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Artificial lattices of coherently coupled macroscopic states are at the heart of applications ranging from
solving hard combinatorial optimisation problems to simulating complex many-body physical systems.
The size and complexity of the problems scales with the extent of coherence across the lattice. Although
the fundamental limit of spatial coherence depends on the nature of the couplings and lattice parame-
ters, it is usually engineering constrains that define the size of the system. Here, we engineer polariton
condensate lattices with active control on the spatial arrangement and condensate density that result in
near-diffraction limited emission, and spatial coherence that exceeds by nearly two orders of magnitude
the size of each individual condensate. We utilise these advancements to unravel the dependence of
spatial correlations between polariton condensates on the lattice geometry. © 2020 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Synchronisation and the emergence of coherence between cou-
pled elements are universal concepts arising in nature and tech-
nology [1]. They dictate collective human behaviour [2], func-
tioning of neurological systems [3], as well as phase transitions
of quantum systems to macroscopically collective entities at low
temperatures [4]. For small-size systems such as two mechani-
cal pendulums coupled through a common support [5] or two
coupled laser cavities [6] frequency locking of the two elements
depends on the inter-element coupling strength in competition
with any inherent dephasing mechanisms. In larger systems con-
sisting of many interacting elements, such as social structures
or coupled laser networks the underlying coupling topology
(or network architecture) critically influences the dynamics and
coherence formed in these systems [7, 8]. Engineering spatial
coherence in such large networks is a key element for increasing
system performances in power grids [9], novel computational
devices for classification tasks [10] or laser arrays for creation
and control of high power beams [11].

Lattices of coupled condensates are investigated for the sim-
ulation and computation of complex tasks in atomic [12–14],
photonic [15] and polaritonic [16–18] platforms. Functionality
and computational performance of these systems is ultimately
limited by the system’s spatial coherence length, i.e. how many
condensates can coherently be coupled. From a more funda-
mental point of view, increasing the coherence allows one to

construct a larger many-body system and approach the ideal
limit of a homogeneous “infinite” order parameter, which is
essential for the study of phase transitions in interacting bosonic
systems such as the Berezinskii-Kosterlitz-Thouless transition in
two-dimensions (2D) [19].

Macroscopically coherent systems of exciton-polaritons, hy-
brid light-matter quasiparticles [20], bring together the speed
and optical control of photonic platforms and the nonlinearities
found in strongly interacting matter systems. As such, polariton
lattices offer an all-optical control over the reconfigurable non-
Hermitian potential landscape and the in-plane particle current
provided by optical imprinting of excitonic reservoirs [21–25].
In the case of polariton condensates in semiconductor micro-
cavites, measurements were initially limited to small condensate
sizes [26–29] but advancements in sample fabrication and exper-
imental techniques now allow studies on their coherence proper-
ties as extended objects far away from the excitation area [21, 30],
in optical traps [31, 32], and photonic microstructures [33]. The
emergence of correlations beyond the spatial extension of the
laser excitation area has underpinned the creation of networks
and lattices of polariton condensates.

Here, we engineer control over the particle density and posi-
tion of each polariton condensate across a polariton lattice under
non-resonant optical excitation. We overcome the challenge of
disorder induced localisation and dephasing by employing a
feedback scheme for each individual laser spot, balancing the
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condensate density and allowing us to accurately study the de-
cay of coherence across different coupling topologies. The result
is a homogeneous macroscopic, high energy, condensate lattice
with coherence length exceeding multiple lattice cells and near-
diffraction limited emission. Generating such large condensate
lattices by using multiple excitation sources allows us to go
beyond the standard single-excitation source limit [21, 30] over-
coming beam size limitations, beam profile inhomogeneities,
and condensate fragmentation [20]. We observe that the connec-
tivity of the lattice significantly enhances the system’s coherence
length due to increased coherent coupling between adjacent
condensates.

