughout the circular
aperture of the detection or within the switched up area, depending on which one has the smallest
diameter D. The switched-down state ’1’ features an intermediate inhomogeneity and then an
intermediate k-dependence of the linewidht. The transit time is fixed by the excitation group
velocity via 7(k) = D/vy(0), which is a decreasing function of 6, regardless of the detailed nature
of the excitation. A complementary view is that the frequency of the excitations is well defined but
its momentum is blurred by the finite spatial spot; also in this case the effect on I.(6,w) is more
important for steeper dispersions. In any case, the increase of iy versus 6 reflects the presence of
the switching front, and can thus be considered as a characteristic feature of a locally switched-up
polariton fluid driven by a Gaussian laser spot.

The large discrepancy of the measured DR with respect to the standard theory of Eq. (2.3)
is well characterized by looking at the slope at small wavevectors: if the data were taken at the
acoustic point, on could say that the speed of sound of the experimental curve is significantly lower

then the theoretical expectation ¢, = \/2* = h“’%: the reduction, according to the analysis of
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Figure 2.7: Time-resolved photoluminescence - a) Angle and energy resolved excitation photolu-
minescence obtained under weak picosecond-pulse excitation. The yellow rectangle show a cross-
section at 7° which is sent onto the streak camera. The resulting time-resolved trace is shown in
b) in a time energy color plot, and the relevant cross-section I(t), integrated in energy over the
polariton emission linewidth (red rectangle) is shown in c) along with a fit (red line) consisting
of a sum of two exponential decays with characteristic times 73 = 58 ps (instrument-limited) and
T2 = 400 ps (attributed to the excitonic reservoir).

the next Section and as shown in Fig. 2.12, is of the order of 50%. These findings instead suggest
that only a fraction of the blue-shift is due to the polariton fluid gn < wpg, with the rest of
the blueshift to be attributed to interactions of the polariton with a background which does not
partecipate in the coherent dynamics. Such background suggests the introduction of a reservoir
of dark excitons, whose dynamics is quite slow on the timescales set by the polariton-polariton
interactions so that it can be considered as a static background only contributing by an Hartree
shift.

In addition to these indirect signatures visible in the DR, a direct characterization of the
reservoir properties was presented in the paper in the form of a time-resolved photoluminescence
decay measurement. The excitation strategy is similar to that used to measure the free particle
dispersion relation: quasi-resonant laser excitation, red detuned central frequency with respect
to the polariton ground state, weak peak intensity in order to minimize nonlinear dynamics and
small angular spread. The laser consists in picosecond pulses of 0.5meV linewidth (FWHM).
It was checked that the laser high-energy tail has a negligible overlap with the upper polariton
branch. Figure 2.7.a shows the thus obtained time-integrated excitation photoluminescence (EPL)
pattern I,(6,w). The emission at the angle of 7°, where the contribution from the laser light is
negligible (yellow rectangle in the figure), was sent into the streak-camera. The corresponding
raw time-resolved trace is shown in Fig. 2.7.b and analyzed in Fig. 2.7.c. By fitting it with a
sum of two exponential decays, two characteristic timescales T,,s = 58 ps and 7o = 400ps are
found. The first one corresponds to the instrumental time-resolution, which is fixed by the (sharp)
spectral resolution of the detection. It thus reflects a dynamics 71 much faster than 7,5, that can be
unambiguously attributed to the polariton state decay. The lifetime 75, also read as Aiyg = 1.6 ueV,
is too slow to be photon or polariton related, and corresponds to the typical timescale of long-
lived excitons. The photoluminescence itself from the dark states is explained in the paper by
assuming that dark excitons can scatter back into polaritons with a rate 7. Alternatively, the
photoluminescence may also be attributed to the fact that in the presence of disorder angular
momentum is not a completely well defined quantum number, so that these exciton states are not
perfectly dark.

Another strategy that we proposed here but there was not the technical time to be implemented
in the lab, is to look at the time and energy resolved photoluminescence. As it will be clear after
writing down the model in the next Section, the blue-shift should then consist of a fast polaritonic
decay plus a slow excitonic decay; the fraction of the blueshift which survives the first decay is
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then a direct measurement of the background blueshift fraction, contributing to the DR just via a
rigid shift but not entering the speed of sound.

2.3 Excitations in the presence of a dark reservoir*

(this Section mostly builds on material contained in Section IV from [Amelio et al., 2020b] and the
Supplementary Information of Stepanov et al. [2019] )

In this Section we state explicitly the model anticipated in the previous Sections, where the
coherent polariton field is coupled to a reservoir of dark excitons, and derive how the latter affects
the collective excitations of the fluid. For illustrative purpose, we start by discussing the dispersion
relation in the “vanilla” case of polaritons in a given circular polarization; aiming at a thorough
modelization of the experiment by Stepanov et al. [2019], we then consider both polarizations and
study in details the photoluminescence signal as excited by thermal phonons in the microcavity.

2.3.1 Singly polarized model

The recent experimental findings by Sarkar et al. [2010], Walker et al. [2017], Stepanov et al.
[2019] reviewed above suggest that an incoherent reservoir of dark-excitons is excited even under a
coherent pump via non-radiative absorption processes. Even though a full direct characterization
of these states is the subject of ongoing research, it is legitimate to assume that the reservoir mostly
consists of excitonic states that are energetically close to bottom of the lower polariton band where
the coherent polariton fluid is located. Since these states are detuned from the center of the exciton
line by the Rabi splitting, they must be trapped around the minima of the disorder potential in
the quantum well. As such, they are spatially localized and attached to the microcavity frame
of reference. The situation would of course be different in the case of an incoherent pumping,
where an important role is played by spatially extended electronic and excitonic states, which
can move in response to the motion of the polariton fluid, e.g. by drag effects (Berman et al.
[2010], Chestnov et al. [2019]). Yet different is the physics of atomic or Helium superfluids at finite
temperature, where a sizable normal component fraction is present in addition to the superfluid:
while an isolated fluid would fulfill Galilean invariance, the incoherent normal component of a fluid
contained in a tube is able to move but still feels the friction of the walls, which then define a
privileged reference frame (Pitaevskii and Stringari [2016]).

For the system of coherently pumped polaritons under consideration here, the effect of the
incoherent reservoir can be theoretically modeled by including the reservoir density ngr(x) to the
equations of motion,

. V2 9 Y
0 = wo — pye + glY|* + +grnr — 15 Y+ F(x,t) (2.4)
atnR = —7YRNR+ ’Vinc|w|2 . (25)

Here, the decay of coherent polaritons into incoherent excitations occurs at a rate ;.. These
latter give a local contribution hggng = grnr to the polariton blue-shift, do not move in space
and decay at a rate yg. The total decay of polaritons v includes the 7;,. contribution; notice
that since the reservoir density is the sum of the occupation of many scarcely populated states the
stimulated scattering processes into the reservoir are negligible.

At stationarity under a monochromatic pump at wp, one has (x,t) = 1o exp(—iwyt) and,
from (2.5), one gets a time-independent np(x) = Lz |o(x)|?. Reinjecting this expression into

p
(2.4), one simply obtains a renormalized nonlinear coupling strength

Jot = g + %nch. (2.6)
TR

Except for the reinforced interactions and the consequently reinforced blue shift pr = gegng =
gng + grng, the reservoir has thus no effect on the stationary state. The usual optical bistability
and optical limiting behaviours are found depending on whether the laser frequency wy, is blue- or
red-detuned as compared to the polariton mode at k,.

Even more importantly for our purposes, superfluidity features the usual behaviours with a
speed of sound defined by the total blue-shift as mcg,T = pr = gng + grnp. Since this reasoning
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requires stationarity of both the polariton ¥ (x) and the reservoir nr(x) densities, this result only
holds for static defects that do not induce time-dependent modulations to the fluid density, that is
defects at rest in a (possibly moving) fluid. And, of course, these statements are only relevant if the
fluid is indeed able to reach a dynamically stable steady state: as it was pointed out in (Amelio and
Carusotto [2020a]) and reviewed in Fig. 2.17 of the next Section, the presence of a slow reservoir
can in fact give rise to dynamical instabilities that prevent from reaching the stationary state. In
the experiment by Walker et al. [2017] they could suspect the presence of the reservoir because they
have a good calibration of the number of polaritons in the waveguide and the theoretical estimate
for g; on the other hand the hallmark of the (slow) reservoir is only obtained when comparing with
pulsed excitation, so going beyond stationarity.

For these reasons, the physics gets more interesting if one looks at the dynamics of the exci-
tations on top of the fluid, as first noticed in (Stepanov et al. [2019]). In the homogeneous case
under a plane-wave coherent pump of wavevector k, and frequency w,,, the steady-state solution
has the form y(r,t) = 9o expli(kp - r — wpt)] and the Bogoliubov theory involves a 3x3 matrix

n(ky +X) + gno — i3 go’ grto
Z(k) = —gtho” —n(k, —k) —gno —i3  —gg¥o | (2.7)
Z.’Yincq;[}O Z.'Yincwo* _i’YR

where k is again the relative wavevector of the excitation on top of the moving fluid and the
effective detuning function is now n(k) = wo + hk?/2m + gno + ggnr — wp. The first and second
columns/rows of .Z (k) correspond to the polariton modulation d¢x and d¢*,, while the third
column /row corresponds to the modulation of the reservoir density dng.

The corresponding eigenvalue problem can be formulated in a physically trasparent way by
defining a frequency—dependent effective coupling

Yinc

_ , 2.8
“iw + R (2.8)

geff(w) =g+

which allows to eliminate the reservoir and reduce to the usual 2 x 2 eigenproblem

hk 2
(wp~k+i’y>
m 2

with k = , /k2 4 k? and where g has been replaced by g.q(w) '. While this expression is formally

n(k) [n(k) + 28 (w)no] (2.9)

nearly identical to the usual one (1.38), the w-dependence of the right-hand side has crucial con-
sequences onto the dispersion of collective excitations. Of course, the usual Bogoliubov dispersion
is recovered in the limit where high-w perturbations are considered, so that g g recovers g. On the
other hand, the static value (2.6) for g.g is recovered for stationary perturbations at w = 0.

Polaritons at rest k, =0

Let us start from the k, = 0 case. In this case, the Bogoliubov matrix (2.7) is characterized by
particle-hole and parity symmetries, that combine in

Lk =-2L k)P (2.10)
where

P = (2.11)

o = O

1
0
0

—_ o O

and ¢ stands for complex conjugation. For a generic eigenvector |wg) of Z (k) of eigenvalue w,
this symmetry implies that
Z (k) Plwg) = —w* P|wy) , (2.12)

i.e. that 2|wy) is itself an eigenvector of £ (k) of eigenvalue —w*. This imposes the presence
of pairs of eigenvectors with the same imaginary part and opposite real parts. Since the size of
the matrix is three, this guarantees that at least one eigenvalue is purely imaginary. This mode
can be interpreted as a reservoir branch w?(k) = —iyf(k), while the remaining two eigenvalues,
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Figure 2.8: Dispersion of collective excitations in a polariton fluid at rest k, = 0 [left column,
panels (a,b)] and in motion at v, = 0.8¢s 1 along the x direction [right column, panels (c,d)] in the
presence of an incoherent reservoir. Upper (a,c) panels show the real part of the dispersion, the
lower (b,d) panels show the imaginary part. The total blue-shift 7 is the same in all panels and
pumping is tuned at the resonance point such that A, = pp. Other parameters: hAvy/ur = 0.2,
gr = 2g and Yr = 27in. = 0.08~ which means ¢,y = cs7T/\/§ and ¢ ~ 0.9¢5,0. Note that for a
slightly larger vin. ~ 0.05v or for v, ~ 0.9¢, 7, the flow configuration in the right panels would
become dynamically unstable. The different curves are colored according to their nature at large
wavevector k. The dashed cyan lines in the upper panels indicate the low-k sonic dispersions (2.14)
and (2.21).

corresponding to particle- and hole-like branches have general complex dispersions of the form
wh (k) = +e(k) —iy(k)/2.

Let us focus on the most relevant resonant case w,—wo = i = gno+grngr where the dispersion
is expected to be gapless and sonic. In this regime, it is possible to obtain some analytical insight
on the eigenvalue problem, which can be recast as

,7)2 hk? [ hk?
1) == == 42 ) 2.1
(“’Hz om | 2m + 28en(@no (2.13)
At small k, this yields
wE(k) = tegk — iy /2 (2.14)

with

me; = pr + %QRWR (2.15)

YR — 7

In the fast reservoir limit yr > -, the contribution of the reservoir is negligible and one recovers
the usual speed of sound

mciT = ur (2.16)

LOf course, the replacement must not be applied to the g appearing in the definition of the detuning function n,
which involves the stationary background.
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Figure 2.9: Frequency dependent speed of sound. Dispersion of the collective excitations of a
polariton fluid at the acoustic point and in the presence of reservoir with parameters tuned so to
make clear the distinction between the three definitions of the speed of sound: ¢, is the slope of
the dispersion at k = 0, ¢s 1 takes into account the total blueshift and it is correct in the adiabatic
limit, ¢5 o is only due to the self-interaction of the coherent polariton fluid and grasps the correct
slope at frequencies vg < |w| < gno. The reservoir parameters are yg < |w + iy/2| < pr. For
the parameters in this figure, ur = glo|®> = pur/2, cs0 = Cs,T/\/i ~ 0.71lcs,r and ¢s = 0.41c 1.

in terms of the total blue-shift pup.

In the opposite limit g < 7, corresponding to the typical experimental conditions where the
reservoir reacts on a much slower timescale (Sarkar et al. [2010], Walker et al. [2017], Stepanov
et al. [2019]), the speed of sound has the smaller value

mcio = uT — grNR = gNng - (2.17)

This means that, out of the total blue-shift ur, only the component (gng = glo|?) due to the
polaritons contributes to the speed of sound, while the one (grngr) due to the incoherent reservoir
only provides a global blue shift of the pumped mode. As described in the previous Section, this
feature was exactly what motivated us to consider this model in the first place, and is illustrated
in the left panels of Fig. 2.8, showing the real and imaginary parts of the dispersion in panels (a)
and (b), respectively. As expected, the cyan dashed lines in panel (a) indicate the sonic dispersion
ws = £cs 0k with the speed of sound ¢, o predicted by (2.17) are in excellent agreement with the
exact dispersion at low k’s. At higher k’s, the dispersion recovers the parabolic single-particle
shape. As one can see in panel (b), the imaginary part of the reservoir mode (on the order of vg)
remains always much smaller than the one of the sonic modes (on the order of v/2).

While this picture is fully accurate when ~ is very much larger than g, a subtle distinction
must be done when + is larger but still somehow comparable to vg. In this regime, corrections
in yr/v are important and one must distinguish the low-k speed of sound set by (2.15) to the
one at higher-k’s such that | — iw(k) + v/2| > g, for which one instead recovers (2.17). Also in
this case, of course, the sonic behaviour is only visible up to the interaction energy gng, beyond
which the dispersion recovers a single-particle behaviour 2. The physical explanation is that at
very small frequencies the reservoir can still (weakly) respond, while at higher w’s it behaves as a
completely static background for the coherent field fluctuations. In order to clearly see the kink
in the dispersion coming from distinction between c¢s; and c;, in Fig. 2.9 we tune g closer to 7.
These different characteristic velocities are also summarized in Table 2.1, which is reported in the
next Section.

In the intermediate case where yr and 7 have comparable values and the blue-shift due to
the reservoir is a significant fraction of ur, the squared speed of sound c¢? predicted by (2.15)

2This transition is determined by (the inverse of) the usual healing length, 1/h2/(gnom) computed including the
polariton density only and the bare coupling g.
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Figure 2.10: Relative phase between the polariton density and reservoir excitations - Blue, left
axis: real part of the particle branch w* (k). The phase difference ¢ = argdng/d|y|? for the
same excitations is shown in red, (right axis). For the calculation we have chosen A = 0.8 meV,
h?/m = 1.0 meVum?, ggr = 2.0g, iyr = 0.0016 meV, iy = 0.4 meV, and i, = 29R.

may become negative. This results in a flat Refwy (k)] = 0 at small k and a linear shape of the
Im|wy (k)] starting from —v/2. For larger k, the slope of the dispersion approaches the real-valued
speed of sound ¢, ¢. A sonic regime with a real-valued ¢, is nonetheless recovered for a higher value
of the total blueshift pup > |A.

It is finally interesting to analyze how the reservoir influences the nature of the eigenmodes of
the Bogolubov excitations. Taking the variation of Eq.(2.5) above we get the relation between the
variation of the polariton density and the one of the reservoir density,

dng Yin

SUP ~ n w0 (219
that holds for any eigenmode a. Fig. 2.10 shows the argument of this quantity for the case of
the particle branch and at the point with gapless excitation spectrum. We notice that at small
wavevector |Re[w™ (k)]| < [Im[w™ (k)]| =~ ~v the density fluctuations of the condensate and of the
reservoir are in phase opposition. This is in agreement with the fact that the excitation branch
wt (k) is a Goldstone mode, so at small k the system tries to keep constant density by making
dngr and §|y|? oscillate with a relative phase 7 to compensate each other. At large momentum
|Re[w™ (k)]| > [Im[w* (k)]| instead, éng follows §|¢|? in quadrature of phase, with the condensate
density fluctuations driving the reservoir density ones. Given the complex nature of w,(k), the
transition between the two regimes occurs when the real part of the Bogoliubov energy Re[w, (k)]
is of the order of the loss rate ~.

Moving polaritons at finite k,

We conclude this section by extending the analysis to the case of a finite in-plane momentum
kp # 0, which breaks parity. Therefore, the action of the & symmetry only entails

Lk)=-2Z(-k)& (2.19)
and relates eigenvectors at opposite k,
Z(—-k) P|wk) = —w* P|wy), (2.20)

that is &?|wk) is an eigenvector of .2 (—k) of eigenvalue —w*. This no longer implies the presence
of a purely imaginary reservoir mode and the three branches are now strongly mixed as one can see
in the right panels of Fig. 2.8. Note that the branches are colored here according to their nature at
large wavevectors, while their mixing at small and intermediate k complicates their classification.
For instance, in the supersonic flow case considered here, the sonic mode with a wavevector k
directed in the upstream direction (that is, k, < 0) is strongly mixed with the reservoir. In panel
(c), the Doppler-shifted sonic dispersions

w = tcs 0k + v, -k —iy/2 (2.21)
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with the speed of sound (2.17) and the flow speed v, = fk,/m (directed along the z axis) are
plotted as a dashed cyan line. Note that this form of the Doppler shift is only accurate for small
values of the momentum k, in contrast to the case with no reservoir where it holds for any k.

While the dispersions shown in Fig. 2.8 are all dynamically stable, it is worth stressing that the
presence of the reservoir can make a uniform flow at finite k, dynamically unstable, as signaled by a
positive imaginary part of the dispersion. With respect to panels (c-d) of Fig. 2.8, a slight increase
of vine and thus of the reservoir fraction, or of the flow velocity k, will make the flow unstable
by pushing the peaks in Im[w] above zero. Similar modulational instabilities in the presence of
a reservoir have been discussed in (Wouters and Carusotto [2007], Bobrovska et al. [2014, 2017],
Baboux et al. [2018].)

2.3.2 Spinorial model

The second step in order to obtain a correct modelization of our experiment is to consider the cou-
pled dynamics of the polaritons in the two linear polarizations. The cavity used in the experiment
has some intrinsic birifringence. In the linear polarization basis |s), | f), associated to the axis of
the cavity, the Hamiltonian for the lower polariton (LP) branch reads

Hyir = /er i (wLp(f{) — %) be + ) (wLp(IE) + %) Uy, (2.22)

where the LP band is taken in the parabolic approximation wp(k) = wi® — %Vz, with m the

effective polariton mass and the field operators 9, (r), v ;(r) destroy a boson with polarization s,
f respectively at spatial position r.

As it can be determined by reflectivity measurements using a weak polarized beam, the bire-
fringence splitting is a ~ 0.1 £ 0.05 meV; in the core part of the experiment, the excitation laser
is pumped with a linear polarization x rotated by an angle © ~ —19° with respect to the s axis,
i.e. we have

zﬁs [ cos® sin© zﬁl
(J;f ~ \—sin® cos®) \4, )’ (2.23)
so that the kinetic part of the Hamiltonian in the |z}, |y) linear polarization basis reads
o o ot - o (—cos20 —sin20 1/:&
Hkm /d r (% ﬁjy) |:wLP (k)H + 2 (_ sin 20 cos 20 wy . (224)

Using spin conservation, the polariton—polariton interaction is naturally written in the circular
polarization basis |o1) = (|z) +i|y))/v/2 as

Hoi =5 [ @r [ gLl + 010 0oio) + 285001 ] =

1 o o -
- §/d2r { gT2+gS¢l¢;¢1%+gTQgsfﬁlwl%%ﬂLgTwiw;wwamHy} (2.25)

where 1[& (r) denote the field operators for o4 circular polarizations respectively. In the simulations
we take the values gg/gr ~ —0.1, gr > 0, in agreement with what discussed at the beginning of
this Chapter.

The full vectorial Hamiltonian for the polariton field then reads

Ho = Hyin + Hing + / &>r [F(r, £l (r) + F* (r, 1)1, (r) (2.26)

where F(r,t) = Foe®» ™%t ig the laser pump. Notice that in the experiment only the z-
polarization component of the polariton field is pumped.

Considering also the coupling to a dark excitonic reservoir (assumed as a mixture of both
polarizations), the generalized Gross-Pitaevskii equations read

] k @ + .Ye + Vin
Dype = |wrp (k) - 2 cos(20) + ELES |y 2 + grlvyl? + grnr — o

- %sin(Q@) by — %@wg +F (2.27)
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. ~ (67 + . + Yin
0y = |wip(K) + 5 c0s(20) + ETES (05, 12 4 gy 2 + g — i | 9,
— & sin(20) g, — BBy (2.28)
e = —rnr + Yin(|Ve® + [0y °)- (2-29)
Notice that the co-linear-polarization coupling gr is larger than the cross-linear-polarization cou-

pling gT;gS; this fact enhances the competition between the ¢, and ), fluids.
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Figure 2.11: Collective physics of spinorial fluid (left) Bistable behaviour |1, |? for a homogeneous
system. In blue the upper branch, in red the lower one; the green spot corresponds to the working
point where the dispersion of the left panel is computed. We remark the decreasing behaviour
above threshold of the cross—polarized component. Inset: the same for the co—polarized field,
which closely resembles the result of the scalar theory when asin© is small. The densities are
multiplied by ges¢ so that in the inset the jump occurs for a blueshift close to A. (right) Numerically
computed dispersion according to Eq. (2.40). Notice that the signal lies in between the two poles
Wy, wy, and this partially explains the fact that, even though the experimental dispersion is quite
gapped, it looks linearly shaped.

For negative enough detuning A, the steady state solution {13,vy,n%} of Eqs. (2.27-2.29)
displays a bistable behaviour for ¢ as a function of the pump intensity |Fp|?, similar to the well-
known solution in the single-polarization case; looking at the cross-polarized density ¢y instead,
for such small angle © the upper branch of the hysteresis is decreasing, due to the competing
interactions with 7. This phenomenology is depicted on the left side of Fig. 2.11.

On top of the steady state, one can compute the Bogoliubov excitations in the usual way, by
diagonalizing the linearized problem

10,60 (r,t) = 2 (k)0 (r, 1) (2.30)

where 6117 = (0%, 07}, 61by, 69y, 0nR) is the fluctuation vector. The Bogoliubov spectrum then
consists of five eigenbranches Rew(k) related by particle-hole symmetry. The right panel of figure
2.11 reports (on top of the emission intensity that will be explained below) the five eigenbranches,
calculated with the parameters of WPA and a pump intensity |Fp|? larger by 3% than the intensity
for having the acoustic dispersion. Red (blue) dots correspond to a predominantly x (y) polarized
character, respectively; the reservoir-like branch has zero real frequency.

One important feature visible in the fact that the y particle branch lies at higher energies
than the z one. This can be elucidated by turning off the birefringence; for &« = 0 the steady
state features ¢y = 0, while 17 is given by the obtained according to the procedure above, with
renormalized nonlinear coupling strength g .z = % + %%. Also, the Bogoliubov equations for
the excitations for the condensate with y polarization are decoupled from those of the condensate
with z polarization and the reservoir:

. )
00, = | =0 = 5oV gl + iy — i | Ot + BULOUL + gruionn (231)
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DOnR = —YRONR + Yin (V3005 + 15 0vU,), (2.32)
and ~
8 _ A i 2 5|2 s l s2 *
? t5¢y — |7~/ 2mv =+ gT|w1| + ErNR — ¢ 9 5’[?/)y - gd¢;v 6¢y7 (233)

where A = wp, —wlp, 8= (gr + 85)/2, 84 = (gr — 85)/2 ¥ = (Ve + Vin). The corresponding 5 x 5
Bogoliubov matrix .Z (1A<) separates into two block matrices, namely a 3x3 part for the z-polarized
condensate and reservoir, and a 2 x 2 part for the y-polarized condensate. In the former, in the
case A = hwps, where now hwps = g|¢»|? + grnr, the excitation spectrum has the linear gapless
dispersion discussed above, with speed of sound

hwss v JRNR
2= - : (2.34)

m (F—2vr) m

C

holding for ¢2 > 0. In the slow reservoir limit most relevant here yg < 7 = (V¢ + 7in), We obtain
¢ = hwps/m — grngr/m = gly3 > /m.
In the y-polarization sector the Bogolubov matrix reads

(k) —id gas’
z(kﬂy—(igd o _ny(_k)_ig), (2.35)

where 1, (k) = —A/h + hk?/2m + gr|s]? + ggnr. The condition for having gapless Bogoliubov
excitations in the above equation is —A + g3 |? + grn§ = galts|?. Interestingly, this coincides
with the condition A = uwpg required for having a gapless « branch (this is true only for a = 0).
At low momenta the dispersion relation of the y branch reads w (k) = ¢,k — 7/2, with

2 9aly —grnr)  gr —gs [¥5°
v m 2 m

c (2.36)
where p, = gr|vi|? + grnr. Notice that our choice of parameters gr > 0, gs/gr = —0.1 implies
that the y branch of the phonon dispersion lies at higher energy than the x branch for all k£ # 0,
which implies that ¢, > c, and the y particle branch lies above the x branch. For continuity, when
a small « is turned on, the y branch becomes gapped.

2.3.3 Modelling the photoluminescence

Having discussed the poles of the Bogoliubov matrix, we will now see how to numerically predict
the photoluminescence, which is the main observable of our experiment.

As demonstrated in Fig. S3 of (Stepanov et al. [2019]), the energy resolved emitted intensity
is perfectly consistent with a Boltzmann distribution at 7' = 30 K. This observation suggests that
the excitation mechanism giving rise to the EPL consists of thermal acoustic phonons scattering
polaritons from the injection state to Bogoliubov quasi-particle states.

We describe the coupling of polaritons to acoustic phonons by via the Frolich Hamiltonian
(Piermarocchi et al. [1996])

Hyo1—phon = Z Ga,q. (baq. — bT—q,—qz)Pq (2.37)

4,9z

where Gg 4, is the acoustic phonon-polariton coupling strength taking into account the anisotropy
due to the presence of the quantum well confinement in the z direction (Piermarocchi et al. [1996],
?), bq,q. is the phononic field operator and pq is the density fluctuation of the polariton condensate
with cavity in-plane momentum q. The origin of this coupling stems from the fact that, in a Bohr-
Oppenheimer view of the electronic wavefunction, the exciton line depends on the unit length of
the lattice cell of the material: the phonon field describes the displacement field of the ions of the
lattice, so that the volume variation of a unit cell it’s given by the divergence of the field (this in
particular entails Gq 4. — 0 for q, ¢, — 0).

The above Hamiltonian yields a stochastic phonon field in the Gross-Pitaevskii equation acting
on both polarization components o = z,y of the polariton condensate according to (3°,[7(q,t) +

T*(—q,t)]e'dT )1, (r), where

(T ()T ) = 3 (G, [P0l q, 0(E — #') = /

gz

dw
—e

—iw(t—t")
L Slaw).  (239)
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Figure 2.12: Coherent versus reservoir fractions by quantitative comparison between experiment
and theory - Agreement between the measured dispersion relation and the full vectorial theory,
quantified as r2(p) =min(R?)/R?(p) (red symbols), versus the condensate fraction p = n./(ng+n.)
for WPA.2 (a),WPA.3 (b), WPB.2 (c¢) and WPB.3 (d). The red solid line is a guide for the eye.
The right axis show the calculated speed of sounds of the two cross polarized excitations ¢, /v,
(blue line) and ¢, /v, (blue green line) versus p, in the limit where n, = 0 (see text).

with ({- - -)),n being the average over the noise realizations, n(wq,.) = 1/(ef¥as=/FeT — 1) T
the temperature and wq, 4, the acoustic phonon dispersion. The sum over ¢, appears because the
exciton is confined in the QW so that k. is not a good quantum number and it couples to phonons
of any ¢.; in particular, the g, dependence of the coupling matrix is determined by the overlap
between the exciton and phonon field and becomes vanishing for ¢, > 27/Lgw. The use of a
constant power spectral density S(q,w) is motivated in a high temperature approximation.

Then, within the linear response theory we treat the field 7 (q,w) to order one in perturbation
theory and calculate the linear response of the polariton field to this stochastic phononic field. The
field amplitude is obtained as 6 = (62 (k), 093 (—k), 69y (k), 61y (—k), onr (k))

6 = [w— LK) 'OF, (2.39)

where the stochastic drive is denoted 6 F = (6 F,(k,w), —0F*(—k, —w), 6Fy(k,w), —0F; (—k, —w),0).
After averaging over the random realizations of the phonon field and with the definition x;;(k,w) =

1 . .
L_ 7 (k)} e the field intensity reads

({[6%y (e, w)|*))pn = X395 — X3293" + xaaty — xzaty " |* Sph(k,w) (2.40)

where the phonon density of states Sp;, is taken in this work as constant. Finally, in order to model
the effect of the finite pump spot and of the filter, we multiply the polariton field by a spatial filter
function f corresponding to a circular hole of diameter 35um, w;’“t (r,t) = f(r)y,(r,t); in the end,
the measured Fourier space intensity is I(k,w) = [dK/'|f(k — K')[*({|6¢y (K, w)|*))pn. I(k,w) is
our actual experimental observable. We thus apply to it the same numerical analysis as for the
experimental one: we fit it with a single Lorentzian lineshape, in order to obtain a single theoretical
dispersion relation (two if we accounts for positive and negative energy branches), to be compared
with the experimental one.

The result of this procedure is shown as a black line in Figure 2.11.b. It is apparent that the
peak of the emitted signal (green solid line) falls in between the poles of the z-like and y-like quasi-
particles (blue and red dotted lines). This accidentally results in a V-like shape of the observed
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dispersion, even though we are not so close to the acoustic point. Another interesting features is
that the ghost emission is very weak here because of a destructive interference of the contributions
coming from the z and y poles.

The most important observation though is that with this model we are able to closely fit the
experimental data. Once the reservoir decay rate and exciton-polariton coupling are fixed according
to yr = 1.6peV and gr = 2gr, the relevant fitting parameter is ~;, (notice that the numerical
results depend only mostly depend on the product gr7v;, while are only weakly sensitive on gg, vin
individually).

The comparison between the theoretical dispersion relations and the measured ones is plotted
quantitatively in Figure 2.12 using 7?(p) = min(R?)/R?(p), where the normalized deviation is
R%(p) = 3, [wexp (ki) — wen(p, ki)]?/ > wexp(ki)?. Here, the results are organized as a function of

the coherent fraction
e TR

nR+Ne  Yin+ IR’

(2.41)

where n. = n, +ny = [¢5]* 4 [¢5]? is the coherent density and +i, is the actual fit free parameter.
The closer 72 is to 1, the better the agreement. The full width at half maximum of 72(p) provides
an estimate of its lo-confidence interval. The line connecting the red dots in Fig. 2.12 is a guide
for the eye. The thus determined confidence intervals has been used in Fig. 2.4 above, where the
theoretical dispersion plots is obtained by plotting the two dispersion relations calculated at the
two confidence interval boundaries, and by coloring the area that they delimit.

This analysis also gives an estimate of the two speeds of sound that characterize the two cross-
polarized Bogoliubov branches at the sonic point of the hysteresis. In the simplifying assumption
that n, = 0, i.e p = ny/(ny + nr), they have the analytical expression given in eq.(2.34) and
€q.(2.36). The results are shown in Figure 2.12 (right axis), where the speeds of sound ¢, and ¢,
normalized to the critical velocity v. = \/hwps/m are plotted alongside 72(p).

Knowing approximatively p hence the fraction of blue-shift to be attributed to coherent polariton-
polariton interactions, which in our sample is of the order of 30%, and carefully calibrating a count
of the number of polaritons in the microcavity, it is possible to have a reliable estimate of the
polariton-polariton coupling constant. In our experiment we reported the theoretically reasonable
value of gNow = 8 £ 2ueV um? (as already mentioned, a plot summarizing several measurements
of gNgw from different groups has been provided by Estrecho et al. [2019]).

In conclusion, in this Section we have predicted how the presence of an incoherent excitonic
reservoir affects the collective excitations of a resonantly injected polariton fluid. In particular,
while it provides a contribution to the Hartree energy as it can be observed in the blueshift, the
excitonic degrees of freedom are too slow to partecipate in the finite frequency dynamics and
thus the speed of sound is determined only by the polariton-polariton interaction energy. Once
also the interplay of the two linear polarization and the response function corresponding to the
photoluminescence are properly kept into account, the experimental curves by Stepanov et al.
[2019] can be reproduced assuming a polariton-reservoir Hartree energy of the same order of the
one due to polariton-polariton interactions; the characteristics of the reservoir are expected to
depend very strongly on the particular sample. The next natural question is to what extent the
reduction of the speed of sound affects superfluid properties.

2.4 Superfluidity in the presence of an incoherent reservoir*

(this Section mostly builds on material contained in Section V from [Amelio et al., 2020b])

In Sec.1.4 we have seen that in the absence of reservoir, the generalized Gross-Pitaevskii equa-
tion (1.27) has specific invariance properties under Galilean boosts, which entail that the super-
fluidity properties must be then the same in the two cases of a defect moving through a polariton
fluid at rest and of a moving polariton fluid hitting a static defect: these two configurations rep-
resent in fact the same process seen in two different Galilean frames. Correspondingly, since the
(not invariant but) covariant coherent pump does not explicitely enter the linearized Bogoliubov
calculation, the complex-valued dispersion w(k) simply gets Doppler-shifted w(k) — w(k) + k- v
when going to a reference frame moving at speed v.

The situation is completely different in the presence of an incoherent reservoir, as described
by the generalized dynamics of Eqs.(2.4-2.5). This latter, in fact, defines a privileged frame of
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Figure 2.13: From left to right: color plots of |x11|, [x12l, [X11 — X12| as functions of (k,w), where
the dynamic response function is defined as y(k,w) = #%k) Physically, x11(k,w) is the response

to a probe at (k,+k, wy, +w) measured at the probe momentum and frequency, while x12 describes
the response in a four-wave mixing setup; finally, x11 — x12 was considered above in Sec. 2.3.3
and represents the susceptibility to scattering with phonons (or to any real field that couples to
the polariton density). From top to bottom: without reservoir and k, = 0, without reservoir and
vp = L.1cs 1, with reservoir and k, = 0, with reservoir and v, = 1.1¢s 7. The reservoir parameters
are Yg = 27ne = 0.08. In particular, looking at the last column, it is clear that having both
k, # 0 and a reservoir allows for having different luminescence (as generated by phononic white
noise) on the left and right particle branches, while the colorplot is only Doppler shifted (shear
mapping) if the reservoir is absent.
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Figure 2.14: Density modulation induced by a moving defect in the absence (left) and in the
presence (right) of an incoherent reservoir. The total blue-shift ug is the same in all panels. The
polariton fluid is at rest k, = 0 and the pump frequency is tuned at the resonant point A, = p7p.
In the upper panels, the defect speed is chosen in the vicinity of the critical speed for superfluidity
in the absence of incoherent reservoir, vg = cs . In the lower panels, the defect speed is larger
vy = 1.3¢s . The dashed green lines in the lower panels indicate the Mach cone of angle 2«
expected from the chosen values of the flow vy and sound (2.17) speeds, sin o = ¢;,9/v4. Reservoir
parameters are close to the ones estimated in (Stepanov et al. [2019]), gr = 2¢, Yr = 27ine = 0.087.
For thse values, the contributions of the polaritons and the incoherent reservoir to the blueshift
are equal, ggng = gno = pr/2.

reference linked to the underlying semiconductor cavity structure. Such a feature is visible by
comparing the Bogoliubov spectra shown in the left and right panels of Fig.2.8: even though the
total blue-shift is the same in the two cases, the dispersions are markedly different in both the
real and the imaginary parts. That not only the poles of the quasi-particles but also their nature
is affected by the breaking of the Galilean invariance is apparent also in Fig. 2.13, where we plot
three different response functions in the four cases with and without the incoherent reservoir and
for a fluid at rest or in motion. When a polariton fluid is considered in the absence of reservoir,
Galilean invariance ensures that the physical susceptibility of a fluid at rest (first row) gets Doppler
shifted when setting the fluid into motion (second row). Notice that the Doppler shift corresponds
to a k—dependent translation or shear mapping and not to a rigid rotation, so that one of the
branches appears broader, but the point is that the “pixels” are moved but do not change their
color (p.e. the peaks at +k reach the same maximum). In the plots in the last row, which refer to
the case with a resevoir, the left and right particle branches have different shapes and luminosity,
which is only possible because Galilean invariance is broken. In particular, in the very last plot,
which mimicks an experiment where Bogoliubov excitations are generated by a phononic white
noise, the particle branch is very bright in proximity of the intersection with w = 0. As mentioned
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Figure 2.15: Critical speed for superfluidity in the presence of a reservoir, for a small and shallow
defect moving in a polariton fluid pumped at the sonic point A, = pr and at rest k, = 0. (a) Drag
force as a function of the defect velocity vy in the absence (blue) and in the presence (orange) of
the incoherent reservoir. The force is here renormalized by the effective coupling geg Fy, so to have
a fair comparison of the two cases with and without reservoir. The vertical lines confirm that in
the former case the critical speed is at ¢ 7, while in the latter case it is at ¢s 9. An explanation for
the negative drag at small v, is provided in panels (b,c) where vy = 0.02¢, 7 is taken. Panel (b)
shows the polariton-induced component to the blueshift g|¢)(x)[?. Panel (c) shows the incoherent
reservoir contribution grng(x). The defect consists of a gaussian perturbation indicated in the
plot by the cyan circle of radius three times its width. The depletion of the (slow) reservoir density
that it leaves behind it is partly filled by the (faster) polariton. Same parameters as in the previous
figures, namely hy = 0.2u7, gr = 29, YR = 2%¥inc = 0.08, so that ¢, ¢ = cS,T/\@.

in the previous Section, in the presence of a reservoir the imaginary part of the dispersion can
even become positive, signaling a modulational instability, analogously to the case of incoherently
driven fluids (Wouters and Carusotto [2007], Bobrovska et al. [2014, 2017], Baboux et al. [2018]).

In Fig.2.14, we illustrate this breaking of Galilean invariance by looking at the effect of the
incoherent reservoir on the density modulation pattern generated by a defect in motion through a
fluid at rest. As we expected and explicitly verified by numerical integration of the Gross-Pitaevskii
equation (2.4-2.5), a defect moving with constant velocity v4 in a fluid at rest with respect to the
semiconductor substrate generates a pattern which is stationary in the frame of reference of the
defect.

Therefore, within linear response to a shallow defect, it is possible to solve for the field pertur-
bation in this frame by using the technique illustrated in Eq. (1.35). Since the reservoir equation
in the defect frame® reads

Onr = —va-Vng — Yrng + Yinc|Y|* (2.42)

the w = 0 condition discussed in Sec.2.3 allows for elimination of the reservoir via a momentum-
dependent effective coupling
Yinc

get(k) = g + r—— 'YRgR . (2.43)
Notice that this procedure of imposing w = 0 in the defect frame can be equivalently implemented
in the lab frame by solving for w = vy - k; this is proven by expressing the defect potential as
Viaer(x —vat) = [dkdw §(w — va - k) 6Vgep(k)e® >~ and similarly for the Ansatz of the field
and reservoir.

For a fully coherent polariton fluid in the absence of a reservoir, the Galilean invariance holds
and the physics only depends on the relative velocity of the fluid and the defect. As a result, the
left panels of Fig. 2.14 equivalently represent the two cases of a fluid flowing against a static defect
or of a moving defect in a fluid at rest.

3Remember that first-order equations for scalar quantities require total time derivatives (also called convective
derivatives) in order to be Galileo invariant, like the one for density in the incompressible Euler continuity equation.
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Figure 2.16: Critical velocity versus speed of sound. The speed ¢, turns out to be the critical
speed when superfluidity is considered for a moving defect, e.g. by computing the drag force (solid
orange line). For comparison, the blue line shows the drag force for a purely coherent fluid without
reservoir at the same pp. The parameters of the fluid are the same as in Fig. 2.9

Summary of the characteristic velocities

Cor mciT = ur Crit‘ical speed‘ for a stationary flow
' (total blueshift) against a static defect at w =0
9 Propagation speed of dynamical
c mcs; o = gno oo )
5,0 (coHerent component only) excitations at v < |w + iv/2| < pr.
P Y Critical speed for a moving defect
Propagation speed of very low frequency
2 _ v
Cs MCs = KT ¥ 55— IRTR dynamical excitations

(slope of dispersion at k = 0) up to |w + /2| ~ vr

Table 2.1: Summary of the three characteristic velocities introduced in the text. From left to right,
the three columns indicate the notation, the mathematical definition, the physical meaning.

On the basis of the discussion in the previous sections, it is natural to expect that the situation
be completely different in the presence of an incoherent reservoir, which sets a privileged reference
frame linked to the semiconductor matrix. To start with, a pattern identical to the fully coherent
case is found for a static defect via the renormalized coupling (2.6), as long as the total blueshift is
the same and no dynamical instabilities develop (Amelio and Carusotto [2020a]). Instead, when it is
the defect to move in a polariton fluid at rest in the presence of a reservoir. the density modulation
pattern is shown in the right panels of Fig. 2.14. These panels are plotted in the experimentally
relevant vy < 7 regime for the same values of the speed v, and the total interaction energy prp
used in the left panels. It is apparent that the critical speed is strongly reduced, as expected from
the Bogoliubov dispersion discussed in Sec.2.3. Moreover, the shape of the density modulation
profile shows a clear Mach cone of angle 2a with sina >~ ¢4 9/vq4.

A more quantitative insight on the critical speed can be obtained looking at the plot of the
friction force as a function of the defect speed for a polariton fluid at rest shown in Fig.2.15. The
force is evaluated using (1.40) under the assumption that the defect only interacts with the coherent
polaritons. Both in the absence (blue line) and in the presence (orange) of the reservoir, the friction
force displays a clear threshold behaviour, losses being as usual Berceanu et al. [2012] responsible
for a smoothening of the threshold. In contrast to the 1D case of Fig.1.7, in the high-speed limit
the force tends to the asymptotically linear dependence on vy predicted by Astrakharchik and
Pitaevskii [2004] in 2D.

As expected, the position of the threshold occurs at a markedly lower speed in the presence of
the reservoir, at a value consistent with the effective speed of sound ¢, . The fact that the critical
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Figure 2.17: Panels (a-c): time-averaged polariton density (a), local phase at the final time (b),
and coherence function ¢(!)(r) for a polariton fluid evolving according to (1.11) in the presence of
disorder. Panels (d-f): same quantities for the same parameters in the presence of a incoherent
reservoir as in Eqs.(2.4-2.5). Parameters: iy = 0.04 meV, A = —0.4 meV, k, = 0, Foeff =
0.25 meV um~%, Wy = 0.06 meV, oy = 0.5um. In panels (d-f), the reservoir has hyg = 0.01 meV,
hYine = 0.02 meV and gp = 2g.

speed is set by the effective high-k speed of sound ¢, o rather than by the low-k value c, is physically
understood by noting that the density modulation is peaked in k-space at the intersection of the
Bogoliubov dispersion with the w = k - v4 condition for the moving defect. A further confirmation
of this statement can be found in Fig. 2.16.a, where we show the same plot for a faster reservoir
for which the distinction between c, ¢ and c; is more evident.

The origin of the peculiar negative value Fy; < 0 found in the presence of the reservoir is
illustrated in the panels (b,c) of Fig.2.15. A very slow defect excites quasi-resonantly the reservoir
branch of the dispersion, leaving in its wake a reservoir depletion, which is partially refilled by the
faster polaritons. This results in an excess of polaritons behind the defect and, thus, to a negative
drag. Of course, the fact that the force tends to accelerate (rather than brake) the defect does
not violate energy conservation, since we are dealing with a driven-dissipative system. It is also
interesting to mention the recent calculations of the drag force of a polariton condensate in the
presence of a reservoir and in the gapped regime (He and Liang [2020]).

Coming back to the case of a defect at rest in a moving fluid, here the density modulation
pattern is stationary in the frame of the semiconductor cavity structure, so the w = 0 value of the
effective interaction constant geg(w) is to be used. As we have discussed in the previous sections,
this value recovers the interaction constant g.g defined in (2.6) that enters the expression for the
total blue shift pr, so that the critical speed for superfluidity is set by cs  such that mciT = ur.
It is quite remarkable how this simple result holds independently of the relative magnitude of the
polariton and reservoir contributions to this latter and of the details of the complex Bogoliubov
dispersion in a moving fluid discussed in Sec.2.3. This last subtle feature is the reason why the
pioneering experiments in (Amo et al. [2009]) were in quantitative agreement with a theory that
did not include the reservoir. For what concerns the dynamical experiments in (Nardin et al.
[2011]), instead, the quantitative agreement with the reservoir-less theory was guaranteed by the
fact that the experiments were performed using a short pulse of coherent pump light, so that the
reservoir density did not have time to build up.

These considerations hold quite generally for a stationary situation, with the only requirement
that the flow is dynamically stable. Crucially, as it was pointed out in (Amelio and Carusotto
[2020a]), the presence of a slow reservoir can in fact give rise to dynamical instabilities that prevent
from reaching the stationary state by lowering the critical disorder threshold discussed in Fig. 1.11
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of the previous Chapter. This point is remarked in Fig. 2.17, where in the (upper) lower panels the
flow of a fluid without (with) reservoir is shown, as characterized (from left to right) by its density,
phase and g(*)(r) coherence function of Eq. (1.53): while the phase and density patterns are quite
similar in the two cases, the presence of the reservoir prevents from reaching the steady-state, with
the vortex positions that perform small oscillations.

2.5 Conclusions

To summarize, in Section 2.1 we started with some preliminary remarks on the spin-dependence
of the polariton-polariton interaction constant; we explained why a reliable measurement of g is
challenging, one of the reasons being the presence of dark excitonic states. The measurement of
the dispersion relation is the subject of Section 2.2, where we described in details the experiment
(Stepanov et al. [2019]) which stimulated us to consider a model containing a reservoir of incoherent
dark excitons.

In Section 2.3 we have formulated the model and reported a detailed theoretical study of the
collective excitations of a resonantly driven polariton fluid in the presence of the reservoir. The
excitons contribute to the average blueshift and lead to a renormalization of the interaction constant
in the steady state. However, if the reservoir is characterized by a slow relaxation scale, they barely
participate in the faster coherent dynamics of the fluid. As a consequence only the polariton-
polariton Hartree energy determines the speed of sound of the Bogoliubov quasi-particles. Our
study allows to fit reliably experimental data and obtain precise estimates on the fraction of dark
excitons in the fluid, which can be crucial in investigations of the polariton-polariton interaction
constant.

In the previous Chapter we demonstrated the Galilean invariance of the generalized GPE in the
absence of a reservoir. On the contrary, we show in Section 2.4 that the presence of the reservoir
of dark localized excitons fixes a privileged laboratory reference frame linked to the semiconductor
cavity structure. This breaking of Galilean invariance is visible in the Bogoliubov dispersion of
the collective excitations in the fluid and in the density modulation pattern generated by a defect:
while the effective speed of sound probed by a defect at rest is univocally determined by the total
blue shift of the polariton modes as in the experiments of Ref. Amo et al. [2009], the one probed
by a moving defect is significantly smaller and mostly determined by the polariton contribution
to the blue shift. This results is of crucial importance to reconcile the historical demonstrations
of polariton superfluidity in Amo et al. [2009], Nardin et al. [2011] with the recent experiment
in Stepanov et al. [2019].

Beyond the microcavity polariton systems on which we have focused here, our results can be
straightforwardly applied to other physical realizations of fluids of light such as photons propagating
in cavityless nonlinear optical media Carusotto [2014]. While a sort of Galilean invariance along
the transverse plane holds for instantaneous Kerr-like nonlinearities Fontaine et al. [2018], a strong
breaking of Galilean invariance is in fact expected to occur when the optical nonlinearity has a
thermal nature Vocke et al. [2015]. This is a crucial feature that needs being duly taken into
account when using quantum fluids of light as quantum simulators.
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Chapter 3

LTheory of the coherence of extended 1D
laser systems

In the first part of the Thesis we were concerned with the study of resonantly injected polariton
fluids, where the phase of the field is inherited by the external drive. In this second part we
will instead consider fluids of light and matter which spontaneously break the microscopic U(1)
symmetry, giving rise to a rather different phenomenology with respect to the first part; on the
other hand, we will still be dealing with regimes amenable to the semi-classical field description.
We will be continuously switching between lasing and polariton condensation, since these two
paradigms share many analogies, in particular when the focus is on the universal behavior. While
here we start with a topologically trivial laser system, in the next Chapter we will turn to the case
of a 2D Harper-Hofstadter laser.