2. RESULTS

We optically generate lattices of coupled polariton condensates
using non-resonant, pulsed and tightly-focused laser excitation
spots for each condensate node (see Supplementary Section
S1 for methods). Exemplary plots of optically engineered ho-
mogeneous lattices in square and triangular configuration are
illustrated in Figure 1(a). Polaritons generated at each conden-
sate node convert inherited potential energy into kinetic energy
resulting in a radially (ballistically) expanding polariton fluid
from an antenna like source [34, 35]. When two or more ex-
panding condensates are brought together, interference effects
are revealed implying phase synchronisation between the con-
densation centres and the emergence of a macroscopic order
parameter [17, 22, 23, 35–37]. The striking homogeneity and
large visibility of interference fringes in our optically-stabilised
polariton lattices shown in Figure 1(a) indicate long-range coher-
ence across the condensate systems.

The spatial coherence in a network (or lattice) of N polariton
condensates generated under pulsed excitation is described by
the integrated complex coherence factor (see Supplementary
Section S2)

µ̃ij =

∫
Γij(t)dt√∫

Γii(t)dt
∫

Γjj(t)dt
, i, j = 1, ..., N. (1)

Here, the correlation function Γij(t) =
〈

ψi(t)∗ψj(t)
〉

denotes the
mutual intensity of each pair of condensates averaged over many
realisations (pulses) of the system, and ψi(t) is the complex-
valued amplitude of the ith condensate. While the modulus of
the complex coherence factor |µ̃ij| ≤ 1 is a normalised measure
for the coherence between two condensate nodes its argument
θ̃ij = arg(µ̃ij) represents their average phase-difference.

A. Condensate density stabilisation
We utilise a reflective liquid-crystal phase-only spatial light mod-
ulator (SLM) to modulate the Gaussian excitation pump beam
in the Fourier plane of the optical excitation system to generate
desired excitation pump spot geometries at the focal plane of the
microscope objective lens (see schematic in Figure 1(b)). Phase
holograms are calculated using a modified version of the well-
known Gerchberg-Saxton (GS) algorithm [38], in which the mea-
sured polariton photoluminescence (PL) of the condensate lattice
feeds back into the closed-loop sequence (see Supplementary
Section S3 for a full description). Iterative nonlinear adjustment
of the excitation pump profile allows us to create macroscopic
lattices of > 100 condensates with homogeneous condensate
node density (≤ 1% relative standard deviation (RSD)) across
the whole lattice.

In Figure 1(c) we compare the measured emission of all con-
densate nodes in a triangular lattice of 61 elements and lattice
constant a = 14.9 µm when using 100 iterations of the conven-
tional GS algorithm (blue squares) and the presented condensate
density stabilisation method (red circles), respectively. Unavoid-
able effects such as sample disorder, finite accuracy of the GS
algorithm, optical aberrations and missing translational invari-
ance due the finite size of the lattice [39] all contribute to a broad
distribution of effective gain for each condensate node and, thus,
to a large spread ≈ 37% (RSD) in the distribution of condensate
emission powers for the case of no condensate density stabil-
isation. Active stabilisation of the lattice using the described
closed-loop sequence allows us to compensate for these detri-
mental elements and yield a reduced spread ≈ 1% (RSD), which
is limited by experimental noise in the system.