This Chapter is devoted to the study of the spatial and temporal coherence properties of
generic spatially extended models of laser operation, having typically in mind arrays of laser res-
onators or polariton microcavities. First, in Section 3.1 we review the basic principles of lasing
and the semiclassical derivation of the Schawlow-Townes linewidth for devices which, as tradi-
tionally considered in laser theory, are effectively point-like. In Section 3.2 we deal instead with
Kardar-Parisi-Zhang KPZ) universality in infinitely extended 1D polariton quasi-condensates. The
gap in the understanding of temporal coherence between point-like and infinite systems is finally
bridged in Section 3.3, where the Schawlow-Townes linewidth is viewed as a finite-size effect with
an additional broadening due to KPZ-like phase nonlinearities.

3.1 Coherent laser emission

The laser is one of the most fundamental tools in modern science Siegman [1987], Svelto [2010].
Its defining feature is the emission of radiation of unprecedented intensity and long coherence
length and time. This makes laser sources essential ingredients in a wide range of applications
and justifies the continuous theoretical and technological research of new devices. Also from a
fundamental science perspectives, the physical mechanisms underlying laser oscillation represent
an archetypical model at the crossroad of nonlinear physics, non-equilibrium statistical mechanics,
and quantum optics (Haken [1983], Gardiner and Zoller [2004], Chiocchetta et al. [2017], Keeling
et al. [2017]). A very brief review of these concepts is the goal of the next few pages.

3.1.1 The LASER principle

As it is well known (Cohen-Tannoudji et al. [1998]), the interaction of an excited atom with the
electromagnetic vacuum induces the relaxation of the atom to a lower energy level with consequent
spontaneous emission of a photon, with a rate given by

4|d12|2w3
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where di2 and w2 are the dipole moment and frequency associated with the atomic transition; one
factor of wyo is due to the square of the electric field of a single mode of the electromagnetic field,
while a further wf, comes from the 3D density of the modes at that frequency.

On the other hand, let a train of photons in the same state interact with an excited atom and
have a frequency quasi-resonant with an atomic downward transition: the relaxation and emission
processes into the same state of the incident wave are then stimulated, with a rate proportional to
the number of photons of the train. This enhancement builds on the bosonic nature of the photon
that is implicit in the Maxwell equations. The experimental observations that radiation thermalizes
and that it interacts with matter through quantized packets of energy related to its frequency via
the Planck constant was enough for Einstein to make his famous prediction of stimulated emission
in 1917.

Einstein’s beautiful argument goes as follows. Let’ s consider a bunch of two-level atoms in a
large cavity and let N, be the number of atoms in a state excited by wis. The energy stored in
the elctromagnetic field, which is at thermal equilibrium with the atoms, is distributed according
to the spectral density u(w) and the rate of the process in which a photon gets absorbed and an
atom excited is proportional, via a coefficient Bgps, to u(wlg)Ng, with Ny = N — N, the number
of atoms in the ground state. Considering only spontaneous emission and absorption, the rate
equation for N, reads

dN,
dt

leading to the steady-state relation N;/N., = A/(Bu(wi2)). This result also implies that at high
temperatures N, /N, ~ 0, which is clearly inconsistent with the requirement that the atoms be in

thermal equilibrium
Ng hwlg
9 — 3.3
N, exp ( k‘BT) , ( )

= _ANe + Babsu(wm)Nga (32)

which already requires the notion of the Planck constant to inter-convert frequency and energy of
the photon. To enforce this constraint Einstein proposed the modified rate equation

dN,
dt

= —[A + Bsteu(wlg)]Ne + Babsu(wlg)Ng, (34)

for which at the steady-state
N, A+ Bgie
Ng _ + Dt U(W12). (3.5)
N, Babsu(ww)
The high temperature limit requires' By = Bas = B; the Bolzmann condition Eq. (3.3) is
consistent with the Planck law
2hw3 1
13 elw/ksT _ 1’

u(w) = (3.6)

which relates A, B through A/B = 2he

w3

The idea that stimulated emission would provide a mechanism to amplify an incoming electro-
magnetic wave began to circulate and led to the proposal of the MASER (Microwave Amplification
by Stimulated Emission of Radiation) by Basov and Prokhorov and to its first implementation by
Townes and co-workers in 1954. One difficulty is that steady-state operation can’ t rely on two-
level atoms, because, even in the presence of optical pumping of the medium, one will always have
N. < N, at stationarity, so that absorption will dominate on stimulated emission. To stabilize
an inversion of population 3-level atoms can be used, as studied by Basov and Prokhorov and
illustrated on the left panel of Fig. 3.1.

A self-sustained LASER (Light Amplifier by Stimulated Emission of Radiation) can then be
built by putting the gain medium in a cavity so to feed back the generated radiation to the excited
atoms for other successive amplifications. Following the theoretical proposal by Schawlow and
Townes [1958], the first? laser was realized by Maiman in 1960 and consisted in a ruby rod doped
with chromium atoms that constituted the actual gain medium, used optical pumping from a
xenon flashtube and delivered short pulses at random times. Devices capable of a continuous-wave

LIf the excited level has a g—fold degeneracy then Bste = Baps/g-
2 According to the “Laser” page of Wikipedia there has been some controversy on the first laser actually realized;
the first one to be registered by the U.S. Patent Office was the one by Maiman.
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Figure 3.1: Principle of the LASER. (left) Scheme of a 3-level atom used to achieve popu-
lation inversion between the level 2 and 1. The level 3 is optically pumped and will expe-
rience a fast (possibly non-radiative) decay to state 2; notice that the poluation of 1 is al-
ways larger than the one of 3. (right) Basic ingredients of a typical laser device, like the
original ruby laser; the green lines denote the oscillating electric field. Left plot taken from
https://commons.wikimedia.org/w/index.php?curid=3631918.

emission or of Q-switching came soon afterwards, and Basov, Prokhorov and Townes were awarded
the 1964 Nobel prize for their contributions to the development of the maser and of the laser.

The fundamental ingredients to understand the LASER self-sustained oscillation are an optical
resonator or cavity, the gain medium, a pumping mechanism to induce population inversion in
the gain medium and losses. To elucidate the mutual interplay of these elements we blend the
treatments by Scully and Zubairy [1997] and Mandel and Wolf [1995], inspired to a model of the
lasing operation due to Lamb [1964]. In this model lasing is described in terms of a classical
electric field: on the one hand, this enters the equation of motion of the atoms and contributes to
the evolution of the polarization vector; on the other hand, the polarization acts as a source term
in the Maxwell equations, so that the electric field is determined self-consistently.

Starting with the atomic degrees of freedom, let’ s first point out that the 3-level scheme
pictured in Fig. 3.1 effectively allows to focus on a 2-level atom endowed with a unidirectional
pumping from the ground-state to the excited state (while any optical pumping on a really 2-level
atom would also come with stimulated emission processes into the pump wave). An adequate
Master equation to describe the interaction of such an effective 2-level atom with a classical wave
is provided by

Pa A ~ a ~ ~ ~ ~
S Llpur o)+ B L pun o)+ B L o] (8T)

. (N P
atpat = 7% [Hatapat] + 2 2

Here £ [ﬁ, OA} = QOﬁOT - {OTO,ﬁ} denotes the Linblad super-operator, and the three Linblad
terms, occurring with rates Pgt, Vat, Vph, correspond respectively to the pumping used to build
the population inversion, to incoherent decay into the ground-state and to dephasing. This last
phenomena is per example due to scattering with other atoms (or with phonons in a solid state
medium), which leads to random Stark shifts which are local in space and time and result in a
fluctuating transition frequency. The Hamiltonian term instead contains the coherent part of the
interaction with light, so that stimulated emission is built in it:

~ w1 . . « -
Hat = %O’z —+ E(ro,t) . (dgl O'+ —+ d21 O'_), (38)

where we neglected an irrelevant total energy shift and rq is the location of the atom.
The electric field needs to be found by solving self-consistently the Maxwell equations, and in
particular the wave equation

1 4
V’E - 505E = Ci;aftp, (3.9)

where P(r,t) = nq:(r)dai{e|p(t)|g) is the polarization vector of the gain medium, characterized by
the atomic density n4:(r). In writing this equation we have also assumed that the cavity is empty
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apart from the gain medium and that there are implicit boundary conditions. For a very good
cavity and with the assumption that the lasing mode has very similar shape to one mode of the
bare cavity f(r), we can use the ansatz

E(r,t) = f(r)E()e """ + h.c. (3.10)

Here E(t) is a slowly varying envelope and f(r) satisfies the Helmoltz equation

OJ2

V3 = 7;f (3.11)
with proper boundary conditions. For example, in the case of a ring cavity f will be approximated
by a plane wave times a polarization unit vector, or a sine in the case of a planar cavity. In the
following we will assume that f(r) is approximatively constant and equal to f(rg) in the region
occupied by the gain medium, so that any atom is subject to the same electric field.

Below we will keep the following time derivatives: 92E ~ (w!4%)?E—2iw!*9, E(t)fe="""t £ h.c.,
the second term being necessary because of a partial cancellation of the first one by w?, and
2P ~ (w'**)2P, since also P approximatively oscillates at the frequency wjqs (as discussed below).
With these simplifications, Eq. (3.9) becomes

2w E = [w? — (w')?]E + 201" Pp,, (3.12)

where P = %dgl - [dr £(r)*nq(r) contains information about the overlap of the gain medium
density with the cavity mode, which has been normalized according to [ dr |f(r)|* = hw.V,: with
this normalization \E|2 represents the number of photons in the cavity volume V. Since as it
will be apparent below w!®® ~ w,, the further simplification w? — (w!?*)? ~ 2wl (Wl — w,) can
be used. Finally, we introduce by hand some losses in the cavity mode with rate . which can
per example be attributed to the functional leakage of the laser emission or to absorption by the
dielectric forming the cavity, so to arrive at

i E = [wl‘ls — We — ;%} E+ Ppeg- (3.13)

Moreover, we just used the “slow” density matrix element

peg(t) = € Help(t)]g), (3.14)

while pee(t) = (e|p(t)|e), and similarly for pyg, pge. A more explicit form of Eq. (3.7) is then given
in the so called Optical Bloch Equations (OBE)?, in the frame defined by Eq. (3.14) and within
the rotating wave approximation (RWA)

pee = —YatPee + Patpgg + ZE* (t)QSpeg - 7;Ej(t)QOpge (315)

tas _ ; Pat + Yat +

B Peg — E(t)QO(Pee — Pgg) (3.16)

ipeg = |Wgo1 — W
where we defined the vacuum Rabi frequency of the filled cavity Qg = f(m)%.

The coupled Egs. (3.13,3.15,3.16) can be solved numerically. However, to proceed further with
the analysis, one now assumes that the dynamics of the atom as governed by Py, Yat, Vpn is faster
than the dynamics of E(t), so that at any time ¢ the atom can be considered in its steady state: in
this case we will speak of a class-A device, in contrast to a class B device where the dynamics of
the gain medium has to be treated explicitely. The density matrix elements pee, peg, €tc. are then
expressed only as a function of E(t):

E(t)%
j Pattattypn (Pec = Pgg) (3.17)
2

Peg =
wo1 — wlus _
Pat - f}/at

(Pat+Yar+vpn) [ E(#)Q0]2
Par + Yar +2 (um—wlas)2+(1°it+wat+wph)2/4]

Pee — Pgg = (318)

3 In the derivation one writes p = % + (pee — pgg)‘%z + (elp(t)|g)o+ + (9]p(t)|ey6— and uses the commutators

[%,&i] =46+, [64,6_] = 6~ and the anti-commutators {64,5_} =1, {54,641} = 0.
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In particular, injecting p.q in Eq. (3.13) and after some algebra, one arrives at the equation of the
class-A laser

- ) 1 P -
iE = |w'% —w. — =7+ = (141 ‘1~]E, 3.19
t |: c 270 2( C) 1—|—|E‘2/TLS ( )
_ PQ Pat—"a o way —w'®® -1 _ 8 |2]?
where P = 4Pat+’ya1,0+'yph Pa:+'yaz (= 2Pati‘l"/at+’}’ph and ng~ =1+ 14¢2 (Pat+Yat+vpn) (Pat+vat)

In order to determine the steady state operation, this (complex-valued) equation needs to be
solved for w!'®*, Ey,. When wy; = w,. = wy, the lasing frequency coincides with w'®® = w, and, since
¢ =0 Eq. (3.19) simplifies to

(3.20)

- ; ; P -
1O F = {wlas — We — ! ! ] ;

— C+ e e —
27 21 (B /n,

correspondingly, above the lasing threshold P, = ~. the steady-state field intensity is given by
|Ess|2 =ng(P —7:)/Y.. On the other hand, if wa; # w,. the lasing frequency will be “pulled” from
w, towards wyy; since this mode-pulling depends on |E(t)|?, a refractive index nonlinearity will be
also present.

Another scenario, occurring for class B devices, is that the atomic degrees of freedom cannot
be completely eliminated adiabatically, but still the gain medium is an incoherent one, or in other
words 7, is very large, as it could be relevant to the density of carriers in a semiconductor laser.
In this case the adiabatic strategy can be applied to Eq. (3.16) only, allowing for the elimination of
Peg- One remains with two coupled equations for the electric field F and the population unbalance
Pee — Pgg Which have precisely the form (1.8,1.9) , introduced when discussing polariton lasing.

For completeness, notice that from Egs. (3.9,3.15,3.16) one can read off the physics also for an
amplifier, where a wave is passed through the gain medium and gets amplified but no feedback is
present (no cavity). In practice, one reinjects the expression for p., in the Maxwell Eq. (3.9) to
obtain a frequency dependent susceptibility, or equivalently a complex wavevector containing the
information about the amplification factor per unit length. In particular, in the linear amplification
regime where the incident wave is a weak one, one neglects the electric field in the correspective of
Eq. (3.15) to get pee — pgg = gzi%m. On the contrary, the amplification gets saturated for high
incident fields, due to the denominator in Eq. (3.16).

3.1.2 Semiclassical theory and Schawlow-Townes linewidth

In the treatment above the electric field is purely classical. This approach is useful to get an
estimate of the lasing frequency and threshold and of their dependence on the microscopic param-
eters; it is also possible to study the switch-on dynamics of the device, with the so called relaxation
oscillations when the intensity is reaching its steady-state. This approach however tells us nothing
about the linewidth and the photon distribution of the emission. While here we just mention that
the instantaneous quantum state of the field can usually be approximated by a coherent state
with Poissonian photon number statistics, we want discuss a bit more in details the issue of the
linewidth.

The linewidth of a laser is the Full Width at Half Maximum of the spectral density of the
emission, which under the assumptions discussed below has Lorenztian shape. Formally, a pho-
todetection experiment will probe the correlation function

gD () = <:ET(t)E(0);> , (3.21)

or its Fourier transform S(w), where the double dots denote normal ordering of the quantum
operators.

As recognized by Schawlow and Townes [1958] in their seminal paper, the intrinsic quantum
mechanism, which sets the ultimate lower bound to the laser linewidth, is spontaneous emission
into the same cavity mode in which lasing occurs. If the lasing field is viewed as a coherent state
of a given phase, the spontaneous emission event acts like a kick of one quantum of intensity and
random phase to the field.

We sketch here how a simple semiclassical treatment that grasps the basic aspects of the
Schawlow-Townes line emerges from a fully quantum treatment (Mandel and Wolf [1995], Scully and
Zubairy [1997]); this also enables to ask meaningful questions about the distributions of photons
in the field. Since using here the optical Bloch equations (3.15, 3.16) would turn out to be a bit
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involved, it is possible to obtain the correct results by considering the small time perturbation
expansion for the cavity-atom density matrix with initial conditions in a product state where the
atom is in the excited level. Indeed, assuming that the dynamics of the cavity field is slow on the
time-scale of the interaction with each atom, we can imagine that the field interacts with only one
atom, shot through the cavity, at each time. This allows, having written down the time-dependent
Schroedinger equation for the density matrix, to trace over the atomic degrees of freedom to yield
a Master equation for the radiation density matrix p. Introducing also cavity losses, the Master
equation takes the form

0p= 5[0+ S [pd] 4 5 (B0 39 it — 4B+ he) (322

where A, B, C are coefficients that can be determined from first principles.

The next step uses the fact that the density matrix has finite trace, so that in the coherent
state basis p(¢, 1) = (¢|p|¥) is an entire function of ¢, and it can be known on the plane ¢ = 1)
without loss of information. This is referred to as the P or Glauber representation. It is then
sufficient to write down an equation for the time-evolution of diagonal component p(t),t) of the
density matrix. Keeping only the first order term in the coefficient B, which is typically small,
and assuming that the dynamics occurs close to the steady state of the laser and not too close to
threshold, for which the distribution p is concentrated at large |¢|, the evolution reads

0? 10

Agsar’ 20

[BWIZ—AJrC]pﬂL1 O [Blg|?—A+Clp.  (3.23)

This is a Fokker—Planck equation for p(v,t), which, as expected from the theory of classical states
of light, in a lasing state closely resembles a probability distribution. The crucial remark is that
the Fokker-Planck equation associated with the semi-classical Langevin equation

0B = |0 —w, — 27e+ ~(1+i¢)"'P(1 — |E2/ns)| E + V2D ¢, (3.24)

2 2
obtained by expanding Eq. (3.19) for small saturation term and adding the random drift of strength
D (properly related to A, B, ('), has precisely this same form. Also notice that in the Laplacian
term of the Fokker-Planck equation it enters A but not C, meaning that the diffusion of ¢ is due to
the interaction with the gain medium but not to cavity losses, while in the Wigner representation
also C' enters in the diffusion term. This apparent contradiction is resolved by observing that in the
P representation a coherent state is a delta function, and the diffusion term corresponds to a drift
of the coherent state. In the Wigner representation instead a coherent state is a Gaussian with
spread determined by the uncertainty principle, and the C' contribution to the diffusion accounts
for this finite variance.

Here we are not very interested in a microscopic derivation of the spontaneous emission rate or
equivalently of D and refer to (Henry [1982], Scully and Zubairy [1997]) for a more quantitative
discussion. Moreover, in what follows we will be mostly involved with any source of noise associated
with a homogeneous broadening of the laser emission, for instance as due to collisions (Svelto
[2010]); we will tend to use anyhow the expression Schawlow-Townes linewidth to denote the drift
of the optical phase. A simple semiclassical approach based on (3.24) is illustrated below, without a
formal derivation which would be cumbersome and not very instructive (Mandel and Wolf [1995]).
Conversely, there exist also mechanisms of inhomogeneous broadening, such as due to Doppler
shift in finite temperatures atomic clouds or to disorder; these do not fall in the Schawlow-Townes
class characterized by a diffusion of the phase and in general do not feature a Lorenztian spectral
distribution.

To grasp the nature of the Schawlow-Townes broadening, let’ s then consider the semiclassical
Langevin equation

i) = W(n)p +V2DE, (£ ()E) = 6(t - 1), (3.25)

where n = |1|? represents the intensity of the field and ¢ is white noise with diffusion coefficient
D, accounting for spontaneous emission and homogeneous broadening. Also, we enclose in W(n) =
W' +iW" the dependence of the gain, absorption and refractive index properties of the medium
on n, where for simplicity the atomic degrees of freedom have been eliminated. In the absence of
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the external noise, Eq. (3.25) has the U(1) symmetry for the phase of the field; this is zero below
the lasing threshold, while in the symmetry broken lasing phase its intensity satisfies W (ng) = 0,
the pedex denoting the solution without noise. The phase, instead, will rotate with frequency
wles = W/(no).

To deal analytically with Eq. (3.25) it is convenient to resort to the phase—density formalism:
writing the field as ¢ = \/ne'? it holds

Orp = -W'(n) + \/f& (3.26)

= 2W"(n) n+2VnD & (3.27)

where now one has two real uncorrelated noises (& ()& (")) = §(t —t'), I = 1,2. Assuming noise is
small enough to cause minor perturbations dn to the density, one can use the linearized equations

ow’ D
Oip = — on+y/—& (3.28)
0 no no
Oon = —I'dn + 24/ Dng &2, (3.29)
with I' = —2ny agyl“ the relaxation rate of the density fluctuations. Since in this limit both ¢
and n are Gaussian va;iables, the autocorrelation of the field reads

gV (t) = (" (£)1(0)) = nge™ 3 (OO (3.30)

On the other hand, the U(1) symmetry of the model ensures that the dynamics of the phase is a
diffusion with no restoring force, so the decay of coherence is described by the exponential
gV (t) = nge= 1, (3.31)
where the rate ysr is the celebrated Shawlow—Townes linewidth (Schawlow and Townes [1958]).
In Fourier space, this corresponds to a Lorentzian power spectral density.

Integrating Eq. (3.29) one finds the fluctuations of the density*

D
(on?) = =2, (3.32)
T
which, after applying basic statistics to Eq. (3.28), entails
D
Y7 = — (1+a?). (3.33)

277,0

Here we call a = 88—"7‘? / % the Henry factor, for its close analogy to the one introduced by Henry
[1982]. The crucial feature of this formula is the density appearing at the denominator, connected
with the following picture: the more photons in the resonator, the less the phase of the field is
perturbed when a photon with a random phase is randomly emitted into the field. Plus, fluctuations
of the field intensity or of the carrier density reflects in temporal variations of the refractive index,
hence of the cavity resonance frequency, which ultimately leads to the supplemental broadening
factor a.

In the following we will restrict the discussion of the linewidth to the simplest case W(n) =

4

5 [ﬁ — 7}, corresponding to Eq. (3.20), from which it follows

1 P
; =—|—- 2D .34
00 = 5 | o | -+ VD (3.34)
and I' = (P — v)/P. In this case the linewidth reads
D
YST = Tno' (3.35)

The Scawlow-Townes line in a strict sense, i.e. the ultimate quantum limit set by spontaneous
emission, has been experimentally approached by Manes and Siegman [1971], making use of a
He-Ne infrared gas laser in a lossy cavity, so to have very strong gain and associated noise but low
intensity. We just mention other interesting experimental works regarding the linewidth in bad
cavities (Kuppens et al. [1994]) and in Quantum Cascade Lasers (Bartalini et al. [2010]).

4

curiously, using the fast density approximation 0 = I'dn+2+/Dng &2 already in the first step leads to the correct
linewidth, but to the wrong amplitude of the density fluctuations.
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3.2 Kardar-Parisi-Zhang physics in 1D nonequilibrium fluids

In the previous Section, the temporal coherence of the light emitted by a laser device was studied in
details. The Schawlow-Townes analysis indicates, in a broad sense, the treatment of homogeneous
broadening when the laser field is described by the evolution of a single spatial mode. Some
extensions have been developed in the context of open resonators, as we will briefly review in
Section 4.2.4 when discussing the Petermann factor. In these works, the competition with other
cavity modes leads to an enhancement of the Langevin diffusion constant for the lasing mode, but
the quantity of interest remains the linewidth, while the spatial coherence of the lasing mode itself
is not considered. This approach is expected to be adequate for devices consisting of a Fabry-Perot
cavity with 3D confinement or for ring lasers.

In this Section we will consider arrays of coupled laser resonators or polariton condensation
(which was already sketched in Section 1.2) in low dimensional structures, where the spatial co-
herence of the lasing field is a serious issue. Here we will focus on the spatio-temporal dynamics of
a 1D nonequilibrium fluid, such as the lasing or polariton fields, described by the one—dimensional
chain of N, coupled nonlinear oscillators z =1, ..., N,

P

Zatw:c = 7J7;Z)m+1 — g1+ gnagt)e + % H‘j - Yz +V2DE, (336)
ns

with periodic boundary conditions and independent noises (£%(¢)&,(t')) = 0z40(t — t'). Equiva-
lently, one can deal with the continuum version of Eq. (3.36)

0z, 1) = {—2;85 +gnla,t) + % [Hmpt)ms _ 7] } W@ )+ V2D €@ t) . (3.37)

where ({(z,t)*¢(2',t')) = 6(x —2")5(t — ') and —Jtpy 41 — Ji,—1 is replaced by —51-02, where the
mass is related to the hopping via m = 1/2J (the distance between the oscillators being 1). For the
sake of completeness, we have also added a refractive index nonlinearity in the form of a polariton-
polariton interaction g|i|?y. This equation is the adiabatic approximation of Egs. (1.8,1.9), intro-
duced when we touched on incoherently excited polariton fluids and polariton condensation.

Extensions of this equation to include absorption nonlinearities or momentum dependent losses
and to deal explicitely with the reservoir of carriers in the spirit of Eqs. (1.8,1.9) have been pre-
sented by He et al. [2015], Squizzato et al. [2018] with no major modifications in the final results.
Another important remark is that, while for polariton fluids in a nanowire Eq. (3.37 ) is a proper
approximation, for arrays of coupled semiconductor laser the situation is much more complicated:
the tight-binding approximation expressed by Eq. (3.36), in which only a single mode per resonator
can be excited, is in general not valid and an ab initio treatment from the Maxwell equations is
needed, as discussed more in details at the end of the next Chapter.