The near-field (or real space) polariton photoluminescence
(PL) measured at pump power P = 1.2Pthr, where Pthr is the
system’s condensation threshold pump level, is shown in Fig-
ures 1(d) and (e) for both excitation schemes. The presence
of interference fringes with large visibility in-between ballisti-
cally expanding condensates demonstrates mutual coherence
between nearest neighbour condensates. However, the lack of
homogeneity in the spatial distribution of interference fringes
in Figure 1(d) for the case of no density stabilisation indicates
a broad distribution of relative phase-difference θij between
nodes. This is further confirmed by detailed measurements of
the integrated complex coherence factor µ̃ij (see Supplementary
Sections S4 and S5 for experimental details). In Figures 1(f) and
(g) we plot magnitude |µ̃1j| and phase θ̃1j between the central
condensate node 1 and each other condensate node j using false-
color and pseudo-spins (black arrows). We find an enhanced
and isotropic spatial decay of coherence |µ̃1j| and larger homo-
geneity in relative phase-differences θ̃1j for the density stabilised
polariton lattice. The noticeable increase of phase-differences
θ̃1j - or analogous rotation of pseudo-spins - towards the edges
of the lattice is an expected finite-size effect due to a flux of
particles escaping the system [39]. In the ideal scenario of an
infinite triangular lattice, with homogeneous condensate occu-
pation numbers, one retrieves a homogeneous distribution of
phase differences due to the system’s translational invariance
(see Supplementary Section S6).

The polariton condensate lattice is further probed by far-
field (or reciprocal space) measurements in analogy to time-of-
flight experiments in cold atom systems [19] (see Supplemen-
tary Section S4 for experimental methods). A zoom into the
first Brillouin zones of the recorded far-field emission pattern is
shown in Figures 2(a) and (b) for the two lattice realisations with
and without node density stabilisation pumped at P = 1.2Pthr.
For comparison, we illustrate in Figure 2(c) the calculated far-
field emission of 61 superimposed fully-coherent point-sources
(wavefunctions) in triangular arrangement which shows good
agreement with the emission pattern of the stabilised condensate
lattice. We compare the width of the central far-field emission
peak at k = 0 for the three cases shown in Figures 2(a-c) by
plotting the corresponding extracted intensity profiles along
kx = 0 in Figure 2(d). The lobe of the calculated fully-coherent
system (black line) represents the diffraction limited interference
peak. We extract the central lobe’s full-width-at-half-maximum
(FWHM) for varying pump power P as shown in Figure 2(e) and
find near-diffraction limited far-field emission for the density
stabilised lattice (red dash-dotted line), i.e. a minimum width
at P = 1.17Pthr which is only ≈ 13% larger than the diffraction



Research Article Optica 3

(a)

CCD

SLM

MC

MO

BS

LP

(b)

Polariton emission

Phase hologram

Nonlinear
pump

adjustment

(a)

Fig. 1. Closed-loop density stabilisation in polariton lattices. (a) Three-dimensional views of the experimentally recorded conden-
sate photoluminescence |Ψ|2 of a stabilised polariton lattice in square (left) and triangular (right) configuration with lattice constant
a = 12.1 µm and a = 14.9 µm, respectively. (b) Schematic of the feedback loop that iteratively analyses the emission and adjusts
the pump profile to equalise the emission intensities of all condensate nodes. (c) Integrated emission of 61 condensate nodes at
condensation threshold (P = Pthr) in a triangular lattice configuration (a = 14.9 µm) without (blue squares) and with (red circles)
density stabilisation. Inset depicts the condensate number indexing. (d,e) Recorded real-space photoluminescence and (f,g) mea-
sured complex coherence factor µ̃1j between the central condensate node 1 and each other condensate node j without and with
density stabilisation, respectively. False colourscale and pseudo-spins (black arrows) depict magnitude |µ̃1j| and phase θ̃1j. Data
shown in (a) and (d-g) are extracted at a total pump power P = 1.2Pthr. Scale bars in (d-g) correspond to 20 µm. Plot elevation
and false-color in (a) both represent the measured condensate density in logarithmic scale saturated below 0.8 % and 2.2 % for
square and triangular lattice, respectively. Abbreviations in (b): SLM - spatial light modulator, BS - beam splitter, MO - microscope
objective lens, MC - microcavity, LP - longpass filter, CCD - Charge-coupled device.

limit of a fully-coherent system (black horizontal line). Without
active condensate density stabilisation (blue dashed line) the
peak width increases to ≈ 47% at the same pump power. The
observed broadening of the far-field emission peak in the phys-
ical system is a result of both reduced coherence |µ̃ij| and non-
homogeneous phase distribution µ̃ij. The system’s pump-power
dependencies are summarised in Supplementary Section S7.