3.2.1 Spatio-temporal phase dynamics

Let’ s now study the stationary dynamics of an infinitely extended polariton wire, as described by
Eq. (3.37).

To familiarize with the problem we start by reviewing the Bogoliubov approach. In the absence
of noise, any plane wave ¥y (z,t) = @[Joeiki'asw_i“last is a steady-state solution, provided that w'*® =
(Klas)2 /2m + pu, u = gno and ng = [1bg|?> = ng(P/y — 1). Because of the U(1) invariance of the
noiseless semicalssical laser equation under phase shifts 1 (z,t) — ey (x,t), the phase of g is
completely arbitrary. The linearized equations on top of the uniform state with k!%* = 0 read

10,602, t) = —%agaw b (260 + 547 — %r (4 + 60" + V2D ¢ | (3.38)

with I' = (P —~)/P. It is also instructive to write this down in the density-phase formalism and

in Fourier space:
k2 D
8, <5¢k> (0, Tt (5%) Vo G (3.39)
o) \nol T ) \0m) \2y/Ding &

with (& x(t) &, (t')) = 0w drrr0(t —t'). The eigenvalues of the Bogoliubov matrix represent the
elementary excitations of the system and have dispersion
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Figure 3.2: Bogoliubov dispersion of polariton laser wire. We depict the real (left) and imaginary
(right) part of the Bogoliubov dispersion Eq. (3.40), in the presence and in the absense of polariton-
polariton interactions. The Goldstone mode has a diffusive nature in this system. Parameters used:
m=1,T =0.25.

ot =il [(5Y - (2 ) o 510

The real and imaginary parts are depicted respectively in in Fig. 3.2.a and b, showing the typical
sticking of the branches in the real part and the corresponding opening of the imaginary branches,
as prescribed by the particle-hole symmetry of the Bogoliubov problem. The U(1) invariance
ensures the existence of a purely phase-like mode at k = 0 with zero eigenvalue, which we call the
Goldstone mode in analogy with equilibrium statistical mechanics and quantum field theory. The
low frequency physics is dominated by the mostly phase-like modes belonging to the Goldstone
dome: these are characterized by pole in

k% (K2

notice the different asymptotic behaviors at small k, k% versus k*, when the polariton-polariton
interaction is present or not.

In the presence of an incoherent reservoir of carriers, as described by Egs. (1.8,1.9) and originally
studied by (Wouters and Carusotto [2007]), a third branch is present at zero real energy and with
finite lifetime; also in this case, the slow frequency physics is expected to be dominated by the
Goldstone dome.

The Bogoliubov approach in 1D is not self-consistent: as highlighted by Chiocchetta and Caru-
sotto [2013], the spatial correlations can be computed evaluating (0¢;0¢x) at equal times from
Eq. (3.39) and are predicted to decay exponentially with the distance. This is the prediction of
the expected lack of long-range order in low dimensionality; since the Bogoliubov theory requires
linearization on top of a uniform state, the Bogoliubov approximation is not internally consistent
in 1D. Nontheless, the final result that the spatial correlations decay exponentially is correct, as
we move to consider now in a more proper theoretical framework.

Here we will deal with Eq. (3.37) with the assumption of small noise amplitude. In this case we
can safely treat density fluctuations as first order perturbations. However, since we are in 1D, the
polariton field will describe a quasi-condensate dynamics, where the coarse-grained phase performs
a random walk along the wire. As a result, it is not possible to treat the phase variations as a
small deviation from the uniform state.

The strategy pursued by Gladilin et al. [2014] has then been to adiabatically get rid of density
fluctuations and obtain a nonlinear equation for the phase. Let’ s start by writing down Eq. (3.37) in
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the phase-density formalism with o (x,t) = \/ng + on(z, t)e!?@HD -t ~  /ng (1 + 2n0) i9(t)—int,
on 1 on on

82— 2 199, My, 14 Y ozl —r 2y [P 3.42

"9 Qm[ 21 ‘H( o ) } a0 TV o™ (342)

1) D
O =—5— [82% —( m)ﬂ - 2u2—:0 + \/;& (3.43)

Assuming fast relaxation of the intensity fluctuations, one can neglect all the terms containing dn
but the one proportional to I and set

on 9
o g e, (3.44)

Reinjecting this expression in the equation for the phase, one has to deal only with the dynamics
of the phase, which is described by the Kuramoto-Sivashinsky equation (KSE)

1 [ 1!
3t¢:% [_Zmaid) (020)* +2ul~ 1824 \/751 (3.45)

Importantly, here ¢ is the unwound phase living on the real axis, and not the compact one restricted
to [0, 27]. The characteristic scales of the system can be expressed as a function of the microscopic

parameters:
J4 1/7 J2 1/7
S e ki
eV ooy
P (e P LR )

Measuring space, time, (unwound) phase and Hartree potential in terms of I*, t*, ¢*, u* (and after
sending ¢ — —¢) the adimensional KSE reads

0i6 = 103 — 030 + (029)° + €. (3.47)

The renormalization group analysis shows that at long distances and times the KSE flows to
the KPZ universality class (Ueno et al. [2005]), whose main features we state here, while a more
formal introduction is left to the next Section. The KPZ equation reads

Opp = V036 + 5 ( 0)? + VD& (3.48)

and it was originally proposed by Kardar et al. [1986] to describe the growth of interfaces. Its scaling
behavior at low energies (and assuming an infinite system and stationary regime) is characterized
by the correlation function

AGF ¢ = ([0(3,1) — 4(0,0))%) (3.49)
and by two exponents x, z which determine the asymptotic behavior of the spatial and temporal
correlations respectively, according to A(,z52 ~ X and A¢2 S~ 12X

In 1D we have x = 1/2 for the roughness exponent and z = 3 /2 for the dynamical exponent;
even more precisely it holds

8 1 2/3 i
2 2

where A = % is the variance of 85&. The universal function ggpz is known exactly (Préhofer
and Spohn [2004]) and we here recall its limiting values grxpz(u) — 2|u| — 0 for u — oo and
grpz(u) — 1.150... for u — 0. As a consequence, the equal-time correlation function has the
random walk form A¢3 , = A|Z|, which is insensitive to the KPZ nonlinearity A and can be captured
by a linearized Bogoliubov analysis. In other words, only looking at the spatial correlations the
dynamics is not distinguishable from the one of the linear (A = 0) Edwards-Wilkinson (EW)
model. In both cases, one has x = 1/2 which corresponds to an exponential decay of the spatial
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Figure 3.3: Bogoliubov-KPZ crossover in polariton laser wires. (left) The equal-time correlation
function (¢} dx) plotted a function of k for different values of fi. (right) Decay time 73, extracted
from the correlator (1 (t)*¢y(0)) =~ noe~*/™. While in the presence of repulsive interactions the
Bogoliubov prediction works very well for the system size explored here, when g = 0 there is a
clear emergence of the KPZ exponents at small k. Plots taken respectively from (Gladilin et al.
[2014]) and (Ji et al. [2015]).

coherence (Gladilin et al. [2014], He et al. [2015]). A difference is instead visible in the spatio-
temporal correlations, which have different exponents in the two models, namely z = 2 in the linear
EW model and z = 3/2 in KPZ.

These concepts have been well illustrated in the works (Gladilin et al. [2014], Ji et al. [2015]),
where the crossover between the linear and nonlinear theory at different observation length scales is
higlighted. In particular in those works, the equal-time correlation function <¢N>Z¢~5k> and the decay
time 7, as extracted from the correlator (15 (t)*1x(0)) ~ nge~'/7 are plotted a function of k and
different values of fi, see Fig. 3.3. In particular, when fi = 0 there is a clear crossover between the
Bogoliubov prediction that works at small distances and the KPZ exponents that are visible at
low momenta. Moreover, from both panels it emerges the role played by the polariton-polariton
interaction: since this provides a stabilization mechanism (visible in the fact that the red modes
in Fig. 3.2 are much more damped than the blue ones), flowing to the KPZ regime requires longer
systems and longer times. For this reason in what follows we will focus on the numerically easier
case g = 0.

A numerical demonstration of the collapse of the coherence functions to the scaling form (3.75)
will be instead given in Fig.4.10(b) of the next Section in comparison with the topological lasing
case.

3.2.2 KPZ universality

Kardar, Parisi and Zhang in 1986 (Kardar et al. [1986]) proposed that the scaling properties of the
dynamics of a growing interface can be captured by the KPZ equation

O h = vV2h + %(Vh)Q + VD, (3.51)

with® (£(x,t)E(x/,t')) = 6(x — x')d(t — t'). Here h(x,t) is the height of the interface on a d-
dimensional substrate, v is called the surface tension and promotes a smooth surface, while the
Langevin term describes stochastic noise.

The crucial term though is the nonlinear one. Realistic interfaces grow in the direction which
is locally normal to the interface itself, so that in a small interval 6t the interface front is pushed
forward by an amount Adt, denoted by the blue arrows in Fig. 3.4.a; this step has to be projected
in the direction of the h axis, by multiplying by 1/cos® where tanf = |Vh|, as suggested by the
magenta arrow in Fig. 3.4.a. Finally one assumes that the slope of the interface is always small, so
that expanding for small angles yields 6k = Adt(1+ 1 Vh?); the first term yields a constant growth
velocity over all the substrate and is neglected.

5 Some care needs to be paid since an equally used convention in the statistical mechanics literature is that the
strength of the Langevin term is 2D instead of D... crucially, in the fundamental work Prihofer and Spohn [2004]
there is a factor 2 missing in the first equation!
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Figure 3.4: Interface growth in the KPZ class. (left) A typical 1d interface is plotted in red. The
growth proceeds normally to the local front with a step Adt highlighted in blue, while it is the
projection dh, in magenta in the figure, to enter the KPZ equation. (right) Diagram in different
dimensionalities of the KPZ fixed points as characterized by the effective nonlinear parameter \;
taken from Kamenev [2011].

There is also some connection between the KPZ equation and hydrodynamics. Defining v =
—Vh, the gradient of Eq. (3.51) yields the Burgers equation

v + v - Vv = vV2v + VDE, (3.52)

which is one form of the incompressible Navier-Stokes equations. The left-hand side is in the form
of a convective derivative and suggests the invariance under the Galilean transformation to a frame
moving at constant velocity vg

x'=x—Avot, VvV (x,t)=v(x,t) — vp; (3.53)

in the KPZ framework this translates into the invariance under the tilt by the infinitesimal vector
€, that is
xX'=x-Xet, K (x,t)=h(xt)+e€ x. (3.54)
We now briefly sketch the path integral approach following Frey et al. [1996] and Kamenev
[2011]. The Keldysh action can be obtained via the Martin-Siggia-Rose procedure starting with
the integral over all field configurations and noise realizations

Z= /D[g(x,t)}e*f”? /D[h(x, t)] & (&h —vV?h — %(Vhf - \/13§> (3.55)

At this point the Dirac delta is represented as d(y(x, t)) = [ D[p(x,t)] e’?¥, the noise £ is Gaussianly
integrated and the redefinition p = 2i¢h? is performed, so that we are left with

Z- / DIh(x, )] D[ (x, 1)] e=S1h:h") (3.56)
where the Keldysh action for KPZ reads
D
S[h, k%] = h10:h — vhIV?h — %iﬂ(w)? - E(hq)? (3.57)

The correlation function in this formalism is obtained by adding a source term f dxdt (jh + j7h9)
to (minus) the action and taking the functional derivative

C(x,t) = (h(x,1)h(0,0)) = §°log Z[j, 7]

~0j(x,1)05(0,0) (3.38)

J,J9=0
Together with the correlator, it is in general necessary to consider the response function (or retarded
Green’s function)

G(x.1) = (h(x, ))h9(0,0)) = 21060

579(0,0) (3.59)

J,31=0
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Since this is an out-of-equilibrium model, in principle the correlator and response function are
not linked by a fluctuation-dissipation relation, as it occurs in equilibrium statistical mechanics.
This is rooted in the fact that, in order to treat the dynamics, the Keldysh partition function is
expressed in terms of two independent fields h, h?, while in the Keldysh action for an system h and
h? are related by a symmetry transformation (Sieberer et al. [2015]).

At this point it is useful to rewrite the KPZ equation in Fourier space as

fa_d
(2m)d 27

hllc.w) = Golkw)é(kw) + 5 Gallew) [ a- (k— @)h(a,)h(k — g0 —w'), (3.60)

where the bare response function is given by

1

Golleow) = 5

(3.61)

corresponding to Go(k,t) = e="%’t in real time, which can be also recognized as the kernel of the
heat equation. When A = 0 the KPZ equation reduces to the linear Edwards-Wilkinson (EW)

equation, which is easily integrated and yields the bare correlator

D

Co(k,w) = 2+ (R

(3.62)

It is instructive to consider the perturbative renomalization group (RG) procedure applied to
the KPZ equation. The idea is to progressively integrate out the high momentum® components
of the fields and to write an effective action with renormalized parameters for the coarse-grained
fields; assuming that A is small, the renormalized parameters are computed perturbatively.

In practice one introduces an ultraviolet cutoff A and breaks the momentum space in two
regions, [0, A/b] and [A/b, A] with b > 1. The slow or coarse-grained component of the h field is
hs(k,w) = h(k,w) for k in the first interval and zero otherwise; in a similar way one builds 22 and
the fast fields h¢, h}. The action is correspondingly split in the following manner:

STh, 1] = Slhe, hY] + SOhs, BY] + 6Sps ;885 = %/dx [19(0uhg)? + 2(hs0uhs)(@shs)] + ..

(3.63)
where in view of the next developments we have neglected a few terms and in the fast action we
cut the nonlinear vertex. The fast degrees of freedom are then perturbatively integrated out

/ e~ S — /6755 <e*§st>f70 — /eszJrlog(exp[*éstDf,o’ (3.64)
s, f s

S

where the integrals imply integration over the fast and slow degrees of freedom and the average
over the fast Gaussian system (-)f¢ = ff - ¢=5% has been introduced. At this point one expands
the inner exponential in a series of A\, computes the Gaussian averages via the Wick theorem and
takes the logarithm; the coefficients of the series in A\ contain the slow fields and momenta, which
are then included as a correction to the bare parameters. The one-loop corrections to v, D are
expressed diagrammatically as’

where the inner (outer) lines correspond to the fast (slow) fields and the dotted (solid) lines
to he (h) respectively. The first diagram renormalizes the 2 (h9)? term, the second vh992h. The
one-loop renormalization of the vertex is instead determined by the two diagrams

6In principle one should do the same thing for the frequencies, but in practice performing this procedure on
momenta is enough to cure the divergencies.
"plots taken from Kamenev [2011].
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which however cancel out. The cancellation of the vertex corrections repeats itself at any order
of perturbation theory, and there is a deep reason behind. Since hy appears in the vertex 65y,
only through its spatial gradient, there is no correction to h?%9,h. On the other hand, the Galilean
or tilt invariance of the microscopic requires that the form of the convective derivative remains the
same at each scale®: if h90,h is not renormalized, the nonlinear term A is preserved in the RG flow
too.

Before integrating out the fast degrees of freedom, one usually performs the rescaling k — bk
so that the new momenta live in the original shell [0,A] and the initial action with corrected
parameters is recovered; also the field are correspondingly rescaled according to

r—r/b, t—t/b*, h—h/bX, RhI— /b, (3.65)

which corresponds to zooming out the system and where the three exponents z,x, x¢ appear.
Because of the above discussion, it is convenient to implement explicitly the stationarity of h?0:h
under the RG flow, which is done by setting x4 = —x — d. In the absence of the nonlinearity the
Edwards-Wilkinson equation is trivially scale-invariant provided that v, D are adimensional, with
exponents that are then fixed to z = 2,x = 1 — d/2 by dimensional analysis. Since the scaling of
the KPZ nonlinear term occurs with the exponent 2 — d — z — 2y — x9, the previous condition on
x? implies that A does not flow if

X+z=2 (3.66)

this is the fundamental relation between the exponents which stems from the tilt invariance of the
KPZ equation.

The discrete RG steps are made into a continuous flow by setting b = e® and computing deriva-
tives of the renormalized parameters with respect to s. It is convenient to introduce the effective

KPZ nonlinearity A\(s) = A gzg%, which is the quantity that fully determines the dynamics of
the adimensionalized KPZ equation

PN N _
Orh = V2h + E(Vh)Q +&. (3.67)
The RG equation for \ reads
T2 1—-2e | <5\ v9
Os\* = (e + T 6/25’,1)\ A (3.68)

with Sy the surface of the momentum sphere and € = 2 — d, while v, D flows as
O =(2—d—2y+ Sy, OD=(z—2— 25015\2)1). (3.69)

From Eq. (3.68) it is clear that the Gaussian fixed point A = 0 is stable only if d > 2 °. In these
dimensionalities there exist also another perturbative unstable fixed point for A2 = —e/Sy; for
small negative e it is possible to inject ). in the RG equations and extract consistently y, z from
the requirement that d;v = 9;D = 0. One then finds x = O(e?),z = 2 — O(e?) which express
the tendency of the interface to become flat on large scales. As suggested by Fig. 3.4.b at even
higher coupling constants the RG will flow towards a strong coupling regime which goes beyond
this perturbative analysis.

8that a symmetry is preserved in the RG flow and no anomalies occur is formally proven by making use of the
Ward identities (Frey and Tduber [1994]).

9that the critical dimension should be 2, it can be understood already at the level of the Gaussian theory, whose
scaling entails that the dimension of the nonlinear coupling is €/2 = 1 — d/2, which is irrelevant in d > 2.
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In low dimensions d < 2, instead, the Gaussian fixed points is always unstable and the surface
roughens for any microscopic value of A # 0. The perturbative analysis predicts in d = 1 the non-
perturbative fixed point A2 = 1/(295)), leading to x = 1/2, z = 3/2; while the one-loop approach is
in principle unreliable in this regime, this is by chance the correct result, as shown below.

This procedure can be applied also to the Kuramoto-Sivashinky equation introduced in the pre-
vious Section, as done by Ueno et al. [2005]. In particular, the same Galilean invariance argument
holds so that A is not renormalized in the RG flow; instead, the fourth derivative term turns out
to be irrelevant and in general the surface tension term will be generated even if not present in the
microscopic equation.

It is also important to mention that, while we have shown here the one-loop perturbative
corrections, it is possible to set up a non-perturbative RG procedure (Canet et al. [2010]), which
allows to study rigorously the flow in all dimensionalities.

In 1D the previous one-loop analysis leads to the correct result for the exponents in spite of
the fact that it is not well justified. However, it is possible to deal with this case with simple and
rigorous arguments. To start with, the Fokker-Planck equation associated with the KPZ equation
reads

§ D P } (3:70)

0Pt = [ dxgos [— (”VQ’”L * ;(VW) R

the first term arising essentially from the conservation of probability (continuity equation) and the
second from heat-like diffusion. The remarkable fact is that in 1d the field distribution

Plh] = e~ % J do@:)* (3.71)

is a stationary solution of the Fokker-Planck equation, as a consequence of 302h(9,h)? = 0, (9.h)3
being a full derivative. Importantly, it follows that, even though v and D will both grow in the

RG flow'?, the ratio A = 55 is not renormalized and the equal time correlator

O(z,0) = (h(z,0)h(0,0)) = Alz| = Cy(x,0) (3.72)

is independent (of the very presence) of A. In particular, one cannot determine from static and
isolated snapshots of the system if the underlying microscopic equation is the linear EW or the
nonlinear KPZ one. From Eq. (3.72) one can see that the roughening exponent is y = 1/2; then,
from x + z = 2 as prescribed by the Galilean invariance, the dynamical exponent z = 3/2 is
obtained. These results are strongly related to the invariance in 1d under the generalized time-
reversal transformation

h(z,t) = —h(z,—t),  hi(z,t) = h9(z, —t) + 2A02h(z, —t). (3.73)

Exploiting this symmetry plus the causality constraint G(z,t < 0) = 0 for the response function,
one can prove the fluctuation-dissipation relation

C(k,w) = D|G(k,w)|? (3.74)

or equivalently G(k,t) = 2420(¢)C(k,t) in real time.

In 1d the precise scaling of the steady-state solutions of the KPZ equation has been computed
exactly by Prihofer and Spohn [2004] by expressing the 2-point correlator of the polynuclear growth
model, which belongs to the KPZ universality class, in terms of a Painlevé II equation. The result,

anticipated in the previous Section, is

2/3 2
C(x,1) = (h(x, )h(0,0)) = (;/\Azt) Ik 7 <<2A2At2>1/3> (3.75)

with gxpz(u) — 2|u] — 0 for u — oo and gxpz(u) — 1.150... for u — 0.
Last but not least, we mention that it is possible to study the growth process going beyond
the correlation functions and looking directly at the stochastic properties of height variable. One

indeed finds that
R(0,t) =~ vaot + (K1) 3x(2), (3.76)

104t the strong coupling fixed point v and D do not converge.
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Figure 3.5: Kardar-Parisi-Zhang to Schawlow-Townes crossover in the temporal coherence of finite,
one-dimensional laser arrays The numerical prediction of Eq. (3.36) for the logarithm of the equal—
space time correlation function —log g (t) is plotted in loglog scale as a function of time for
increasing system sizes N, = 64 (left), N, = 256 (middle), N, = 1024 (right). In all cases, lasing
occurs around kX% = 0. For a given temporal window, the decay of the coherence is dominated by a
Schawlow—Townes-like diffusion g(*) (t) ~ e~ BI*l for small sizes [panel (a)] and by the KPZ behavior
gV (t) ~ e~ Bl for large sizes [panel (c)]. The crossover between the two regimes is visible for
intermediate sizes [panel (b)]. The cyan and red lines are fits of log[— log g")(¢)] with functions of
the form 28 1log |t| + B’. Other system parameters: J = 0.5y, P = 27, ng = 1000, D = ~.

where v, & are non-universal parameters and y(t) is a random variable of zero mean and unit
variance distributed according to three possible distributions well-known in random matrix theory:
Tracy-Widow for the Gaussian Unitary Ensemble (TW-GUE) or for the Gaussian Orthogonal
Ensemble (TW-GOE) or Baik-Rains (BR). These three possibilities define three sub-universality
classes, which are selected by the KPZ dynamics depending on the boundary conditions; for an
effectively infinite system at the steady-state the BR. distribution is the relevant one. We point to
the review by Takeuchi [2018] for more details and for the original references.

3.3 Linewidth of extended 1D laser systems*

(this Section closely follows Sec. II of Amelio and Carusotto [2019])

As explained before, in the Schawlow-Townes treatment very well known to laser theorists the
spatial extension of the laser is irrelevant and the dynamics is effectively restricted to the phase
of a single complex number, the main quantity of interest being the linewidth. On the contrary,
in the statistical mechanics literature the focus has been so far on the KPZ scaling in 1D infinite
systems. Even though the finite size corrections to the KPZ behaviour have been studied to some
extent, the linewidth or coherence time at asymtotic timescales had never been considered before
to our knowledge. In this Section we want to bridge the gap and study how spatial fluctuations
affect the temporal coherence of the nonequilibrium field at very long times. To this purpose, the
crucial quantity to study is the time dependence of the equal-space correlator

ww=ﬁwmwmw, (3.77)

which characterizes the temporal coherence of the emission. The dependence of ¢(*) on z has been
dropped since we are considering a spatially uniform system.

Within the Bogoliubov approximation, modes of different momenta are decoupled. For a dis-
crete lattice, one obtains with simple algebra that

([0(, 1) — 6z, 001%) = = S{[6(2 1) — 6, 0) = 5 (60, 1) — 9(k, 0%) =~
T T T k

2

1 t , N | D 1 _ ot . .
~ E dt/ —lw+(k)(t—t ) k t/ _ § D / dt/ —21,w+(k)(t—t ) 378
N < < /0 ‘ ng &(t) no Nz g 0 ‘ (38.78)
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Figure 3.6: Extraction of the coherence time. (a) Correlation functions g1 (t) extracted from 8
runs and their average, for N, = 128, J = 5v. Linear fitting between red dots yields 7.. (b) Loglog
plot of (minus) the logarithm of averaged ¢g(!)(t). Red line is linear fit of log[—log ¢ (t)] with
2B log |t| + B’, highlighting the Schawlow—Townes regime.

where for illustrative purposes we have restricted the sum to the modes belonging to the Goldstone
2

branch and close to k& = 0. The effective drift coefficients D = (é + Q\/ﬁ D are
determined by the shape of the Bogoliubov modes and tend to D in the long-wavelength limit
k — 0. In this same limit, the lowest Bogoliubov mode has a diffusive character with wy (k) =
—ivy (k) = —iJ?I~1k*, as reviewed in the previous Section. The factor 1/N, in front of (3.78)
can be interpreted by viewing the white spatial noise as randomly drawing noise realizations with
a given k and unit strength at each site. The probability to pick a given mode is then 1/N,. Note
that the “ultraslow decay of fluctuations” that was numerically observed in [Secli et al., 2019] is a
consequence of the softness of the diffusive Goldstone branch and thus a general feature of spatially
extended lasers.