B. Coherence vs. Dimensionality

In this section we begin by investigating the coherence between
two ballistic polariton condensates. Previous studies of this sys-
tem have revealed periodically alternating synchronisation pat-
terns of in-phase (θ̃12 = 0) and anti-phase (θ̃12 = π) states with
increasing condensate separation distance d12 [35, 36]. While
there exist separation distances at which the emission of the
coupled condensate system is not single-mode but exhibits two

or more modes of both even and odd parity states [35, 36], in
the following, we focus on single-mode realisations only. Under
this condition the integrated complex coherence factor µ̃12 is a
measure for the system’s average coherence properties. In Sup-
plementary Section S8 we detail on the time-resolved coherence
build-up µ12(t) of a polariton dyad.

Recorded near-field and far-field PL of two condensates sep-
arated by d12 = 12.7 µm and pumped equally at P = 1.2Pthr
are shown in Figures 3(a) and (b). The interference patterns
in both emission images reveal anti-phase synchronisation be-
tween the two condensates (θ̃12 = π) due to the even number of
interference fringes. Far-field emission consists predominantly
of PL at large in-plane wavevector k = 1.8 µm−1 demonstrating
the ballistic expansion of both condensates due to the strong re-
pulsive interactions between polaritons and the pump-induced
exciton reservoirs localised at each condensate center [40]. In
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Fig. 2. Emission characteristics of a triangular polariton lattice
in reciprocal space. First Brillouin zones of the far-field emis-
sion for a triangular polariton lattice of 61 condensates excited
(a) without feedback, (b) with feedback and for (c) a calculated
ideal system of 61 coherent phase-synchronised point sources.
(d) Extracted profiles of the central Bragg peak along kx = 0
for the far-field emission patterns shown in (a-c). (e) Extracted
FWHM of the central Bragg-peak as a function of total excita-
tion pump power. Data shown in (a,b,d) are recorded at pump
power P = 1.2Pthr.

Figure 3(c) we show the recorded far-field interference pattern
when spatially filtering the central 2 µm FWHM of each conden-
sate. Analysis of this double hole interference pattern reveals a
large coherence factor |µ̃12| = 0.9. Increasing the separation dis-
tance d12 while keeping the the pump power P constant leads to
a decay of coherence |µ̃12| between the two condensate centres
such that at d12 = 89.3 µm no interference pattern can be found
in near-field an far-field emission as shown in Figures 3(d-f).

The dependency of the measured coherence |µ̃12| on the
pump spot separation distance d12 is shown in Figure 3(g) as
blue circles and is fitted with a Gaussian decay

|µ̃12(d12)| = exp

{
−π

4

(
d12
Lc

)2
}

. (2)

The fit parameter Lc = 24.9± 0.4 µm represents a measure for
the length over which synchronisation of the two-condensate
system is possible, and we denote it as the effective coherence
length,

Lc =
∫ ∞

0
|µ̃12(x)|dx.

We reproduce the experimentally measured decay of mutual
coherence between two coupled polariton condensates through
2D numerical simulation using the generalised stochastic Gross-
Pitaevskii equation (GPE) shown in Figure 3(g) as yellow squares
(see methods in Supplementary Section S1). The dependency
of coherence |µ̃12| as a function of pump power P between two
coupled condensates with separation distance d12 = 12.7 µm is
depicted in the inset of Figure 3(g) for both experiment (blue cir-
cles) and numerical simulation (yellow squares). An increase of
coherence between the two condensate nodes arising at conden-
sation threshold is followed by a drop of |µ̃12| for larger pump

Fig. 3. Ballistic expansion, coupling and interference of two
polariton condensates. Recorded (a,d) real-space and (b,e)
far-field PL of two condensates with separation distances
d12 = 12.7 µm and d12 = 89.3 µm. Corresponding far-field in-
terference patterns after masking of the emission in real space
to block all emission outside the 2 µm FWHM of each conden-
sate node are shown in (c) and (f). (g) Distance dependence of
the integrated complex coherence factor |µ̃12|, while keeping
the excitation pump power constant at P = 1.2Pthr, where
Pthr is the measured threshold pump power at a distance of
d12 = 12.7 µm. Blue circles correspond to experimental data
and orange squares to GPE simulations. Red curve is a Gaus-
sian fit (Equation (2)) to the experimental data points. Inset
shows the pump power dependence of the coherence between
two condensates separated at d12 = 12.7 µm. False color
scale in (f) applies to (b,c,e,f) in linear scale and to (a,d) in log-
arithmic scale saturated below 10−4 of the maximum count
rate. Scale bars in (a,d) and (b,c,e,f) correspond to 10 µm and
1 µm−1, respectively.

power P > 1.2Pthr. This decrease in |µ̃12| is largely attributed
to the transition of the system into multi-mode operation [36]
yielding reduced visibility in time-integrated measurements. We
point out that the system realisations which are shown in the
distance-dependence in Figure 3(g) exhibit single-mode emis-
sion only. The decrease in coherence with increasing separation
distance is caused by the spatial decay of the wavefunction of
ballistically expanding polariton condensates [35], i.e. a reduced
coupling strength between the two condensate nodes. In Sup-
plementary Section S9 we compare our results to a dyad under
continuous wave excitation.

Next, we increase the number of condensates by investigating
a linear chain of 11 equally spaced condensates with nearest-
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Fig. 4. Finite 1D lattice of ballistically coupled polariton condensates. Recorded (a) near-field and (b) far-field PL for 11 condensates
arranged in a chain with lattice constant a = 12.1 µm. (c) Correlation matrix illustrating measured mutual coherence factor |µ̃ij| and
phase factor θ̃ij = arg (µ̃ij) for each pair of condensates i 6= j. Condensate indexing is shown in (a). (d) Spatial decay of the aver-
aged mutual coherence factors |µ̃ij| from experiment (blue circles) and from GPE simulation (orange squares). Error bars represent
the standard deviation of the set of coherence factor values for each separation distance dij. Red curve is an exponential fit to the
experimental data points. The pump power is kept at P = 1.2Pthr for all data shown in (a-d). Scale bars in (a) and (b) correspond to
20 µm and 1 µm−1, respectively.

neighbours (NN) distance a = 12.1 µm. The resultant interfer-
ence patterns in both real and reciprocal space shown in Fig-
ures 4(a) and (b) indicate anti-phase synchronisation, i.e. phase
differences between any pair {i, j} of condensates according to

θ̃ij = π · (i− j) mod π, (3)

with condensate indexing shown in Figure 4(a). Such order
can be said to be “antiferromagnetic”. It differs from the in-
phase synchronisation, or “ferromagnetic” order, shown for the
triangular lattice in Fig. 1(g) due to the difference in lattice con-
stant [17].

We measure and analyse the far-field interference between
each pair of condensates i 6= j. Extracted magnitude |µ̃ij| and
phase θ̃ij of the integrated complex coherence factor are illus-
trated in matrix form in Figure 4(c) with row and column indices
i, j denoting the pair of condensates, where we make use of the
hermiticity of the correlation matrix µ̃ij = µ̃∗ji. In agreement
with Equation (3) we confirm anti-phase synchronisation be-
tween NNs (antiparallel pseudo-spins). For large condensate
pair distances, |i − j| � 1, the coherence factor µ̃ij decays in
magnitude and its phase deviates from Equation (3) indicating
loss of long-range antiferromagnetic order. In Figure 4(d) we
show the decay of coherence |µ̃ij| in the chain as a function of
condensate spacing dij (i.e., lattice constant a is fixed). The data
are fitted with a single exponential decay (red curve)