In a spatially finite system where k is quantized, only the k¥ = 0 mode gives a finite contribution
at long times, proportional to |¢|; the contribution of all other modes decays instead exponentially
with time. From this, one immediately obtains the expression of the Bogoliubov—Schawlow—Townes

coherence time
o . -1 _ 2nONz
Te =T8T = 2P)/ST - D

that generalizes the Schawlow-Townes phase diffusion to the case of a finite laser array, ngN, being
equal to the total number of photons. Notice that 7 does not depend on .J. Moreover, the array
can lase in any k'** depending on the initial conditions: the diffusive Goldstone dome will then
feature an effective coupling J.ss, given by the curvature of the free array dispersion in k%, but
757 will not depend on k%%, In any case, in the following of the Chapter we will stick to the case
of zero winding number.

For the sake of discussion, the situation is a bit different for a strictly infinite array. In this case,

the sum over discrete £ modes has to be replaced by an integral in dk. This yield the Bogoliubov
e—BIt**

(3.79)

prediction g(l)(t) ~ , where B is a constant. The slower power-law decay stems from the
fact that the specific K = 0 mode is now occurring with a probability zero. It is worth noting that
a different scaling would be found in the presence of a nonlinear refractive index. In this case,
the imaginary part of the Bogoliubov frequency would scale as v (k) o k? in the long-wavelength
k — 0 limit (Wouters and Carusotto [2007]), leading to a slower decay gV (t) ~ e~BI? in an
infinite one-dimensional system. Instead, the coherence time (3.79) of a finite Bogoliubov system
is not changed by the refractive index nonlinearity.

Of course, the linearized Bogoliubov approximation, where different modes are decoupled, is
not adequate for an infinite or large enough system, where nonlinear KPZ features set in.

For an infinite system a stretched exponential behavior

gV (t) ~ e Bl (3.80)
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Figure 3.7: Scaling of the coherence time with system size N,. The coherence time 7. is extracted
from the long-time exponential decay of coherence for different systems. Blue and cyan markers
refer to the one-dimensional, topologically trivial arrays of laser resonators of Eq. (3.36) with
different values of the inter-site coupling J = 5y and J = 0.5+, and zero winding number. The red
and orange markers refer to the topological laser case of Eq. (4.23) for the same two values of J.
For each point, the value of the coherence time 7, is normalized to an effective single-site coherence
time 7gr1. For the 1D array, this is defined by the Schawlow-Townes formula (3.79). For the
topological 2D array, it is given by 7s71 = Ts7 /Ny, with 7sp being the Bogoliubov-Schawlow-
Townes prediction (4.29) that includes the (small) Petermann correction.

was predicted in [He et al., 2015], with a universal 28 = 2x/z = 2/3 and a non-universal value of
the constant B.

If the system is sufficiently large but finite, the Bogoliubov approximation breaks down, but the
spontaneously broken U(1) symmetry still imposes that the coherence must decay at long times at
least as fast as a pure exponential, g(l)(t) ~ e~ |tl/7e In this case, we expect that the KPZ physics
typical of the infinite chain should remain visible only for intermediate times, up to a saturation
time scaling as (N,)?.

These arguments on the functional form of the temporal decay of coherence are quantitatively
illustrated in Fig. 3.5, where we display the temporal correlation function computed by numerically
solving Eq. (3.36) for three different system sizes N, = 64,256, 1024 initialized in the k, = 0 state:
the thick black line shows — log g(*)(t), while the red and cyan lines are linear fits in the loglog
scale of the plot. Keeping the same observation window, for small system sizes the temporal decay
of the coherence ¢V (t) is mainly diffusive and follows an exponential law [panel (a)]. For very
large sizes [panel (c)], the exponential Schawlow—Townes behavior is pushed at very long times so
that only the KPZ stretched exponential g(l)(t) ~ e~ BIE g clearly visible in the time window
displayed in the plot. An attempt to see the exponents of both regimes on a single plot is shown
in the plot for an intermediate size shown in panel (b): while a hint of them is visible, a complete
separation of the two regimes would require a very large system sizes and very long observation
times, which is numerically very demanding.

More specifically, the numerical effort required for the calculation of 7.(N,) grows up rapidly
with N, since one has to access the dynamics at very long times, larger than the KPZ saturation
time scaling as ~ Ng/ %. For this reason, an intensive analysis of the accuracy of the data points
reported in Fig. 2 of the main text has been restricted to the N, = 128, J = 5v case.

For this dataset we performed 8 runs of duration T = 108y~!, the corresponding correlation
functions g(!)(¢) being reported in Fig. 3.6.a. Because of finite statistics, the resolution of ¢ (t)
is limited and the curves reach a noisy plateaux at very large times. The average of the 8 runs
is taken (more specifically the complex functions (¢*(z,t)9(z,0)) are averaged over all the runs
and the absolute modulus is taken afterwards) and we extract 7. by a linear fit of log g(*)(¢) in
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Figure 3.8: Non-monotonic behavior of 7.(N,). The coherence time 7.(N,), corresponding to the
cyan points of Fig. 3.7, is studied for intermediate system sizes at different values of the rescaling
parameter o, which quantifies how fine the numerical grid is. The agreement between the different
datasets suggests that the curious monotonic behavior observed is an instrinsic property of the
continuous Kuramoto-Sivashinskii equation, and not an artifact of the grid discretization or an
effect due to large density fluctuations.

the interval indicated by the red dots, which is of the order of 7. itself. The same is done also for
the single runs, resulting in a mean coherence time of y7. ~ 9.72 - 10* with a standard deviation
of 0.73 - 10*, which is approximatively the size of the marker in Fig. 2 of the main text. From
the averaged correlation function instead we extracted y7. ~ 9.40 - 10%. Recall that our goal here
is mainly to establish deviations from the Bogoliubov—Schawlow—Townes prediction, which yields
the much larger yrsr ~ 2.56 - 10°.

The logarithm of the averaged g(!)(t) is plotted in loglog scale in Fig. 3.6.b. Here we fit the
curve in the same interval of Fig. 3.6.a, to prove that 7. has been computed by considering large
enough times to be in the Schawlow-Townes regime.

Finally, we argue that this analysis allows to have a rough estimate of the uncertainty of 7.
also for the other sizes and couplings, for which we have performed a single run, instead of 8.
In particular, for N, < 128, the standard deviation computed here is an upper bound for the
statistical error done by extracting 7.(V,) from a single simulation of duration T'.

The KPZ scaling of g(1)(¢) at intermediate times is a clear indication of the crucial role of
nonlinear coupling between modes in determining the phase dynamics. While the linearized Bo-
goliubov theory predicts the (qualitatively correct) exponential form of the decay of coherence at
long times, it is natural to wonder whether the KPZ nonlinear couplings are responsible for any
quantitative deviation of the coherence time from the Bogoliubov—Schawlow—Townes prediction
(3.79).

This issue is numerically investigated in Fig. 3.7 where we plot the numerical result for the
coherence time 7. in one-dimensional arrays of increasing sizes for two different values of the inter-
site coupling J = 5 (blue) and J = 0.5y (cyan) . To better highlight the KPZ features, we have
normalized the coherence time to the single site Schawlow—Townes coherence time

7571 = TsT /N2 = %- (3.81)
For all parameter choices, the coherence time follows the Bogoliubov scaling proportional to N,
until a certain critical size numerically compatible with the scaling of I* ~ J*/7 given in (3.46),
after which its increase with N, occurs at a much slower rate.

This marked deviation is indeed expected and can be understood looking at the KPZ equation
(3.48): the total phase drift is the k = 0 part of the phase field, which can be decomposed in two
statistically independent contributions

(b(*@g) = ¢0(t~) + (b/(jﬂ?)

Here, qNSO accounts for the global phase evolution generated by the k=0 component of noise,

d;00 = VDE (k= 0,1), (3.83)

(3.82)
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and yields the Schawlow—Townes drift. Even though the equation for &' (#,1) is independent of
¢1(k = 0,1), an additional evolution of ¢’ (k = 0,%) is induced by the finite & components ¢’ (k # 0, )
of the phase field via the KPZ nonlinearity A\. The additional phase noise induced by this nonlinear
coupling is responsible for the deviation of the coherence time from the Bogoliubov-Schawlow-
Townes prediction visible in Fig. 3.7.

We provide here some numerical evidence and theoretical argument that suggests that the
exponent p characterizing the large N, dependence 7. ~ N£ should be p = 1/2 (Amelio et al.
[2020a]). Indeed, let’s assume a scaling behavior for the equal-space time phase correlator, in the
form

t
Ao, ~ 23 f ( ) , (3.84)
t N:::/2

so that for ¢ smaller of the saturation time O(Ng/Q) we can assume f ~ 1 and we recover the
correct KPZ scaling. At longer times, instead, we make the ansatz f(z) ~ x'/2 so that the correct
diffusive time dependence is obtained: from A¢g: ~ ﬁ we make the guess that 7. o< VN,

for very large N,’s. This is in good agreement with numerical data as taken for J = 0.5y up to
N, = 1024, see the cyan dotted line in Fig. 3.7, for which this scaling seems to be fulfilled at least
over an order of magnitude.

The complex behaviour of 7.(N,) at intermediate N, suggests that a quantitative explanation
of the phenomenon requires a non—perturbative computation that we are starting to work out
based on the so called Mode Coupling Approximation (Frey et al. [1996]). Here we limit to prove
that the non-monotic behavior of 7.(/V,) is an long-distance effect, and it is not due the weak value
of the coupling J, which in principle could give rise to some nontrivial short-distance dynamics.
This is studied by rescaling the microscopic parameters according to

J—=0%], D—oD. (3.85)

Plugging these transformations into Egs. (3.46), we have that the only characteristic scale to be
modified is I* — ol*, while the time and phase scales are unchanged. Rescaling also the physical
size of the system according to N, — oN,, the effective size of the system N /I* is unaffected.
In Fig. 3.8 we show that 7.(N,) in the non-monotonic region is independent, within statistical
fluctuations, of ¢ = 1,2 or 3. This rules out that this strange behavior comes from discretization
issues of the laser array equation. In parallel, this procedure also provides an a posteriori indirect
check that the level of local noise is small enough to adiabatically remove the density degrees of
freedom and the scales associated to the density dynamics, so to restrict to the “phase" scales of
Egs. (3.46). The non-monotonic behavior has then to be attributed to some long-distance property
of the Kuramoto—Sivashinsky equation.

The results from Eq. (3.84) and other analyses will be presented in a future publication (Amelio
et al. [2020a]).

3.4 Conclusions

In this Chapter we have studied the linewidth of 1D non-equilibrium quasi-condensates, as can be
implemented by incoherently driven polariton wires or laser arrays.

In Section 3.1 we briefly gave the basics of laser theory and of the classical theory of the linewidth
by Schawlow and Townes. In Section 3.2 we reviewed the theory of 1D non-equilibrium quasi-
condensates, which have been recently studied in connection to polariton fluids, demonstrating
that the low energy physics falls in the KPZ universality class.

The original results are contained Section 3.3: here we highlighted the crossover, as a function
of the observation time, between KPZ scaling and phase diffusion in large but finite systems. We
showed that the linewidth, that is the rate of the phase diffusion, for large systems deviates from
the Bogoliubov prediction, with the further broadening being due to nonlinear phase fluctuations.

A similar linewidth enhancement is expected also for lasing in other lattice dimensionalities
(with a smaller value of p in lower dimensions) as well as in equilibrium atomic condensates at zero
temperature. For the sake of completeness, nonlinear mode couplings were predicted in (Sinatra
et al. [2009]) to play a crucial role in the phase diffusion of equilibrium condensates, but have a
different physical origin in Beliaev processes. The linewidth broadening effect we have reported here
arises instead from spatial fluctuations; to what extent this phenomenon is qualitatively different
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in low dimensions, where long-range order cannot be established, remains the subject of future
investigations.
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Chapter 4

Theory of the coherence of the
Harper-Hofstadter topological laser

The goal of the present Chapter is to apply the techniques developed in the previous Section to the
study of a simple model of a 2D topological laser. This new concept of laser device holds a promise
for practical applications, based on a few interesting properties arising from topology, including
non-reciprocity of the emission and robustness to fabrication imperfections. Our work is the first
study of the spatio-temporal coherence of topological lasers.

A due introduction to topological photonics and lasing is provided in Section 4.1, where the
Harper-Hofstadter model is also presented in details. In Section 4.2 the Bogoliubov theory is ap-
plied to study the excitation modes and the coherence of the Harper-Hofstadter laser: in particular,
it is shown how to map the edge dynamics to a 1D system and the Schawlow-Townes linewidth is
computed. While this analysis holds for small arrays, in Section 4.3 large lattices are considered for
which the phase dynamics on the edge is a nonlinear one and one can find the signatures of the KPZ
universality. The robustness of the coherence properties in the presence of disorder is demonstrated
in Section 4.4. Relevance for real devices is carefully considered in the final Section 4.5.

4.1 Topological lasers

In this Section we will review lasing in the edge modes of a topological structure. We will first
introduce general topological features of linear photonic systems and then discuss the recent ex-
perimental realizations of lasing. The simple Harper-Hofstadter model is finally defined, which will
be the basis for the investigations of the next Sections.

4.1.1 Topological photonics

Even though some sparse elements had been highlighted before, a systematic study of the topolog-
ical properties of condensed matter systems started with the discovery of the Quantum Hall effect
and the subsequent efforts to understand the quantization of the Hall conductance (Thouless et al.
[1982]); the geometric aspects underlying the Integer Quantum Hall physics were uncovered by
Simon [1983] and Kohmoto [1985]. A heterostructure containing a 2D quantum well can be doped
and gated in such a way to form a 2D electron gas (2DEG). If an external magnetic field normal
to the wafer is applied, the transport properties display very interesting features. In particular,
the Hall conductance o, defined as the current in the direction of the applied potential over the
voltage generated along the transverse direction, turns out to be quantized in units of e?/h at the
integer values of the filling factor.

The Integer Quantum Hall phenomenology can be understood in terms of non-interacting elec-
trons. In the presence of the magnetic field, the electronic states splits in highly degenerate bands,
named Landau levels and separated by the cyclotron energy wp = eB/m. Interactions and sample
imperfections cause a broadening of the Landau levels with extended states living at the center of
the band and localized states forming the tails. Moreover, to each Landau level it corresponds an
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Figure 4.1: Nonmagnetic topological laser. (left) All-dielectric design of a £27wa Berry phase per
plaquette for (anti-)clockwise ring modes. This implements two symmetry-protected copies of
the Harper-Hofstadter model with opposite magnetic field. (right) The addition of an S-shaped
coupler in each resonator together with optical pumping of the edge of the lattice determine that
the clockwise modes suppress, via gain competition and energy recirculation, the anti-clockwise
modes, so to obtain chiral laser operation. Plots taken from (Hafezi et al. [2011]) and (Bandres
et al. [2018]), respectively.

edge state which extends all over the boundary of the system and determines the quantization of
the Hall conductivity.
Thouless et al. [1982] used the Kubo formula to write the Hall conductivity as

2
&
o = _ﬁzn:ym (4.1)

where v, is the topological invariant of the n-th Landau level and can take only integer values; in
the modern formulation it is called the Chern number of the band

1
VUp = — d*k Q,(k), 4.2
5 [ k. (42)
where we introduced the local Berry curvature
,on(k) onk), . on(k) dnk)
= - 4'

and |n(k)) is the eigenstate of the n-th band of quasi-momentum k. In introducing integration over
the first Brillouin zone we assumed a lattice discretization of the 2DEG and periodic boundary
conditions. This integer is a bulk topological invariant which determines the number and the
chirality of the edge states at the boundary of the system; in a time-reversal invariant system
v, =0, Vn.

Because the remarkable transport properties arising from the Pauli principle play a major role
in Quantum Hall systems, the application of the theory of topological band invariants remained
limited to electronic systems for more than two decades. In the meanwhile, important advances
were made for both non-interacting and interacting electron systems. For the former class of
models, it is worth mentioning the proposals by Haldane [1988], where time-reversal symmetry is
broken and one has nonzero Chern numbers without applying a magnetic field, and the Quantum
Spin Hall Effect by Kane and Mele [2005], where a so-called Z5 topological invariant is introduced
for a time reversal invariant system. Concerning interacting systems instead, a tremendous effort
has been profounded in the theoretical understanding of Fractional Quantum Hall states (Cage
et al. [2012]); ongoing research is devoted to the experimental engineering and detection of anyons
and Majorana fermions, which would provide a robust platform for quantum computation (Nayak
et al. [2008]).
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Figure 4.2: Magnetic topological laser. (left) Applying a magnetic field to a photonic crystal
containing YIG elements allows to have nonreciprocal lasing in arbitrarily shaped geometries.
(right) The power slope efficiency of the device display the typical behavior of a laser with a
well defined threshold. In the inset, the spectral narrowing of the emission is demonstrated upon
increasing the pump power. Plots taken from (Bahari et al. [2017]).

It was just with the work by Haldane and Raghu [2008] that the field of topological band
engineering for photons took over: the authors remark that the Chern number is a feature of a
single-particle problem with broken time-reversal symmetry; this condition can be achieved also
without a real magnetic field and charged particles, in particular with optical waves'. Since photons
are neutral, bosonic and non-conservative particles, the hallmark of topology is here probed by
using the edge modes at the boundary of the lattice as directional waveguides. Moreover, because of
the well-defined chirality of the edge modes in the gap between the bands, when disorder is present
the edge states remain extended along the boundary of the system and can just hybridize with
states of the same chirality: as a result, a wave travelling in such a mode won’t be backscattered by
disorder, which is commonly referred to as topological protection or topological robustness (Raghu
and Haldane [2008]). The first experimental realization of these concepts by Wang et al. [2009]
consisted of a two-dimensional magneto-optical photonic crystal in the microwave domain.

However, this and similar strategies do not allow to create strong magnetic fields for photons.
A very interesting alternative path was pursued by Hafezi et al. [2011, 2013], where the two
polarizations of the photon are exploited to build a Spin Hall system consisting of linear optical
elements and a large bandgap can be obtained without breaking time-reversal symmetry (see
Fig. 4.1.a below). A variety of other proposals based on artificial gauge fields, Floquet engineering
(Rechtsman et al. [2013]), Thouless pumping, etc. has since thrived, as described in a few recent
reviews (Lu et al. [2014], Ozawa et al. [2019]).

4.1.2 Topological lasers: Experimental implementations

In the last four years several groups have been able to obtain lasing in topological edge modes,
with implementations spanning over a wide spectrum of topological insulator models, frequency
ranges and material platforms. Some of these advances have been covered in the recent review
paper by Ota et al. [2018].

The first platform is based on the all-dielectric design by Hafezi et al. [2011] to engineer a
finite Berry phase around a plaquette by connecting the resonators of the lattice with waveguides
of increasing lengths, depicted in Fig. 4.1.a. This creates a spin-Hall system where the role of
the spin is played by the propagation verse around the ring. Bandres et al. [2018] modified this
system by using the S-shaped resonators in Fig. 4.1.b-c to favour one of the two spins, which is
effective because the lasing nonlinearity breaks the reciprocity of the Maxwell’s equations in linear
media. Moreover, they optically pumped only the external resonators, made of InGaAsP QWs,
and obtained chiral laser emission, as depicted in Fig. 4.1.d. The topological bandgap obtained
here was of 80 GHz, while with real magnetic fields one can reach few GHz.

In the meanwhile, Bahari et al. [2017] achieved topological lasing in a photonic crystal con-
taining elements made of yttrium iron garnet (YIG), a gyrotropic material that upon application
of a magnetic field breaks the time-reversal invariance of light propagation. By engineering the
unit cell in different ways inside and outside of an arbitrarily shaped region (which in the paper
resembled the United States, as pictured on the left of Fig. 4.2), one can define two topologically

! Actually, that the theory of the geometric phase does not require quantum mechanics but applies also to classical
waves had already been mentioned at the end of (Berry [1984]).
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distinct regions, with a chiral edge mode living at the interface. In this experiment, all the inner
region is optically pumped and lasing in the edge state is selected because of the sharp spectral
profile of the gain medium, falling at the wavelength frequencies of around 1530 nm. Nice power
efficiency characteristics and spectral narrowing above the lasing threshold were measured and are
reported on the right panel of Fig. 4.2.

More recently, an electrically pumped device based on the Quantum Cascade Laser principle
has been built on top of a valley-Hall photonic crystal by Zeng et al. [2020]. The emission is in
the therahertz range and unfortunately several side-peaks appear in the spectrum, suggesting that
many modes are lasing.

Single-mode emission at telecommunication wavelength was studied by Noh et al. [2020] by
varying the degree of asymmetry of the unit cell of a photonic crystal, which is a way to control
the bandgap of the associated valley-Hall topological insulator. For a properly chosen bandgap,
one standing-wave mode of the system has quality factor much larger than the other ones, so that
when optical pumping is switched on it wins the mode competition.

Other works, less relevant for our goals since no chiral transport is supported, have investigated
lasing at the localized resonance of a 1D quasi-periodic Aubry-André-Harper model (Pilozzi and
Conti [2016]) or in the 0-dimensional edge states of the so-called SSH chain (St-Jean et al. [2017],
Parto et al. [2018], Han et al. [2019]), together with a high-performance topological bulk laser,
exploiting band-inversion-induced reflection in an array of patterned nanodisks. We also mention
a recent theoretical proposal by Yang et al. [2020] to obtained stable mode-locked laser operation,
resulting in the emission of short intense pulses, in a Floquet system with one real and one synthetic
dimension.

4.1.3 The Harper-Hofstadter laser

We now move to review an important model of laser device, which is obtained by amplifying the
chiral edge modes of a Harper—Hofstadter topological insulator (Longhi et al. [2018], Secli et al.
[2019], Amelio and Carusotto [2019]). We will discuss both class-A and class-B devices and the
differences between these two cases. In the former case, the dynamics of the carriers which provide
the gain mechanism is assumed fast enough to be adiabatically eliminated. In the latter instead,
the carrier dynamics is retained by relying on simple kinetic equations.

The idea is to start with a photonic lattice implementing the so-called Harper Hofstadter (HH)
model (Ozawa et al. [2019]). In the Landau gauge, the HH Hamiltonian reads:

H— _JZ {%ywwﬂ i 6_2ﬂ¢9y¢l7y1/3w+1,y + h.c.} (4.4)

T,y

where the sum runs over all the sites of the lattice, x = 1,..., Nz, y = 1,..., Ny, ﬁzy is the
photon annihilation operator at the site (z,y) and J a real hopping amplitude. The strength of
the synthetic magnetic field is quantified by the flux 6 per plaquette in units of the magnetic flux
quantum. For rational 6 = p/q, the bulk eigenstates distribute in ¢ bands.

As in the previous studies, we will focus in the following on a system with 6 = 1/4. Also,
periodic (open) boundary conditions will be taken along the z-axis (y-axis), such that chiral edge
states unidirectionally propagating along the y = 1 and y = N, edges appear in the energy gaps
between the bands, as sketched in Fig. 4.3 (a). In particular, there are two edge modes living in
the negative frequency gap: the one with positive group velocity is localized on the y = 1 side,
while the one with negative group velocity on the y = IV, side. Viceversa for the modes in the gap
at positive frequencies.

Since we want to have lasing on top of this topological insulator, we briefly repeat the basic
elements and notations introduced in the previous Chapter. We consider the lattice resonators to
have losses with rate v and a nonlinear refractive index captured by a photon-photon interaction
constant g. To enable lasing, we fill the resonators with a gain medium. The effective number
of inverted electronic transitions is given by the reservoir density N, ,. In what follows we have
in mind the experimental situation where we pump these transitions on the y = 1 edge of the
system, with injection rate P. These electronic excitations can then feature stimulated emission
into the electromagnetic mode of the resonators, with an efficiency R, or decay via other channels
with rate yg. The state of the active medium will also affect the refractive index and hence the
resonant frequency of the cavity mode via a contribution gr/V, ,, which is at the origin of Henry’s

Coherent Dynamics of Low Dimensional Quantum Fluids of Light and Matter. 1. Amelio



Topological lasers 89

a) 3

b 1.0 1.0
0.8 0.5
-1 _ 1%
Gk, 0.0 %
o \/
-0.5
0.2 Negative frequency
0.0 edge modes | 10
9 0.0 '

—0.02 1
—0.04
—0.06 A
—0.08+

Im(wl])

—0.101

Figure 4.3: Free theory. Panel (a): energy bands of the conservative Harper-Hofstadter Hamilto-
nian Eq. (4.4) with flux # = 1/4 in a lattice of N, = 399 sites along y and periodic boundary
conditions along x. Blue color scale indicates edge modes localized on the m = 0 edge, with dis-
persion €(k,). The dark dot indicates the most localized edge mode of the bottom gap. Panel
(b): G(kz) (red line) function versus curvature of the dispersion (blue line). Panel (c): imaginary
part of the Bogoliubov spectrum over the vacuum solution at lasing threshold. Black (red) lines
indicated result from the full 2D (1D effective) model. Parameters: J =1, v = 0.2J, P = 1.142~,

gr = 0.

linewidth enhancement factor (Henry [1982]). In the following, we will refer to it as reservoir-photon
interaction.