|µ̃ij| = exp
{
−dij/Lc

}
, (4)

which yields a coherence length Lc = 35± 1 µm.
In a next step, we increase the system size to a 2D square

lattice comprising 121 condensates with lattice constant a =
12.1 µm. The interference patterns in near-field and far-field
PL which are shown in Figures 5(a) and (b) reveal anti-phase
synchronisation in analogy to the 1D system in Figure 4. We
measure µ̃1j between the central condensate (index 1) and all
other condensate nodes j = 2, ..., 121 plotted in Figure 5(c). The

observed antiferromagnetic order (µ̃1j ≈ ±1) reduces with dis-
tance from the centre seen from the pseudo-spin rotation to-
wards the edges in Figure 5(c) due to flux of particles escaping
the lattice. However, coherence |µ̃1j| between the most central
condensate and any other condensate of the lattice does not
drop below 0.3 for separation distances as large as d1j = 86 µm
towards the corners of the lattice. The spatial decay of coher-
ence |µ̃1j| is shown in Figure 5(d) and fitted with an exponen-
tial function (Equation (4), red curve) with coherence length
Lc = 87± 1 µm.

To compare the obtained results, we summarise in Figure 6(a)
the spatial decay of coherence for four different types of net-
works; two coupled condensates, 1D chain, and 2D square and
triangular lattices. For the lattices the data points for different
separation distances dij correspond to different pairs of conden-
sate nodes {i, j}. For the polariton dyad the physical separation
distance between the two condensate nodes is changed. In all
cases the pump power was chosen such as to maximise the co-
herence |µ̃12| between a pair of NNs in the system. In Figure 6(c)
we illustrate the extracted (effective) coherence length Lc versus
the average number of NNs in each system. It is apparent that
the coherence length Lc is increasing for systems with larger
connectivity which we explain in the following. Interestingly,
the mutual coherence between NNs in the 1D chain (dij = a)
is noticeably lower than in the other systems. Perhaps most
surprisingly, the chain’s coherence is lower than the dyad for
small dij and then overtakes it around d & 25 µm. The quali-
tative difference between the observed decay of coherence in
the dyad (Gaussian) compared to the lattice systems (exponen-
tial) can possibly be attributed to the fact that the lattices are
characterized by Bloch waves moving from unit cell to unit cell
which can experience amplification from the pump spots. In
the dyad, however, empty space separates the two condensates
and the plane waves traveling between them decay quickly with
increasing separation distance.

We attribute the origin of increased spatial coherence for
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Fig. 5. Finite two-dimensional square lattice of ballistically coupled polariton condensates. Recorded (a) near-field and (b) far-field
PL for 121 condensates arranged in a square lattice with lattice constant a = 12.1 µm. Spatial correlation map showing mutual
coherence factor |µ̃1j| and phase factor θ̃1j = arg (µ̃1j) between the most central condensate (index 1) and each other condensate
(index j). (d) Spatial decay of the averaged mutual coherence factors |µ̃1j| from experiment (blue circles) and from GPE simulation
(orange squares). Error bars represent the standard deviation of the set of coherence factor values for each separation distance dij.
Red curve is an exponential fit to the experimental data points. The pump power is kept at P = 1.2Pthr for all data shown in (a-d).
Scale bars in (a) and (b) correspond to 20 µm and 1 µm−1, respectively.