Within this setting and adopting a semi-classical approximation for the electromagnetic field,
the equations of motion are the Harper-Hofstadter version of Eqgs. (1.8,1.9) and read

.0 2yt —271 T
Z%() = — I [Yewir +Vagor T gy Ty | (4.5)
; .
+ |91us? + 9rNey + 5(RNzy =) |ty
where the reservoir density IV, , is determined by the rate equation,
ON,
% = Péy,l - (’YR + R|¢w,y|2)Nw,y (46)

As far as losses overcome the gain, the steady-state of the device is the electromagnetic vacuum
gy = 0 and Ny y—1 = P/yr. A non-trivial steady state can be reached when the gain of one
mode becomes higher than its losses. This defines a threshold Py, for the injection rate, which is
calculated by linearizing Eq. (4.5) around the vacuum solution: passing to Fourier space along the
periodic direction, this amounts to solve for each k, the eigenvalue problem:

i P
WUy = = [0k 1 H 0k, 1 +2 00S2mOY+h )k, | 45 [(372193)%5%1*7} Sbpsy (4.7)
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The spectrum of the corresponding N, x N, matrix, as sketched in Fig. 4.3.c, allows to
determine the lasing threshold Py, at which the imaginary part of one eigenvalue becomes positive,
meaning that the trivial solution is not dynamically stable anymore.

For P > P, the vacuum solution is then unstable and in a regime of parameters to be ex-
plored below the device can reach a dynamically stable stationary state. Due to the translational
invariance along the x-axis, the steady-state can be written as:

ss (t) — wOefi,u,t+ik:;“Sz
@,y y 4.8
{ Ny (t) = N9, ;. (48)

where the lasing frequency p in general needs to be evaluated numerically and will be discussed
below. Notice that, unless P is very close to Py, both the lasing wavevector k.%* and the global
phase of 1/)2 are randomly selected, depending on external noise or on the initial conditions (Secli
et al. [2019]); in particular, the spontaneous breaking of the global U(1) symmetry of Eq. (4.5)
is at the origin of the Goldstone mode discussed below, and determines the long time coherence
properties of the device (Amelio and Carusotto [2019]).

In Fig. 4.3 (c) we illustrate that, under this pumping scheme, the lasing instability is stronger
for the chiral edge states localized on the y = 1 side than for modes extending over the bulk.
Moreover, among the chiral edge modes, the ones at the middle of the gap are more localized
and feel a larger gain. Note also that in (c) the threshold value is SP;, = 1.142y > 7 namely
slightly above the single resonator threshold, since a chiral edge mode does not overlap totally
with pumping due to slight penetration into the lossy bulk.

Furthermore, when the nonlinearity factors g, gg can be neglected, the effective gain is equal for
the negative and positive frequency edge modes, as in Fig. 4.3 (c), so lasing occurs with probability
1/2 in each gap, consistently with previous observations (Secli et al. [2019]). This behaviour is due
to an extended chiral symmetry inherited from the one of the HH model (Repellin and Goldman
[2019]), that holds for the HH laser as long as ¢, gr = 0. Indeed, in this case, for every steady-state

solution 3% (t) = 1/186*1'””’“;“95 of Eq. (4.5) it exists the related steady-state solution

5 * 7 ikles
2oy () = (F1)7 Y (gy) ettt (4.9)

characterized by opposite frequency and wavevector k, + w. This transformation, that can be
defined only on a lattice, explains the structure of the HH spectrum, somehow symmetric with
respect to zero energy. In the continuum problem, instead, the Landau levels can only have
positive energy. We mention en passant that the relation between HH edge modes at the same
energy living on different edges is provided by 1/’2,@, — (¢2,Ny—y+1)*’ corresponding to the parity
plus time reversal symmetry of the cyclotron orbits. When ¢, gr # 0 instead, the symmetry (4.9)
breaks down and the lasing state will have different properties in the two topological gaps; in
particular, if ggr > 0 the lasing threshold is lower for the positive frequency modes than for the
negative frequency modes (Longhi et al. [2018]). However, for realistic parameters and sufficient
pumping intensity this effect remains small and the probability to lase in one or the other gap
remains close to 1/2.

Finally, an important regime is identified when the dynamics of the reservoir is very fast com-

pared to the other timescales of the device, i.e. VTR > 1. In this case we can make use of the

adiabatic approximation and set to zero the left-hand side of Eq. (4.6), so that N, , = %
z,y

instantaneously. For simplicity reasons we will switch off in most of the following also the refractive
index nonlinearities ¢ = gr = 0 and refer to such a device as a class-A laser. The corresponding
equations of motion read:

0g (1) i ( BPYy 1

i=ar  — (HY)y+ g T4 Bl P 7) Y,y (4.10)

where B = % and (Hw)m,y = _J[wm,erl + 'l,/}z,yfl + 672ml9y’l/11+1’y + 6+2m9y’¢)x71,y]. This is
precisely the model considered in (Secli et al. [2019], Amelio and Carusotto [2019]).

4.2 Bogoliubov theory: elementary excitations and coher-
ence*

( this Section builds on (Amelio and Carusotto [2019], Loirette-Pelous [2020]) )
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In the first part of this Section, we discuss the collective excitations on top of the stationary
chiral lasing mode. A deeper understanding is also developed by means of a projection of the
2-dimensional model to a 1D effective equation. Here a major focus will be on the Goldstone
branch: we will investigate in details its dependence on both the dispersion curvature and the edge
localization of the original HH chiral modes.

In the second part we discuss the coherence of the topological laser within linearized theory. The
chiral nature of the edge mode finds a clear hallmark in the spatio-temporal correlation functions;
the linewidth is computed within the Bogoliubov scheme.

While in our treatment we focus on the case of a class-A device, we also provide a few remarks
about generalization to class-B lasers.

4.2.1 Semi-analytical considerations on the steady-state

The aim of this Section is to get more insight about the physics of edge state lasing and the
corresponding Bogoliubov modes. The Bogoliubov tratment, that we will sketch below, requires
to compute numerically the steady state of the system by solving explicitly the equations of mo-
tion (4.10). Here we will first discuss more in details the steady-state, in particular close to the
edge; this will eventually allow us to adopt an analytical scheme to grasp the edge dynamics by
solution of a 1D effective laser model, which includes a momentum dependent effective gain. The
Bogoliubov modes most localized on the edge, i.e. the ones which determine the slowest relaxation
dynamics, are then quantitatively recovered within this dimensional reduction strategy.

This method relies on the fact that for v, P < J the eigenmodes of the driven-dissipative
system resembles the ones of the bare HH model. The steady-state is an eigenstate of longitudinal
momentum 3%, () = zbise’i“t*ik«lrasx. The transverse part 1° = {v;°} will be a superposition of
the HH eigenstates labeled by the lasing k!** momentum and another transverse index. Still, for
computing the steady-state it is sufficient to consider the most localized mode, as also confirmed
by numerics:

ss las
7/11}301/1 = Agy (k") (4.11)
where ¢(kl9%) = {¢, (kl**)} denotes the (transverse part of the) HH eigenstate at k% most localized
on the y = 1 edge. We assume the normalization ), |¢y|? = 1 so that we need to find A. We
can proceed by taking the equation of motion applied to ;Sy(t) (we call B the nonlinear HH
Hamiltonian plus gain and loss operator) and then take the overlap of this vector with 3% (t)*
itself: in Dirac notation

W — } (4.12)

1+ Blyye]?
where we introduced the edge mode dispersion €(k,) and the edge localization function G(k,) =
|¢1(k.)|? that quantifies the overlap of the HH edge states with the y = 1 edge. Setting the real
and imaginary parts to zero we arrive at

0 = (4*|id), — BIv™) = j— e(k'o®) — & [

WthgO 1= e(kLa®) (4.13)
. /hm 1352 = p/P™h — (4.14)
with the lasing threshold P*" = G(;hl)

These results are sufficient for the rest of the discussion. Still, for a deep understanding of the
physics at play, it is necessary to inspect the first order v/J corrections to ¢7° close to the edge,
for y = 1,2. Our claim (checked via numerics) is that

— A4y (4.15)
2
= Ags +iA L] ¢|¢| L O((v/ 7)) (4.16)

Importantly, notice that gg has real entries. The overall radiative losses of the lasing mode are
given by YN, Zy |1/)§5\2 ~ yN,A?%, the second equality being true neglecting second order terms.
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Figure 4.4: Typical real (left) and imaginary (right) part of the elementary excitations spectrum of
a class-A laser . Blue (red) lines indicates results from the full 2D (1D effective) model. Parameters:
v = 0.2J, adiabatic approximation (yg > v), 8P = 2v, g = gr = 0, k}* = —0.982.

On the other hand all the power is injected in the y = 1 sites, which account for the losses
YN | 5| = vN,A%|¢1|?. Density conservation at stationarity then implies that there is a current
flowing out of the edge (from y = 1 to y = 2), provided exactly by the first order term in Eq. (4.16).
Even if this term is order «/J the associate current contains the tunneling rate J and is of order ~.
In this way the total loss rate of the y = 1 sites is equal to that of the whole lattice vV, A?|¢1 2.

This analysis suggests that the two fundamental quantities to understand the features of topo-
logical lasing and its collective excitations are the dispersion and localization of the HH edge states.
The dependence on momentum of these quantities is fundamental in computing the Bogoliubov
modes. The edge localization G(k;) represents the fraction of the lasing state that is amplified.
Greater localization corresponds to a lower threshold. We plot G(k,) in Fig. 4.3.b (red line) to-
gether with the curvature m ! of the HH edge dispersion (blue line). In Fig. 4.3.c the red line refers
to the linear perturbations of the vacuum computed from a 1D laser model with a gain rescaled by
G(k), which recovers exactly the calculation with the full 2D model. This simple approach allows
to calculate the lasing threshold and the amplitude of a steady chiral edge mode directly from the
eigenmodes of the conservative problem.

4.2.2 Bogoliubov modes

Let’ s now move to the collective excitations; leaving for a moment aside the previous semi-
analytical considerations, the stationary lasing states of the system can be found numerically by
evolving with Eq. (4.10). Then, the Bogoliubov method (Wouters and Carusotto [2007]) consists
in linearizing the equation of motion via the ansatz

¢x,y(t) _ [ ;s + §¢x7y(t)]efwt+ik‘lrasx. (4‘17)

The outcome, passing to Fourier space along the x-axis and in time, is a system of equations

for 01, dy*:

W, y(w) = (HEY)k, .y + Dydtn,  + Dyov* ., (4.18)
and its complex conjugate evaluated at (—k, —w), where k = k, — k% and
i [ BPy, i B2Poya[¢3°|? ~ i B2Poy1 (%)
D. - _ +< b, _)_ v, . D, = —LP% . (419
AT 2(1+Blvs P v aas sy ¢

In particular, notice that H couples all the sites along y, so that in a given (k,w) block dty . (w)
is coupled to d¢_j .(—w)* (the : implies a vector with indices y = 1,...,N,). The problem then
reduces to diagonalizing numerically a 2N, x 2N, Bogoliubov matrix for each k.

A typical example of an elementary excitations spectrum is reported in Fig. 4.4.b. In the
real part of the spectrum, the excitations around the lasing mode (small w and k) exhibit the
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typical sticking of non-equilibrium condensates. The branch in this region follows exactly the HH
edge mode (properly shifted according to p and k!%%). In the imaginary part of the spectrum,
we recognize the typical splitting between the Goldstone and the amplitude branches around the
lasing mode, corresponding respectively to phase-like and density-like excitations. At k = 0 the
Goldstone mode always has w = 0 as a consequence of the spontaneous breaking of the global U(1)
symmetry.

The peculiarity of the HH laser are the edge modes with the opposite chirality living around k ~
47, which have longer lifetime because, being localized on the edge, benefit of the gain and decay
as Im(w) ~ —i% (a more precise analysis is provided in the next Section) with I' = (1 — P,,/P)
being the characteristic relaxation rate of the density fluctuations (see the previous Chapter). The
excitations living in the bulk, instead, are basically lossy HH modes and decay as Im(w) ~ —i3.

Now we move to discuss the Bogoliubov edge modes. Let’ s denote ¢(k) = {¢y(k)} the trans-

verse part of the HH edge mode of wavevector k, = k!%* + k. If ¢(k) were equal to ¢(—k), the
ansatz

57/’96,?1 = Ueikm¢y(k) + Ueiikzﬁby(*k)- (4.20)

would be exact in the limit v/J — 0. However this is not the case and the Bogoliubov system
is not close when inserting this ansatz, so that it is not possible to expand only on the HH edge
modes, but a mixing with the bulk is expected. However, we close eyes and assume ¢(k) = ¢(—Fk).
Plugging in Eq.( 4.18), multiplying by (E(k) and summing over y, we get the Bogoliubov 2 x 2
problem

iy [ G(k) i G(k) i G(k)
. (u> e —n+ 3 (G -1) - ey —$T Gy <u>
o i G(—k) iy [ G(=k) i G(—k)
v PN —e(=k)+pu+ 3 ( o) 1) -3l |\
(4.21)
Expanding the dispersion of the edge statesup to second order e(k) — p ~ vok + %, it is clear

that the group velocity term acts like a diagonal term and does not play any role in determining
the stability of the device (and similarly for all the odd terms in the small k expansion of the

dispersion that here we have neglected). The term % — 1 is of geometric nature and describes

the localization of the HH modes. The spectrum of this matrix is plotted in Fig. 4.4 (red lines),
which shows that both the Goldstone and amplitude branches are quantitatively recovered, as well
as the edge mode with opposite chirality.

We now discuss the slowest excitations to relax, that play a very important role in determining
the spatio-temporal coherence properties of the laser operation (Amelio and Carusotto [2019]). If
it were G(k) = G(0), Eq. (4.21) would predict a quartic contribution to the lifetime of the Gold-

stone branch Im(w(k)) ~ —M; instead, the k-dependent localization function is responsible
for a contribution ~ ask? independent of m,. This is illustrated in Fig. 4.5, where the important
observation is that at very small k the imaginary part of w, (k) does not depend on J/v, which
confirms that the k? behaviour is due to the momentum dependent localization of the HH edge
modes. Still, the aforementioned ¢(k) # ¢(—k) issue matters and quantitative agreement is not
good: the numerical coefficient is agit ~ (.045~ versus the theoretical prediction as ~ 0.081~.
In spite of this small shortcoming, our simple dimensional reduction argument allows to under-
stand all the qualitative features of the edge Bogoliubov modes and motivates the presence of the
k? behaviour, which is fundamental in determining the coherence properties of large lattices, in
particular if J ~ v (Amelio and Carusotto [2019]). At greater k the curvature of the HH edge
mode gives most of the k* contribution, and in practice one can just set G(k) = G(0) (at least
at J > 7). In this regime, the agreement is perfect and one can notice the scaling of the coef-
ficient a4 of —Im(w, (k)) = agk? + a4k + ... with J2, the theory prediction being in this regime
askt = 7(’“2/%’”*)2.

Finally, we can summarize and reinterpret the results of this Section by saying that, when
considering the low energy and small density fluctuation physics of edge, one can effectively deal
with the 1D laser wire equation

i

0ri(a) = |ehn) + 5

(61— )| 6o (422)
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Figure 4.5: Scaling of Goldstone branch at small k. The red and green lines Goldstone branches
have been calculated with the full 2D model for different hoping strengths. Blue dashed line is a
linear fits of —Imwy, with agltk:Q: as predicted by theory as is independent of J. Cyan dashed lines
correspond to the ask? scaling of the 1D effective laser with a4 = (4m2I'G(0))~!. The ticks on
the k-axis suggest what are the typical sizes for which the ~ k? regime is relevant. The density
relaxation rate is given by I'/2 (magenta dotted line), which is independent of J but depends
on the degree of localization G(0) of the edge mode and determines the frequency at which the
amplitude and Goldstone branches split. Parameters: adiabatic approximation, v = 0.2, BP = 2~,

g=gr =0, kles = —0.982.

where the field lives on the real axis and l%z = —i0,. Notice that the edge localization and saturation
terms do not commute. In particular, above we have explicitly demonstrated that this effective 1D
equation recovers with excellent quantitative agreement the lasing instabilities (i.e. the Bogoliubov
edge modes on top of the vacuum), the lasing threshold and the Bogoliubov dispersion of the lasing
edge in the 7/J < 1 limit. These results are expected to be quite general and relevant to lasers
built on top of different topological insulators, as recently confirmed for the Haldane model by
Zapletal et al. [2020]2.

4.2.3 Chiral edge dynamics

In the following, we add the Peierls phases to the semi-classical equation (3.20) for the class A
laser and study the temporal evolution of the field according to the stochastic equations

iath,y =-J [¢x,y+1 =+ ww,y—l + 672m‘ayww_1,y + 62“0‘?’%“,;,] +

1 Péyq
Z alind 'L N 2Dy Epy s (4.23
2 |1+ ney/ns Y| Yay + ST,y ( )

we will adopt cylindrical boundary conditions where not otherwise stated. As mentioned in Section
3.1, the rate of spontaneous emission noise is typically of the order of the losses (at least not too
far from the lasing threashold), so it is reasonable to take the diffusion coefficient to have form
D, = (14d,,1)7/2 (once again notice that in the semicalssical treatment the effective strength of
the noise can be rescaled by changing ng, so that the precise choice of D is not so important). In
introducing a noise also in the unpumped bulk of the system we have assumed some homogeneous
contribution also from thermal phonons or electronic scattering, while the stronger noise on the
edge sites reflects the presence of gain and the consequent spontaneous emission processes. We have
however checked that our results remain qualitatively identical if different spatial distributions of

2However they miss the momentum dependence of the edge localization and in fact use G(ky) ~ G(0).
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Figure 4.6: Topological lasing. Lower panel: typical snapshot of the field modulus distribution
|(z,y)| at steady-state. Upper panel: Wavevector- and energy-resolved spectrum of the field on
the y = 1 edge. The dotted lines are the Harper—Hofstadter bands and the spectral intensities are
normalized to the laser emission at w'®® ~ —9.774~, kl*s = *27‘(%. Numerical calculations were
performed according to Eq. (4.23) for a lattice of size N, =128, N, = 12 with periodic boundary
conditions along = and a flux density a = 1/4. System parameters: J = 5y, P = 27, ny, = 1000,

Dyy = (1+0y,1)7/2.

D, are used. We have also checked that the statistical results that are going to be discussed in
the following of the paper are unchanged if different system geometries are considered, e.g. with
open boundary conditions (see e.g. Fig. 4.9 below) We also mention the study (Peano et al. [2016])
of the chiral fluctuations in a similar configuration but in the linear amplifier regime.

The main features of the steady-state topological laser operation including noise are illustrated
in Fig. 4.6. In the lower panel we plot a typical example of the field modulus |¢, | for a finite
N, = 32, Ny = 12 cylindrical lattice, showing localization of the mode on the edge. The upper panel
reports instead the power spectral density S(k,,w) of the field ¢, 1 () on the y = 1 edge: the narrow
lasing mode is strongly saturated on this scale and is indicated by the cyan circle. Noise-induced
fluctuations distribute themselves over all modes but are concentrated on the ones with largest
overlap with the y = 1 side, in particular on the two edge states with opposite chiralities. The
spectral distribution roughly follows the dispersion of the optical modes in the underlying passive
Harper—Hofstadter model indicated as a cyan dotted line, since, as shown above in Fig. 4.4.a, the
real part of the Bogoliubov edge modes closely resembles the HH ones.

It is also interesting to discuss the emission spectrum from each site. In Fig. 4.7(a) we show
the emission spectrum defined as

S@) = o 3 (e, w)l? (4.24)
N,

for the parameters and lasing point shown in Fig. 4.6(b). In addition to the main lasing peak,
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Figure 4.7: Correlated side-peaks in the emission spectrum. (a) Spectrum of the field on a single
resonator located on the amplified edge. The spacing of the side—peaks is determined by the
quantization of the wavevector k, around the periodic direction. The side—peaks are generated by
parametric scattering processes from the lasing mode into pairs of symmetrically located modes.
(b) Color plot of the momentum-space correlation function (4.25) in the k,, k. plane showing -
among other- strong correlations along the anti-diagonal, that is within pairs of symmetrically
located modes.

the emission spectrum displays a comb-like structure with a series of symmetric side-peaks: the
frequency spacing is determined by the quantization of the momentum along the periodic direction
and is approximatively UQIQV—’:.

The visibility of the comb is not merely due to the existence of eigenstates at those specific values
of the frequency, but their population by noise is enhanced by correlations. This is illustrated in

Fig. 4.7(b) where we show the normalized momentum-space intensity—intensity correlation function

(nkz nk/m > .
(nj,)(n,)

Here, the momentum-space densities ny, are evaluated at the same time over the whole edge,
1, (t) = [ (kas t)]>.

Several features are visible in this plot. The diagonal line for k, = kJ is due to a trivial
self-correlation and R is here equal to 1. For generic pairs of modes, the thermal 9(2)(1%) =2
character of all k, # k'** modes implies that the background value is R(?) = 0.5. When one (two)
modes coincide with the lasing one, R® is equal to 1/v/2 (1), which explains the vertical and
horizontal stripes and the central peak. The most interesting feature is the stripe on the anti-
diagonal, corresponding to correlations between symmetrically located modes such that k, + k!, =
2kles For the first two pairs of side-peaks, this correlation is nearly perfect, indicating that these
modes are populated in pairs by parametric scattering processes.

Of course, such correlations are not specific of topological systems but can be observed also
in the 1D systems studied in the previous Chapter, albeit with a suppressed intensity due to the
curvature of the dispersion. In analogy to exciton-polariton systems pumped around the magic
angle (Carusotto and Ciuti [2013]), the magnitude of these parametric correlations is strongest if
lasing is made to operate around the inflection point of the dispersion.

R (ky, K,) = (4.25)

To characterize the spatio-temporal coherence of the emission, we now consider the fluctua-
tions of the phase of the one-dimensional field living on the amplifying boundary of the Harper—
Hofstadter lattice, ¥ (x,t) = ¢, 1(%).

In the steady-state of laser operation, the phase displays slow fluctuations around a carrier
wavevector k.%* and frequency w'®®: the former can be extracted from the (spatial) winding number
of the phase around the system, the latter can be determined by fitting the evolution of the field
phase on single sites. In the spectrum of Fig.4.6, they are indicated by the position of the cyan
circle. While a precise determination of these quantities can be important from the applicative
point of view, they are somehow uninteresting from the statistical mechanics point of view, since
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Figure 4.8: Chiral motion of the phase fluctuations. (a) Spatio-temporal plot of the slowly varying
phase of a random realization of g (z,t), showing that the fluctuations chirally move around
the system. (b) Spatio-temporal plot of the phase of ¢, (z,t) in the co-moving frame: now the
fluctuations are observed in their natural frame of reference and evolve slowly. (c) Correlation
function g(!) (x,t): since the fluctuations move at vy, after a time ¢ the field in x is correlated with
the one in z 4 vyt. System parameters: N, = 128, N, = 12,J = 5v, P = 2v,n, = 1000, D = 2.

they are mostly determined by the deterministic dynamics of the device and are weakly affected
by the fluctuations.

In order to remove the carrier frequency and wavevector and concentrate on the stochastic
fluctuations, we define the slowly varying field

crplas las
Y (a,t) = e R g 4. (4.26)

Looking at the phase of a typical realization of ¥ (x,t) shown in Fig. 4.8(a), we easily recognize
a phase fluctuation pattern that moves at a constant velocity and gets slowly distorted. The drift
velocity can be inferred from the dispersion wen, (k,) of the lasing chiral edge mode, which has

group velocity v, = e (k%) and curvature Joy g (kL) = %difﬁ(kﬁfs) < J.
In order to focus on the intrinsic dynamics of the phase fluctuations, we plot in Fig. 4.8(b) a
typical realization of the phase evolution seen from the moving frame at vy,

Yo (w,t) = ha(x + gt t). (4.27)

For the relatively strong inter-site coupling J = 5y and relatively small system size N, = 128, the
phase fluctuations develop very slowly and remain quite small. Their magnitude gets larger if the
mean intensity ng is reduced, the inter-site coupling J is reduced, or larger systems are considered.
This will be discussed in Sec. 4.3.

While the transformation to ¢, (x,t) allows for a direct visualization of the phase dynamics,
it is also possible to study the fluctuations circulating along the edge by computing the space—time
correlation function of the original field,

(¢ (2, 1)$(0,0))|
V{9, 0)12)([(0,0)%) ]

where the average is taken over the noise and invariance under temporal ¢ and spatial = transla-
tions is assumed. This analysis requires no preliminary estimate of k'** and w'** and will be our
workhorse in the next sections. As it is apparent looking at the smooth stripes in Fig. 4.8(c), the
analysis of ¢(V)(z,t) is the cleanest way to extract the velocity at which fluctuations travel. The
result vy > 6.07 ya is perfectly compatible with the group velocity v, ~ 6.08 ya obtained from the
linear dispersion of the chiral edge mode.

In numerical simulations the cylindrical configuration with periodic boundary conditions along
x is convenient to collect more statistics by using translational invariance and recording all sites.
In an experiment, instead, one can run very long measurements and it may be cumbersome to
record correlations between any pair of sites. So it is useful to demonstrate that the above picture
is unchanged also in the presence of open boundary conditions. For a rectangular lattice with
the gain on the edge, we have lasing as already reported in the literature (Secli et al. [2019]),
see Fig. 4.9.a. Notice that the density is slightly higher at the corners, so that the denominator

gV (a,t) =

(4.28)
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Figure 4.9: Correlations around a rectangular lattice. (a) Snapshot of the absolute value of the
field in a rectangular N, = 44 x N, = 22 lattice with open boundary conditions and amplifying
medium along all the edge. (b) Correlation function g™ (u,ug,t) = (*(u, t)(uo,t)) where u is a
coordinate along the edge, with ug indicated in magenta. Red dashes correspond to the position
of the corners. Except for the boundary conditions and the lasing point, which was not fixed via
the initial conditions but was randomly selected by the dynamics, the parameters are the same as
Figs. (4.6-4.8).

of Eq. (4.28) is not a constant. By defining an edge coordinate u (which starts from the lower
left corner and runs clockwise) and measuring correlation functions with respect to a given point
(indicated in magenta), we get the pattern of panel (b), analogous to Fig. 4.8.c. The phase picture
of panels 4.8.a-b would be in general more complicated, because the lasing wavevector, which is a
gauge dependent quantity, would be in general different on the four edges.

4.2.4 Linewidth and Petermann factor

In analogy to the topologically trivial laser discussed in the previous Chapter, within the linearized
theory the very long time behaviour of the coherence is determined by the phase drift associated
with the Goldstone mode and the U(1) symmetry of the laser dynamics, with all other excitations
modes being exponentially damped.

To start with, we illustrate the Bogoliubov approach in full generality for a lasing system.
For a lattice of N sites (labelled as Z) of arbitrary dimensionality, let us call £;,s the 2N x 2N
Bogoliubov matrix of the linearized dynamics on top of the lasing steady-state. Let V = {Vz, ,} be
the invertible matrix which diagonalizes £;,s, where the pseudo-spin ¢ =7, | indicates the particle
and hole components of the Bogoliubov problem and p labels the 2V eigenmodes. The Goldstone
mode Vz, ¢, that we assume to be unique with all other excitations having a finite life-time, is the
eigenstate with zero eigenvalue. As usual, its spatial shape follows the one of the lasing mode. The
effective noise acting on the lasing mode will be determined by the projection of the bare noise
on it. For generality we consider a position dependent bare noise Dz. Then, in the Bogoliubov
approximation, the phase drift associated with the Goldstone mode is given by

(80 =0 Dz (V Naar(V ez It] (4.29)
where the summation represents the projection of the noise on the Goldstone mode and
S —1 (= -
P = @a(Z) = —— [Yo(D)Var,a — ¢o(¥)Vaycl (4.30)
no(Z)

is actually independent of & and provides the normalization of the Goldstone mode phase compo-
nent.

For a system which is translationally invariant along x the Bogoliubov matrix can be made
block-diagonal L;,s = @kw Liqs(kz) with the transverse dependence of the Goldstone V, ¢ di-
agonalizing the k, = 0 block. Then in Eq. (4.29) one should replace >, — Nz >_ , ¥o(Z) =
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wo(y)eikiasx — 1 (y) and, choosing the standard normalization of the modes, Vzs.¢ = Vyo.c/vVNu,
Ve %U — VGT7 ;U /v/N,. This approach leads to write 7s7 = NyTsr,1, where Tsp 1 does not depend
on N, but in a subtle way via the discretization of kla*.

If VVT =1 a very clear expression holds for the Schawlow-Townes line:

~Dzngz D
Zz - zNz _ n (431)

tot Niot

VST =

with nye = Y 2nz and D, = > - Dznz/> .nz This is for instance the case of a spatially
uniform, topologically trivial system, for which the different wavevectors decouple and the sector
of Li,s(k, = 0), corresponding to the lasing wavevector Ezas, is diagonalized by a 2 X 2 unitary
matrix V'Vt = 1, since modulus and phase are decoupled for the lasing mode.

Equation (4.31) is no longer valid when VVT #£ 1. Let’s consider the topological laser: the
k. = 0 sector has dimension 2N, x 2N, and V is not unitary, so in general VVT # 1. However,
for the considered parameters, it turns out that VVT ~ 1, so the approximate expression

2 Zw,y nI7Z/DI7Z/ Dn Dn

FYST = — 5 = = . (4.32)
TST N, ny, o
[ny nwy} N Zy by ot

is expected to provide an accurate approximation. We stress the scaling g7 o< IV,

The non—orthogonality of V is also related to the so-called Petermann factor and excess noise,
very well known in standard laser theory (Petermann [1979], Henry [1986], Siegman [1989b]).We try
to sketch this analogy here following the ideas of (Hamel and Woerdman [1989], Siegman [1989a]).
For a typical laser resonator the spatial distributions of loss and gain do not coincide: the typical
case are a Fabry-Perot cavity or a ring cavity where the losses are mostly due to the outcoupling
and are concentrated at the mirrors. As a consequence, the spatial form of the possible lasing
modes is not the one of the empty cavity but it is deformed by the presence of gain; for example,
in a ring cavity the field would be an exponentially amplified plane wave along each arm which
at any mirror is damped by the reflection coefficient. One can also think of the electric field as
experiencing several round trips through the cavity, where at each round trip it gets amplified in
the bulk and weakened at the outcouplers.

Very close to threshold and restricting for now to the deterministic semiclassical dynamics, we
can neglect the nonlinearities due p.e. to the saturation term and assume a linear dynamics as
given by the operator A. In the absence of gain and losses A is hermitian and its eigenmodes are
the normal, mutually orthogonal modes of a perfect cavity; when gain and losses are present A is
in general non-hermitian® but let’ s assume that it is diagonalizable. The lasing mode fo(x) will
be a particular eigenvector of A, presumably the one with eigenvalue w'®® with all other modes
f,.(x) having damping eigenvalues. If we add by hand spontaneous emission noise, the evolution
will be of the kind

10up(x,t) = Ap(x,t) + B(x,t), (4.33)

with the spontaneous emission noise Z(x,¢) which can be taken of uniform strength for our goal.
If we now want to project on the lasing mode, we would be temped to multiply by f,(x)* and
integrate. However, since A is not hermitian, the modes are not orthogonal [dx f,,(x)* - f;(x) #
0im. The correct way to do the projection is to consider the set of adjoint modes ¢,,(x), which
are the eigenvectors of Af, and require the normalization

/dx G (%) - F1(X) = dim.- (4.34)

By bracketing Eq. (4.33) with [ dx ¢,(x)*, one then obtains a point-like equation d la Schawlow—
Townes for the amplitude of the lasing mode ()

10 (t) = W'Y (t) + V2DK £(t) (4.35)

where v2D £(t) = [dx fo(x)* - E(x,t) only depends on the shape of the lasing mode, while the
diffusion strength of the noise has been enhanced by the Petermann factor

= [ ax 0" (). (4.36)

3See (Grangier, Ph. and Poizat, J.-Ph. [1998]) for some nice consideration on the non-unitary origin of this
dynamics.
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which is related to the shape of all the modes of A and it is in general larger than one, since the
{fm} and {¢,,} modes are not simultaneously normalizable. A very similar argument holds if
one wants to start from the Maxwell wave equation with the second-order time derivative, as it is
mostly done in the original literature.

This nice linear algebra insight strictly speaking is only valid very close to threshold (or in
the linear amplifier regime) where the dynamics can be described by a linear operator; we stress,
instead, that our generalization of this argument in the framework of the Bogoliubov formalism,
where the orthogonality of the modes is related to the unitarity of V', holds even far above threshold.
Notice also that close to threshold A corresponds to the particle-particle sector of the Bogoliubov
matrix £. The application of this strategy to another simple example, consisting of two coupled
and asymmetrically pumped resonators, is illustrated in Appendix A.

Physically, the extra spontaneous emission noise is due to the coupling of different modes, as it
has been clearly illustrated by Grangier, Ph. and Poizat, J.-Ph. [1998]. One can also distinguish
between longitudinal and transverse Petermann factors, depending on the direction the mixing
occurs in. Semiconductor lasers are often made of open resonators, where the Petermann factor
can be of the order of tens or hundreds.

In analogy with these known results, we define here the transverse Petermann factor as the
ratio ST

K Do’ (4.37)
Importantly, for the topological laser device this number is around K =~ 1.002 for J = 5y and
K ~ 1.1 for J = 0.5v; we attribute the small discrepancy with respect to 1 to the fact that the
lasing mode is very slightly distorted in the nonlinear steady-state with respect to the HH mode
of the Hamiltonian model, the amount of distortion depending on J/v, see discussion around
Eqgs. (4.15,4.16).

In conclusion, within the linearized Bogoliubov approximation, the laser emission is for all
practical purposes determined only by the total number of photons in the device, which is the
textbook, optimal case. This confirms that topological guiding in the edge mode is immune from
the linewidth broadening effects typical of lasing in open resonators with gain guiding.

4.3 Nonlinear phase physics*

( this Section builds on (Amelio and Carusotto [2019]) )

The discussion of the emission spectrum presented in the previous subsection gives first hints
of the complexity of the fluctuation dynamics in an extended device. Here we will build a complete
theoretical picture of the spatio-temporal coherence of the topological laser.

To get a first hint on the behaviour, we can make the assumption, as already argued in Section
4.2, that the field on the edge can be described in the comoving frame by the 1D equation

) Peff

5 W - 1/)CM + \/2D§ (438)
cM

iathJ\l (:L’,t) = (_Jeff + ”1)331%M +

Here J. ¢y is given by the curvature of the bare Harper-Hofstadter topological mode, P,y is chosen
as to retrieve the numerical mean intensity ny on the edge, and n accounts phenomenologically
for the k-dependent localization of the lasing mode on the edge of the lattice and the consequent
k-dependence of gain. We mention that a finite n would arise also in the 1D chain if a dissipative
coupling described by a non-vanishing imaginary part of J (Longhi and Feng [2018], Aleiner et al.
[2012], Harrison et al. [2020]) were considered.

Assuming a fast relaxation of the intensity fluctuations, we can then restrict our attention to the
dynamics of the phase. By neglecting terms containing four derivatives (both the linear, Galilean-
preserving ones and the nonlinear, Galilean-breaking ones?), one gets to a motion equation for the

4 The phase equation associated with Eq. (4.38) reads

J, _
—0¢ = —nV2+ Jep(V$)? — 27{;‘ T} V2 [~2mm0(V6)? — 2JpnoV2e] +

_ D
+-LT V6V [20m0(V)? + 2Jeppn0V30] + 4| &
no no
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Figure 4.10: KPZ dynamics on the topological edge mode. (a) Typical example of the steady—state
space-time dynamics of the phase of the field v,,, (z,t) on the system edge seen from the comoving
frame. (b) Correlators C(f, %) for 2 = £30, ..., £160 (small lines) for the topological device lasing
into the k, = —27 722 mode (orange) and for the non-topological one-dimensional array lasing in
the k; = 0 mode (cyan). Red and blue dashed lines indicate the KPZ universal function (4.43)
on which all curves collapse. System parameters: N, = 1024, J = 0.5y, P = 2v, ng = 1000,

Dy = 7/2(1+6y,1)-

phase of the KPZ form:

J2
O =026 — “2L LG — Jepy(0:0)° + \/Zg. (4.39)

Since 7 is the less controlled parameter of the model, we do not perform the usual KPZ rescaling (He
et al. [2015]) to yield an equation containing the effective nonlinearity as the only one parameter.
Rather, we rely on the rescaling Eqs. (3.46) with the effective parameters J — Jeps, P — Pesy;
this transformation does not depend on 7 ° and yields

06 = B1020 - 016 + (0:0)° + (440

*

In these units we then expect the KPZ nonlinearity to be close to A = 2; this value is also protected
from renormalization induced by the quartic derivative term in the KSE (Ueno et al. [2005]). It is
thus natural to expect that the coherence of the topological laser will closely resemble the one of
the generic extended laser discussed in Chapter 3. In what follow, we proceed to numerically verify
this statement on simulations of the stochastic laser equations in the topological two-dimensional
lattice.

Based on our previous discussion, we expect that the KPZ universal dynamics occurs, in a lattice
of N, sites, on timescales shorter than the saturation time ~ NZ (after which the Schawlow—Townes
like behavior described above sets in) but larger than the timescales where the linear Bogoliubov
dynamics and non—universal effects dominate. Having a sizable window where to observe KPZ
physics then requires the system to be large enough, precisely it should be at least Nya > /2ml*
(Gladilin et al. [2014]). We thus consider a large system of length N, = 1024 with periodic
boundary conditions along x and with N, = 12 points along the open direction y. In order to
clearly observe KPZ physics while keeping intensity fluctuations within 15% and having a tractable
system size, it is beneficial to use a small inter-site coupling J = 0.57.

One may argue that such a value of the coupling J (and thus of the topological gap) is compa-
rable with the bare linewidth . Such narrow topological gaps are very relevant for experimental
implementations (Bahari et al. [2017]), but it is not a priori obvious whether in this regime the
chiral edge modes survive losses. While this is indeed a serious issue to observe chiral edge prop-
agation in passive systems, it is a crucial result of laser theory that the laser linewidth above

5 Actually, also the dependence on Cepy is such that, given the measured ng, any uncertainty on the value of
P.yy will only affect the KPZ coefficient of the Laplacian.
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Figure 4.11: Small-bandgap topological lasing. A 45 x 21 Harper—Hofstadter lattice with J = 0.5~
and open boundary conditions is built with a strong defect on an edge. Amplifying the edges result
in topological lasing: the modulus of the field is visible in panel (a) and the momentum-space
intensity along the blue dots is plotted in panel (b)Both panels show no trace of backscattering.
In this case the chiral mode on the lower edge goes from left to right, since for this negative k the
group velocity is positive.

threshold can be orders of magnitude smaller than . Our numerical simulations confirm stable
lasing into the chiral edge mode even for small J/v: in particular, we consider a strong defect on
the boundary of a rectangular lattice (so that also the corners act like defects) and put gain all
over the edge of the system. Starting the simulation with a small random seed, the fields reach
a steady-state which displays the usual features of a topological laser and is able to go around
the strong defect, as it is shown in Fig. 4.11. In panel (a) we depict the modulus of the field,
while the absence of backscattering is demonstrated by plotting, in panel (b), the Fourier intensity
S(k) of the field along the blue dots of panel (a). This indicates that the emission is narrow and
single-peaked in momentum space, and corresponds to positive group velocity (as it is visible in
Fig. 4.6 of the main text).

To numerically highlight the KPZ physics we have performed 20 simulations of the full two-
dimensional lattice of duration T = 5 - 10°, starting from a plane wave with the wavevector value
for which the Harper—Hofstadter eigenstate is most localized on y = 1, that is k, = —2%%. For
each run, after a suitable equilibration time, the correlation function (¢*(x,t + t)1(0,t)) on the
edge site is computed and then averaged over the 20 trials to yield g(!) (z,t). The typical dynamics
occurring in a time 4T = 2 - 10* is depicted in Fig. 4.10(a), where the phase of the field v, (z,t)
along the edge is shown in the comoving frame: a structure similar to the fractal structure of
interface growth can be recognized.

Defining the correlation function in the comoving frame as

gélj\)l (]}, t) = |<'(/JZM (.13, t)¢0M (0’ O)>| (441)

and the rescaled correlator as

C(F.3) = —2(¢") % X log g{1) (2, 4), (4.42)

cM

KPZ universality requires that

C(z,1) =C(t/5*) = @AA%) o 9K Pz ((%"'Als?)l/‘”’) (4.43)
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Figure 4.12: Finite-size effects in KPZ dynamics. We assess finite-size effects by considering the
correlation functions of a topological laser of length N, = 512 in the KPZ regime (parameters like
Fig. 6 of the main text). (a) Equal-time spatial correlation function. For an infinite system one
would have —2log g™ (%,0) = A|Z|; finite-size effects are kept into account by adding the Brownian
bridge factor. (b) The correlation functions (orange) collapse, in very good approximation, onto
the same universal scaling function of the twice longer system N = 1024 (red dashes).

with s = £/7* and z = 3/2 on the right-hand side and gxpz a universal function discussed in

Sec.3.2. In particular, one has C’(O) =A= 2%.

A series of curves of C(#,1) for x = £30,...,£160 is plotted as orange lines in Fig.4.10(b)
as a function of #/7%: to correct for the finite size effects, we actually plot C(%,t)/(1 — |z|/N.).
The rational behind this trick is that the probability of having an equal-time jump of ¢(z) — ¢(0)

2
in an infinite system is proportional to the Gaussian e~ % . In a finite system with periodic

boundary conditions one has to multiply the probabilities of making the jump by crossing or not
2 — A¢2 —_ A¢2 . . . .
the boundary of the system e~ e xe AT = ¢ A=(1-=/L) . which is called a Brownian bridge.

With this strategy the theoretical prediction perfectly matches the numerical spatial correlation
function, as shown in Fig. 4.12.a. Coming back to Fig.4.10(b), the collapse of the different lines onto
a single curve demonstrates that within an excellent approximation (the corrected against finite
size effects version of) C only depends on #/Z%, as expected from the KPZ scaling. This result for
the topological laser is to be compared to an analogous analysis for a trivial one-dimensional array
with the same physical parameters lasing in the k¥ = 0 mode as discussed in Sec.3.2. Also in this
case, the different lines (cyan) collapse on a single curve, confirming the expected KPZ scaling.

The crucial point about Fig.4.10(b) is that the phase, the space and the time have been rescaled
by the ¢*, I*, t* values obtained from Eqgs. (3.46) using the effective masses and gain parameters: for
the topological laser, Jefr is the curvature of the Harper-Hofstadter band at the lasing point and
P, ¢ is chosen in order to reproduce the observed intensity on the edge. For instance, Jesr ~ 0.319y
hence [* ~ 1.92 here.

As explained in Section 3.2, the Renormalization Group analysis (Ueno et al. [2005]) predicts
for the non-topological 1D array lasing in the k'** = 0 mode that the rescaled KSE Eq. (3.48)
flows to the low energy effective KPZ theory Eq. (3.47) with A\ = 2, since, thanks to the Galilean
invariance holding for KSE and KPZ equations, the nonlinear coupling is not renormalized. This
is confirmed by our simulations, which show that the rescaled correlation functions indeed collapse
to a unique curve as shown in Fig.4.10(b) and this curve is excellently fitted (blue dashed line)
using (4.43) with A =2 and A = 0.96, as expected from the Galilean invariance argument.

For the topological laser, the curves again collapse onto a single curve, which is well fitted
using A = 2.1 and A = 0.65 (red dashed line). Note that an upper bound for the fitted value of
the nonlinearity is provided by the value A = 2.3 with A = 0.63. We checked that these effective
KPZ parameters A\, A do not depend significantly on the size of the system, in other words the
renormalization flow has reached its fixed point. This is shown in Fig. 4.12.b, where the correlation
functions of a shorter N, = 512 long system (orange lines) fall close to the scaling function fitted
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Figure 4.13: Kardar-Parisi-Zhang to Schawlow-Townes crossover in a finite—size topological laser.
This plot is the analogue of Fig. 3.5 for the topological laser. The thick black lines correspond
to the logarithm of the temporal correlation for a given site on the edge of the lattice. The thin
dashed lines show the temporal evolution of the coherence — log g(cl,\L (t) seen from the reference
frame comoving with the edge state. For increasing system sizes and a given temporal window,
a crossover between an exponential (red fits) and a KPZ (cyan fits) decay of the coherence is
observed. The amplitude of the oscillations is inversely proportional to the spatial coherence of
the device. In the long-time limit, only the global phase matters and the oscillations fade away.

from the N, = 1024 data (red dashes, the same as Fig. 4.10.b).

In contrast to the non-topological case, for the topological laser there is no a priori guarantee
that a Galilean invariant KSE holds microscopically; all the contrary, an analysis along the lines
of (Gladilin et al. [2014], Altman et al. [2015]) suggests that a rescaling with J.s; still yields a
microscopic A = 2, but other terms should also be added in Eq. (3.47), e.g. of the kind 92¢(9,¢)?,
(0%¢)%, 02¢0,¢, etc. These additional terms come from effective imaginary derivatives due to
the k, dependent localization of the Harper—Hofstadter eigenstates on the edge; in particular, they
break Galilean invariance and one may expect that they significantly renormalize the effective KPZ
parameters, since they contain the same number (four) of derivatives as the KSE term. However,
it turns out from our numerics that the renormalization of A\ remains small.

Still, it is interesting to note that the curves for the topological laser (in the properly rescaled
units) sit below the ones of the trivial one-dimensional laser array and are correspondingly fitted
by a KPZ form with a lower A. This feature can be traced back to the imaginary term proportional
to 1 in (4.38) that accounts for the k-dependence of the edge mode penetration in the bulk. This
term stabilizes the emission and makes the topological device more coherent than the 1D laser
with the corresponding Jeyf, Peyr. The crucial role of n in topological devices is apparent already
at the level of Bogoliubov analysis (Loirette-Pelous [2020]), at least for class-A lasers.

We conclude this section with a brief remark on the experimental protocol to assess KPZ
physics. The analysis of the correlation functions g(cljal (z,t) shown in Fig.4.10.b was carried out
in the reference frame comoving with the chiral mode. Typical experiments measure correlation
functions between different times ¢(!)(x,t) and different points in the laboratory frame. How-
ever, since the correlation functions in the comoving and laboratory frames are simply related
by g(clﬂ)J (z,t) = g (x - vgt, t), the interesting g(cl& can be extracted by a straightforward post-
processing of g™ (z,t) measured in the laboratory frame. Graphically, this amounts to tilt the
correlation function of Fig. 4.8(c) with the suitable v, so to have the maximum of g(*)(z,t) at
x = 0 for all times t.

Finally, it is interesting to compare the linewidth as extracted from the numerical simulations
of the stochastic equations with the Bogoliubov calculation. The numerical predictions for the
coherence time of the topological laser are shown by the red and orange triangles in Fig. 3.7 (from
the previous Chapter) as a function of the system size. The dashed line shows the theoretical
prediction Eq. (4.29). From these results, one concludes that the topological laser behaves again
similarly to the topologically trivial one-dimensional laser array: on one hand, the agreement
with the Bogoliubov-Schawlow-Townes model of phase diffusion is excellent for small NV, and the
coherence grows proportionally to N,. On the other hand, a much slower growth of the coherence
time with N, is found for larger systems.

As a final point, it is interesting to note that the Bogoliubov-Schawlow—Townes prediction
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Figure 4.14: Topological robustness of the temporal coherence. Plot of the coherence time nor-
malized to the clean system value, as a function of the strength W of the disorder. Different
markers refer to different realizations of disorder. Blue and green markers are for a non-topological
one-dimensional laser array lasing at k' = 0 (blue) or k'** = 27 (green). Red markers are
for the topological laser with periodic boundary conditions (squares and triangles) and with open
boundary conditions (crosses). Same marker shapes correspond to the same spatial distribution of

the disorder potential except for the overall strength W.

that well captures the emission linewidth for small systems does not depend on J.s; nor on the
dispersion of the Bogoliubov modes at k, # 0. On the other hand, the deviation observed for larger
systems does strongly depend on J.ss, which pinpoints the crucial role of the KPZ nonlinearities
illustrated above ©.

4.4 Lasing and coherence in disordered arrays™

( this Section builds on (Amelio and Carusotto [2019]) )

The general message of the previous Section was that the coherence properties of a topological
laser follow the same KPZ dynamics as the ones of a topologically trivial, one-dimensional laser
array. This conclusion is not restricted to the well-known KPZ features in the infinite system limit,
but also applies to the dependence of the coherence time on the system size and to its marked
deviations from the Bogoliubov Schawlow-Townes prediction.

In this Section we investigate the effect of static disorder on the coherence of the laser emis-
sion. A certain degree of fabrication imperfections and inhomogeneities is in fact expected to be
always present in any real device. As we are now going to see, our numerical study points out
a dramatically different behaviour of topologically trivial vs. topological systems: disorder has a
strong impact on the coherence of a topologically trivial system, a small amount of disorder being
able to give a wide range of realization-dependent, chaotic and multi-mode phenomena. On the
other hand, the temporal coherence of a topological laser is robust against a sizable disorder and
emission remains well monochromatic as long as the disorder magnitude is not so large to close
the topological gap.