Dyad

6NN

Gaussian exponential exponential exponential

Fig. 6. Comparison of coherence between ballistically coupled polariton condensates in different networks presented in Fig-
ures 1, 3, 4 and 5. (a) Spatial decay of coherence for a two condensate system of varying size (grey triangles), a 1D chain (blue
squares), a square lattice (red squares) and a triangular lattice (black diamonds). Curves represent Gaussian and exponential fits
to the experimental data points. (b) Excitation pulse energy dependence of the mutual coherence factor |µ̃12| between the central-
most condensate (index 1) and one of its NNs (index 2) for the 1D and 2D periodic structures, and between two condensates at
d12 = 12.7 µm for the case of a dyad. The pump powers used in (a) are marked with vertical arrows and are given by P ≈ 1.2Pthr,
where Pthr is the threshold pump power for each system, respectively. (c,d) Coherence length Lc and average excitation pulse en-
ergy Ethr per condensate node at threshold versus the average number of NNs Z. (e,f) Calculated Lyapunov exponents in Γ → X
crystal momentum space (q-space) around the Γ-point (qa = 0) belonging to a square condensate lattice with small (high) particle
numbers given by yellow (black) curves.

condensate networks with larger connectivity to their reduced
population of reservoir excitons as we argue in the following.
In Figure 6(b) we compare the dependence of coherence |µ̃12|
between a pair of NNs as a function of the average excitation
pulse energy per condensate in each system. We observe a reduc-
tion of threshold pulse energy Ethr per condensate node for net-
works with larger connectivity (larger number of NNs), which is
shown in Figure 6(d) and attributed to the increased gain given
by ballistic exchange of particles between neighbouring nodes.

A lower pump energy generates a smaller reservoir of excitons
for each condensate node and since reservoir-condensate inter-
actions play a dominant role in condensate dephasing [41], a
lower threshold pump energy will generally result in increased
coherence properties.

By discretising the system into a set of interacting conden-
sates [35] one can show that threshold pump power and co-
herence length scale approximately linear with the number of
condensate NNs. Let us consider the steady state (without
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phase frustration) of frequency ν such that the discretised Gross-
Pitaevskii equation can be written,

νψn =

[
V +

i
2

(
P

ns + |ψn|2
− γ

)]
ψn + (ε + iκ) ∑

〈nm〉
ψm, (5)

Here, ψn describes the phase and amplitude of the nth with sum
over NNs, the potential V describes blueshift coming from the
condensate interactions with itself and its noncondensed particle
background, P is the laser power, ns is the condensate saturation
density, and γ is the polariton lifetime. The non-Hermitian
interaction between condensates is captured with ε and κ. The
condensation threshold (the lasing mode) belongs to the mode
with the lowest particle decay and its background reservoir of
noncondensed particles responsible for dephasing is written,

n(thr)
x = ns −

Zκ

R
, (6)

where Z is the number of NNs and R is the scattering rate of
reservoir particles into the condensate. The density of the reser-
voir n(thr)

x is proportional to the amplitude of random fluctua-
tions experienced by the condensate (see methods in Supple-
mentary Section S1) and therefore its coherence properties will
depend on the number of neighbours Z. The first order spatial
correlation function can be written,

µnm ∝ exp [− fk,ω(rnm)], (7)

where rnm is the distance vector between condensates n and m
and fk,ω is the phase-phase correlation function which deter-
mines the condensate’s long range coherence properties [42]. It
is beyond the scope of this study to calculate fk,ω given the com-
plicated spatial density of the condensate. At the length scale
of the experiment we observe an exponential decay of spatial
correlations in all cases (except for the polariton dyad) shown in
Figure 6(a) and therefore we will assume that fk,ω = |rnm|/Lc
holds. Assuming frequency independent noise processes the co-
herence length Lc becomes inversely proportional to the strength
of the noise [29, 42] and one obtains,

Lc ∝
1

γ + Rns − Zκ
' 1

γ + Rns

[
1 +

Zκ

γ + Rns

]
. (8)

The expected linear dependencies of both threshold pump
power Pthr ∝ n(thr)

x (Equation (6)) and coherence length Lc
(Equation (8)) are both indicated as gray lines in Figures 6(c,d).
We point out that similar results (increasing coherence with
larger connectivity and dimensionality in networks of coupled
elements) have been observed in other technological platform
such as in arrays of coupled VCSELs [43, 44], micromechanical
oscillator arrays [45] as well as for coupled fiber lasers [46].