SFor this plot we chose the kfcas corresponding to the maximally localized Harper—Hofstadter eigenvector, but
the results are qualitatively independent of this choice. Fixing kﬁf‘s is however needed if one is to compute the KPZ
correlation functions by running parallel simulations.
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Figure 4.15: Lasing in a disordered non-topological 1D array. For a relatively weak disorder
W = 0.02J we report (a) the evolution of the phase of the field starting from an initial condition
in a plane-wave form with k'%* = 0 for a given realization of disorder and (b) the lasing frequency
of each site on the edge, measured with respect to the spatial average of the lasing frequencies.
The spatial behavior of the phase is changed by disorder without affecting the spatial coherence,
and, very curiously, all sites lase at the same frequency even though the coherence time is reduced
to 7¢/T.(W = 0) ~ 0.1 (while the intensity of the field is on average unaffected). Panels (c-d) are
the same as panels (a-b) except for the much stronger disorder W = 0.32J: the lattice breaks up
in small domains lasing at distinct frequencies spread in the frequency interval between the the
band edges of the system (vertical black dashes).

4.4.1 Lasing in non-topological 1D arrays with disorder

We start by considering the effect of on—site disorder on the lasing properties of a non-topological
array of resonators. We do not aim here to a general discussion of the theory of lasing in disordered
systems or to make a connection with random lasers (Wiersma [2008]), but our purpose is just to
provide a benchmark to assess the features of a topological laser.

Along all this section, a disordered potential is added to Eqs. (3.36) and (4.23) in the form,

Oz = ... +WG(0, 1)z, (4.44)

where G(0,1) is a Gaussian random variable with mean 0 and variance 1. For the sake of defi-
niteness, we restrict here to the N, = 128 and J = 5 case. The lasing dynamics in the presence
of disorder is in general very complex, but, since our ultimate goal is a qualitative comparison
with the topological laser, we focus here on the coherence time of the system for various values of
disorder W, and in particular on whether there is a clear threshold value of disorder above which
coherence collapses.

For linear waves, the sensitivity of the eigenstates at a given energy to a static perturbation
is proportional to the spectral density of states. Then, in order to have a fair comparison of the
trivial and topological cases, we consider lasing both at k'** = 0 and at k'** = 2#%. This latter
case has a finite group velocity (and hence a density of states) comparable to the one of the chiral
edge mode of the Harper—Hofstadter model in its central part and for these reasons we propose it
as the proper benchmark for the topological laser.
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Figure 4.16: Panel a): Bogoliubov modes wy in the Goldstone dome for a N, = 128,J = 5~
topological array in the presence of disorder, plotted as Im w) versus Re w). Different marker shapes
correspond to different realizations of disorder and colder to warmer colors point at increasing values
of W/J. Remarkably, the lifetime of the Bogoliubov modes is significantly reduced for W ~ 0.5,
so that longer times and larger arrays are required to observe appreciable nonlinear effects in the
phase dynamics. Inset: Bogoliubov-Schawlow-Townes prediction for the coherence time 7gp for
increasing disorder strength W/J, plotted in units of the coherence time in the clean sample. b)
Plot of the ratio 7.(W)/7.(0) as a function of the disorder strength W/J for different system sizes
N, = 32,80,128; in particular note how the enhanced coherence time at intermediate W/J is only
observed for large enough systems. c¢) Plot of the ratio 7.(W)/7sr (W) as a function of disorder
strength W/J for different system sizes N, = 32,64, 128, showing how the linewidth recovers the
Bogoliubov prediction for smaller arrays and for stronger disorder close to the threshold.

In Fig. 4.14, we plot the coherence time normalized to the value in the absence of disorder. In
particular, we use an exponential fit to extract the coherence time 7, for each site (an exponential
fit is used even if the shape of ¢g(!)(t) is in general very complex) and we plot the average over the
lattice. Markers with the same shape indicate that the same realization of disorder and the same
initial conditions have been used, while only the overall strength factor W is varied.

Looking at the blue and green points in the plot, we see that already a very small disorder has
a marked impact on the coherence time of the device. As expected, the threshold value depends
on k% as visible comparing the blue dataset for lasing at k'** = 0 and the green dataset for a
finite k'* where the density of states is smaller. While a detailed description of the variety of
possible behaviours for different disorder realizations goes beyond the scope of this work, some
illustrative examples are shown in Fig. 4.15. In the left panels the phase of 14 (x,t) is plotted
in the slowly varying frame, while in the right panels the frequency of each site w(z), defined as
the peak of the spectrum of the field on that site, is plotted with respect to the spatial average
w= N%p >, w(x), with the exception of panel Fig. 4.15.d where the absolute frequency is plotted
instead. In particular, for intermediate disorder W ~ 0.08J laser operation may get fragmented
with different portions of the sample lasing at different frequencies (panels (c,d)). Calculations for
different realizations of disorder suggest that coherence can be greatly reduced even in the absence
of fragmentation (as shown in panel b) of the same figure) and without affecting the intensity
of the field, thus showing that there is no general one-by-one correspondence between the power
slope efficiency and the robustness of coherence robustness to static disorder. Finally, curious
non-monotonic behaviors can also be observed in some other realizations.

4.4.2 Topological robustness to disorder

The same protocol was repeated for the topological laser on a N, = 128 times N, = 12 stripe with
J = b7y, periodic boundary conditions along y and gain localized on the y = 1 row of sites. The
results are reported as red datasets in Fig. 4.14. Simulations were also performed with fully open
boundary conditions and gain distributed along the whole edge, yielding the same conclusions.
In contrast to the non-topological case discussed in the previous subsection, the behavior of the
topological laser remains quite regular in the presence of disorder and different realizations show
very similar features.

For weak disorder strengths W, disorder has a negligible impact: as naively expected, scattering
on defects is topologically suppressed as the laser field in the chiral edge mode is able to continuously
travel around the system almost undisturbed. The temporal and spatial coherence properties of
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Figure 4.17: KPZ dynamics in disordered topological laser. Correlators C~’(t~, z*) for =z =
+70,...,4£300 (small orange lines) for the topological device lasing in the presence of disorder
of strength W = 0.032J. The wrinkles are not due to statistical noise, but arise because of the
disorder (the data are relative to a specific realization). The red dashed line indicates the KPZ
universal function (4.43) fitted on the clean sample. System parameters: N, = 1024, J = 2~,
P =2y, ng =1000, Dy =/2(1 + 6y,1).

the clean system are thus very well preserved. For strong disorders, topological protection breaks
down and the coherence displays a marked threshold at a value of disorder W, ~ J, that is on
the order of the topological gap of the underlying Harper-Hofstadter model. Beyond this value,
spatial and temporal coherence are rapidly lost.

The most intriguing regime is for intermediate values of the disorder strength, where we observe
a surprising and systematic enhancement of the temporal coherence. A tentative explanation for
this expected behavior can be put forward in terms of the KPZ dynamics. Even though they
are too small to destroy the topology, these values of W/J are strong enough to hamper the
nonlinear phase dynamics that is responsible for the deviation from the Bogoliubov-Schawlow-
Townes prediction seen in Fig. 3.7. As a result, for intermediate W the coherence time recovers
the Bogoliubov—Schawlow—Townes prediction (4.29).

This interpretation is substantiated by the analysis reported in Fig. 4.16. As a first step, in panel
a) we plot the real and imaginary parts of the lowest Bogoliubov eigenfrequencies (Loirette-Pelous
[2020], Zapletal et al. [2020]) for a few realizations of disorder and different disorder strengths
indicated by the shape and color of the markers. As usual in such calculations, the computation
consisted in reaching the noiseless steady-state via the deterministic evolution in the presence of
disorder and then finding the eigenmodes of the linearized evolution around the steady-state by
diagonalizing Bogoliubov matrix. From the plot, it is apparent how disorder has a strong effect
in reducing the lifetime of the excitation modes. Physically, this behaviour can be understood
in terms of the fluctuation modes being pushed by the disorder deeper into the non-amplifying
bulk of the lattice. Since the Bogoliubov-Schawlow-Townes coherence time is not sensitive to
the decay rate of fluctuation modes, this effect is however not enough to explain the numerical
observation shown in Fig. 4.14: As reported in the inset, a computation using the linearized
Bogoliubov-Schawlow-Townes recipe of Eq. (4.32) rather predicts a slightly decreased coherence
time for increasing disorder.

On the other hand, as the precursor of KPZ physics in a linearized analysis is typically given by
the softening of the Bogoliubov modes, the faster decaying modes reported in Fig. 4.16.a hint to a
suppression of the effective nonlinear coupling responsible for the KPZ-broadened linewidth. This
intuition is quantitatively tested by repeating our calculation of the coherence time for different
system sizes. As we have seen in Fig.3.7, the KPZ nonlinearity has in fact no effect on small
systems, but it dramatically reduces the coherence of large systems.

Panels b) and ¢) of Fig. 4.16 fully confirms this mechanism. For the small N, = 32 system size
for which Fig.3.7 showed an accurate agreement with Schawlow-Townes, we find in panel b) that
no enhancement is present and the coherence time remains nearly constant up to the threshold
value W, for which topological protection is broken. Panel c) show the same data on a different
scale, with the coherence time normalized to the Bogoliubov-Schawlow-Townes prediction plotted
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in the inset of panel a). For small lattices N, = 32, the relative coherence time 7./7s7 ~ 1
up to W,, showing that the Bogoliubov-Schawlow-Townes prediction is accurate and the KPZ
nonlinearity plays no role. For the large system with N, = 128, the relative coherence time 7./7s7
is suppressed at small disorders by the KPZ nonlinearity and only recovers the unit value as the
threshold W, is approached and the KPZ nonlinearity is no longer effective. We have checked that
these considerations remain valid for different noise distribution D, ,, as it is displayed in Fig. S9.

Work in progress (Amelio and Carusotto [2020b]) is focusing on the direct measurement of
KPZ correlations in the disordered case. We report in Fig. 4.17 the analogue of Fig. 4.10.b but
in the presence of disorder. In particular we used a value W = 0.032J close to the threshold for
observing KPZ physics: for W below this value the clean red dashed line is recovered, while for
stronger values the scaling behavior breaks and the orange region broadens considerably. This
threshold is consistent with the crossover point one can see in Fig. 4.14 and we just discussed,
above which 7. gets enhanced.

As a last point, it is worth commenting on the dependence of these results on the specific
value of k', that is the winding number k'®* N, /(27) of the lasing mode. For a non-topological
one-dimensional system, we have seen in the blue and green datasets of Fig.4.14 that lasing at
different k'®* give very different robustness to disorder. On the other hand, we have found that
topological lasing is quite insensitive to the specific value of k!®* that can be chosen for laser
operation (Secli et al. [2019]). The simulations of the topological laser can thus be started with
arbitrary initial conditions on the field, finding almost identical behaviours at the steady—state.
This further demonstrates that the topological device is able to automatically reach a stable and
coherent steady—state emission.

4.5 Discussion®

( this Section builds on (Amelio and Carusotto [2019]) )

Our calculations are based on a simple model that brings together two main ingredients: lasing,
meant as an archetype of nonlinear physics, and topologically protected chiral edge states. We
give a rather complete treatment of this model. However, many additional elements that would
be essential to quantitatively describe real-life devices have been neglected in our study. In this
subsection we discuss to what extent our results are expected to apply to realistic devices, in
particular the recent semiconductor-based realizations (Wittek et al. [2017], Bandres et al. [2018],
Bahari et al. [2017], Zeng et al. [2020], St-Jean et al. [2017], Parto et al. [2018]), and in which
properties the main deviations are expected to occur.

First of all, we have focused our attention on an idealized gain medium with a temporally
instantaneous response. This is a good approximation for a gain medium with a fast relaxation
rate, in which the electronic dynamics in the medium can be adiabatically eliminated in favour of
the electromagnetic field dynamics. Furthermore, we have assumed that the optical nonlinearity
reduces to gain saturation, and does not affect the real part of the refractive index. This would
be a good approximation only if laser operation occurs near the center of the amplification band,
otherwise mode pulling effects typically set in.

While these elements are essential in order to make quantitative predictions for a specific device,
we do not expect they will introduce qualitative changes: as it was shown in (Gladilin et al. [2014],
He et al. [2015], Squizzato et al. [2018]), the characteristic length and time scales over which the
KPZ regime is observed are of course modified in the presence of reactive optical nonlinearities,
but not the universal scaling behaviour. Of course, this is valid as long as the additional features
—in particular the slow carrier dynamics— do not introduce dynamical instabilities akin to those
predicted in (Longhi et al. [2018], Baboux et al. [2018], Loirette-Pelous [2020]) or multi-mode lasing
behaviours. Inspection of the experimental spectra reported in (Bahari et al. [2017], Harari et al.
[2018]) agree with our numerical calculation in giving a stable single-mode emission, so this does
not appear to be a concern for existing experiments.

Concerning the coherence time, it is well known that the details of the gain medium (Whittaker
and Eastham [2009], Pick et al. [2015]) can have a sizable impact on the linewidth, but they typically
do not change the exponential functional form of the long time coherence decay. In particular,
the intensity-dependence of the refractive index is typically responsible of an additional linewidth
broadening effect as intensity fluctuations translate (often in temporally non-local way determined
by the carrier dynamics) into fluctuations of the cavity mode frequency and thus in a diffusion
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of the phase. The ensuing linewidth broadening effect is quantified by the so-called Henry factor,
which in semiconductor lasers can be as large as a few tens. In realistic topological lasers, we
expect that this broadening source will sum up with the Petermann factor and the broadening
factor arising from the nonlinear phase dynamics illustrated in Fig. 3.7.

The effect of a non-instantaneous response of the gain medium requires some distinctions. On
one hand, a slow carrier dynamics breaking our adiabaticity assumption should not introduce
any additional linewidth broadening effect (Pick et al. [2015]). On the other hand, the restricted
frequency-band of gain that is often associated to a non-instantaneous response of the gain medium
may enhance both spatial and temporal coherence since lasing typically occurs at the point of
maximum gain and the weaker amplification of fluctuating side-modes results in a faster effective
damping v in (3.48) and 7 in (4.39). A theoretical study of the role of a frequency-dependent
amplification in favoring laser operation in the topological edge modes over bulk modes as observed
in (Bahari et al. [2017]) will be the topic of a forthcoming publication (Secli and Carusotto [2019]).

Another important issue to be carefully considered is the actual validity of the tight-binding ap-
proximation in a specific topological system and the possibility of a complex nonlinear dependence
of the tight-binding parameters on the circulating light intensity. The tight-binding approximation
performed in our calculations consists in solving the nonlinear dynamics of the field on a dis-
crete lattice of coupled single-mode resonators instead of dealing ab initio with the full nonlinear
Maxwell equations in the microscopic geometry of the underlying topological structure. Powerful
methods to this purpose have been developed, e.g. the so-called SALT — Steady-state Ab initio
Laser Theory (Tiireci et al. [2006]) but they remain computationally very expensive compared to
the tight-binding model: they allow to compute the deterministic steady-state and then compute
the Schawlow-Townes linewidth within the linearized approach, but have never been pushed to
more subtle KPZ features. Also the recent works on KPZ physics in lasers (Altman et al. [2015],
Gladilin et al. [2014], Ji et al. [2015], He et al. [2015], Lauter et al. [2017], Squizzato et al. [2018]) did
not start from a microscopic description of the system, but were rather based on model equations
of the Complex Ginzburg Landau family.

Since our conclusions on the spatio-temporal coherence are based on universal properties, we can
anyway expect they are independent of the underlying microscopic model, so they should extend to
generic realizations of the topological laser concept, irrespectively of the material platform under
investigation. The only crucial assumption is that the dynamics can be described by a unique
classical stochastic field, or in the laser terminology that the emission is a single mode one. This
assumption needs to be verified ab initio for each model, and it remains to be investigated to what
extent topology can help to phase-lock the field at the different sites of the array into a single,
spatially extended mode. Certainly, the fact that the edge and bulk HH modes have very different
spatial profiles can be helpful to achieve this goal, as studied in more detail by Noh et al. [2020],
who managed to get single-mode operation by exploiting the fact that for large enough topological
bandgaps one cavity mode has a quality factor considerably larger than the other modes, and as
pointed out also in connection to supersymmetric laser arrays (Khajavikhan et al. [2020]).

4.6 Conclusions

In this Chapter we have investigated the spatio-temporal coherence properties of topological arrays
of coupled laser resonators, discussing analogies and differences between lasing in a non-topological
one-dimensional chain and chiral edge-state lasing in a 2D topological Harper—Hofstadter lattice,
introduced in Section 4.1. A main focus of our work has been to clarify how the spatial fluctuations
of a non-equilibrium classical field impact on its temporal coherence.

To attack this question, the Bogoliubov spectrum and temporal coherence have been computed
in Section 4.2. In particular, for relatively small systems in the Schawlow-Townes regime the
topological laser emission is by a transverse Petermann factor very close to one: this further
clarifies the nature of the topological localization on the edge, proving that the coherence is not
affected by the geometry of the cavity, as it instead occurs for lasing in open resonators. For all
practical purposes the coherence time is then determined by the total number of photons in the
device.

Moreover, provided one reasons in the reference frame moving at the group velocity of the chiral
mode, the results of Chapter 4.3 are found to directly apply to the chiral laser emission in the
edge states of extended topological devices. More precisely, the Kardar-Parisi-Zhang universality
is numerically demonstrated and also concerning the very long time coherence the KPZ physics
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starts playing a central role in larger lattices, where the Schawlow-Townes linewidth gets strongly
broadened by the nonlinear dynamics of spatial fluctuations.

The key novelty of topological lasing is visible in disordered systems, discussed in Section 4.4.
While for clean samples the spatio-temporal correlations behave very similarly for the topological
and trivial devices, topological protection entails a much larger resilience to fabrication imperfec-
tions. For the non-topological arrays, static disorder is in fact able to spatially localize the lasing
mode and/or break it into several disconnected and incoherent pieces. On the other hand, the
topological protected chiral motion of the edge state of a topological laser device is able to phase-
lock the different sites and thus maintain the spatial and temporal coherence across the whole
sample up to much larger values of the disorder strength on the order of the topological gap. In
this regime, the many individual sites participating to the topological lasing operation emit in a
coherent way as a single, very large and powerful laser in spite of fabrication disorder. These re-
sults open exciting perspectives both for technological applications and for studies of fundamental
physics using topological lasers.

From the theoretical point of view, ongoing research includes the classification of the different
Kardar-Parisi-Zhang universality subclasses for our model (Squizzato et al. [2018]) and the exten-
sion of our study to arrays of realistic semiconductor lasers and other kinds of non-equilibrium
condensates, e.g. exciton-polaritons. As we argued in Section 4.5, since our results on the coher-
ence properties are based on universal properties of the stochastic spatio-temporal field dynamics,
we expect that our conclusions apply, with a proper rescaling of the coherence length and time, also
to class B devices provided the laser emission is a single mode one. In this respect, the important
open question is to assess whether the topology is able to overcome the different destabilization
mechanisms that hinder single mode laser operation in spatially extended semiconductor laser ar-
rays. On a longer run, a natural step involves the generalization of the topological laser concept
to photonic lattices in higher dimensionalities and with different band topologies (Ozawa et al.
[2019]), possibly exploiting the synthetic dimension concept for mode-locked emission (Yang et al.
[2020]).

From the experimental side, the effectively periodic boundary conditions naturally enjoyed by
a chiral edge mode are extremely promising to suppress undesired spatial inhomogeneities and
boundary effects in experimental studies (Baboux [2020]) of the critical properties of different
non-equilibrium statistical models.

On the application side, we have shown that the coherence properties of a topological laser are
robust against the static fabrication disorder that is unavoidably present in any realistic system.
While a marked robustness to disorder was established for the single-mode character of the emission
and the power slope efficiency of the laser device in (Harari et al. [2018]), here we have demonstrated
that robustness also holds with respect to the coherence properties of the emission. This confirms
the strong promise that topological lasers hold for practical opto-electronic applications.
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Conclusions and Outlooks

In this Thesis we have studied the physics of polariton fluids and laser arrays in different regimes.
Here we want to summarize the most important results and future research directions, leaving to
the Conclusions of each Chapter for more details and for the reference to the specific Sections.

Part T deals with resonantly driven polariton fluids: in Chapter 1 we presented a numerical
study of steady-state flows off a finite laser spot. In particular, we highlight the extremely non-
linear response of the flow to the pump parameters, correcting some wide-spread misconceptions
in the literature: our work thus candidates as the fundamental theoretical reference for studies of
polaritons ejected by a finite laser spot. The experimental investigation of the quantum pressure
term is being currently pursued by Alberto Bramati’s group.

In Chapter 2 we treat polariton dynamics in the presence of dark excitonic states. The Chapter
revolves around the experimental measurement of the polariton dispersion relation and the obser-
vation of a reduced speed of sound with respect to a fully coherent polariton model. We show that
this feature can be accounted for by the presence of an incoherent excitonic reservoir and we can
provide estimates of the reservoir contribution to the total polariton blueshift. Moreover, we point
out the crucial difference of the impact of the reservoir on static versus dynamical properties, also
in the light of a formal Galilean boost argument. We expect these conclusions to inform quite
generally on driven nonlinear waves coupled to a density variable with a slow dynamics.

In Part 2 we turn to lasing systems and incoherently driven polariton condensates, where the
macroscopic state spontaneously break the microscopic U(1) symmetry. The general goal of this
Part is understanding how spatial fluctuations affect temporal coherence in low dimensional and
topological systems.

In Chapter 3 we have elucidated the behavior of large 1D laser arrays or polariton quasi-
condensates at very long times, when the KPZ universal physics turns into a Scahwlow—Townes-like
phase diffusion. This is characterized by a linewidth which experiences an extra broadening sensible
to the lack of long range order. Our results propose the linewidth as a very interesting observable
for future studies of non-equilibrium fluids. Current research is also focusing on the quantitative
understanding of the non-trivial linewidth behavior with the system size, on the application of these
concepts to other models and on the relevance of our analysis for experimentally available laser
arrays. In particular, an intriguing question concerns the limits of applicability of the Bogoliubov
method to real devices, since in traditional laser theory this approach is completely absent; the
treatment of multimode lasing within this formalism represents a closely related challenge.

Finally, in Chapter 4 we report the first study of the coherence properties of a topological laser
and illustrate the structure of the spatio-temporal correlators of the edge mode laser emission. In
particular, a dimensional reduction is carefully discussed; moreover, while for small system sizes
the Bogoliubov analysis is valid, for large enough systems the results of Chapter 3 apply after a
proper change of frame. In the Bogoliubov regime, the computation of Petermann factors very
close to 1 confirms the nature of edge mode lasing, in contrast to the case of gain guiding in
open resonators. Our method provides an elegant generalization of the usual approach to the
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Petermann factor, and it will be interesting to apply it to other situations (Appendix A is a first
small anticipation of this program). Another remarkable result is the robustness of the coherence
properties to disorder, which (up to a certain threshold) surprisingly helps in stabilizing the device.
In the close future, it will be very interesting to study existing devices and try to probe the generic
behavior of the correlation functions found here. Our work represents also an important step
towards understanding the potential of topological semiconductor lasers for practical applications.
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Appendix A: Petermann factor of two
coupled resonators

Here we want to compute the Petermann factor of a simple system by applying the Bogoliubov
method described in Eqs. (4.29,4.37). The system we consider consists of two resonators with the
same bare frequency which we set to zero, coupling J and losses v1,72. The crucial ingredient,
though, is that we amplify only the first resonator with pumping rate P. The equations of the two
oscillators then read

i P

2 |1+ [nf?/ns

. 1
10ptpy = —J9p1 — 5721#2-

It is easy to check that, for J > /2, the steady-state 1;(t) = 1?e =0t satisfies

1001 = —Jho + - 7| ¥,

J 0

0 —_—
¢2 W0+172/2w1

wo = £V J?% = (72/2)?

|¢?‘2:nS(P/712—1) ) Yi2 =7 + 7Y2-

Also notice that the two resonators have the same steady-state intensity 19 = [1/9|e’®; moreover,
when v < J, ¢ ~ 75/J. This solution is stable above the exceptional point J > 2 of the
bare system, see (Zhang et al. [2018]) and references within for exceptional points and linewidth
broadening.

The Bogoliubov equations read

051 = (~w+ 5920001 — J60n — ST (%1 +6¢5)

10¢01)2 = (—wo — %72)5¢2 — Joy

corresponding to the Bogoliubov matrix

—wo — 5(T —72) —5T —J 0
L= —2 wo — 5(I' = 72) 0 J
—J 0 —Wo — %’)/2 0 )
0 J 0 Wy — %"}/2

where I' = v12(P — 712)/P.
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Applying the strategy discussed in Eqs. (4.29,4.37), the resulting Petermann factor is presented
in the plot below, obtained for v = 75 = «. In this model the distortion of the bare mode that
produces the Petermann factor is not a modification of the intensities of the two resonators but a
relative phase twist.
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