It is instructive to investigate the condensate’s dispersion of
elementary excitations (fluctuations) which directly relates to
the behaviour of space-time correlations in the system. These
are also known as Lyapunov exponents in stability analysis and
characterize the stability of stationary, orbital, and chaotic solu-
tions of nonlinear differential equations [47]. For simplicity we
will focus on the case of a 2D square lattice such as displayed in
Figure 5 in a steady state (continuous wave excitation). For our
calculation of the Lyapunov exponents we will assume that we
are working in the the bulk of the condensate and therefore the
system is taken to have discrete translational invariance. This
allows us to apply Bloch’s theorem to the standard Bogoliubov

treatment and solve the Lyapunov exponents in the reduced Bril-
louin zone of the condensate-pump lattice (see Supplementary
Section S10).

In Figures 6(e,f) we plot the Lyapunov exponents around the
Γ-point of the reduced Brillouin zone for two different num-
bers of particles in the condensate. Yellow and black colored
curves correspond to N ≈ 100 and ≈ 800 particles in the con-
densate unit cell respectively for a lattice constant of a = 12 µm.
The spontaneously broken gauge symmetry of the condensate
results in a gapless spectrum λ(0) = 0 but possesses some qual-
itative differences to that of thermodynamic equilibrium con-
densates which possess a phonon-like dispersion Im(λ) at low
momenta [48]. Instead, Im(λ) (which corresponds to oscillatory
evolution of the fluctuations) shows a purely diffusive branch
Im(λ) = 0 at low momenta. This arises due to the open-ness, or
the dissipative character, of our condensate which modifies the
standard Bogoliubov dispersion of elementary excitations, lead-
ing to a bifurcation point separating diffusive and dispersive
regimes [49] and smoothing the superfluid transition around the
Landau critical velocity. It is a general result of open condensed
systems and not exclusive to polaritons.

Re(λ) corresponds to the decay (growth) rate of fluctuations
(excitations) when negative (positive) valued. In the top branch
of the pitchfork displayed in Fig. 6(f), we observe that Re(λ)
is more negative for small wavevectors as more particles are
in the condensate (black curve). This is in agreement with our
experiment where coherence increases with pump power (par-
ticle number grows and decay of fluctuations increases) up to
the point where single-mode (stationary) behaviour is lost. Our
results are similar to those obtained for spatially uniform sys-
tems [42, 49, 50] underlining that spatial details of the conden-
sate structure are not relevant to long-wavelength fluctuations.

3. DISCUSSION

We have demonstrated that the coherence properties in lattices of
polariton condensates are enhanced by balancing the condensate
emission across the system using a closed-loop feedback scheme
to adjust the excitation pump geometry. This scheme reduces
the effects of optical aberrations in the experimental system,
as well as counteracts mode localisation due to sample non-
uniformities [51] and non-homogeneous gain distribution across
the coupled condensate network. While actively controlling the
condensate lattice uniformity we have accurately determined
phase and coherence between any pairs of condensates in dif-
ferent types of networks ranging from two condensate-systems
to 1D and 2D periodic structures. The dynamics and synchro-
nisation of coupled non-linear elements is critically influenced
by the underlying coupling topology [7]. Here, we have shown
that an increase in connectivity, i.e. number of NNs, significantly
reduces the operational pump power per node and increases the
coherence length demonstrating a promising route to polaritonic
devices with networks of many coupled condensates with po-
tential application in simulators and optical based computation.
The presented measurements and techniques provide a deeper
understanding on the coherence properties of coupled light-
matter wave fluids in low dimensional quantum systems, and
qualify for other open (dissipative) networks such as laser arrays
and photon condensate lattices. Furthermore, our analysis of the
lattice condensate fluctuations reveals similar long-wavelength
dispersions to those of uniform systems which are regarded as
the ideal case from a theoretical point of view. This suggests
access to fundamental long-wavelength physics belonging to
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uniform systems by designing instead an extended condensate
lattice.
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