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Abstract	
 

The rotational response of quantum condensed fluids is strikingly distinct from rotating 

classical fluids, especially notable for the excitation and ordering of quantized vortex 

ensembles. Although widely studied in conservative systems, the dynamics of open-

dissipative superfluids such as exciton-polariton condensates remain largely unexplored in 

this context, as they require high-frequency rotation whilst avoiding resonantly driving the 

condensate. To address this challenge, we employ a new technique which uses the 

interference of two off-resonant, frequency-offset laser modes, with two different spatial 

profiles: Gaussian and Laguerre-Gaussian. The resulting intensity profile has broken axial-

symmetry and rotates at the offset frequency. We experimentally demonstrate that this 

dynamic pump both creates and drives rotation of a spontaneously formed polariton 

condensate. We directly image and characterize the acquisition of angular momentum with 

rotation frequencies up to 8 GHz, accompanied by numerical modelling which reveals the 

crucial role that mechanical and non-Hermitian mechanisms play in driving condensate 

rotation. The demonstration of this technique enables new opportunities for the study of 

open-dissipative superfluidity, ordering of non-Hermitian quantized vortex matter, and 

topological states in a highly non-linear, photonic platform. 

 

Teaser	

Using an optical stirrer, we drive rotation of a superfluid of light at GHz frequencies. 

 

Introduction	

A defining characteristic of superfluid phases of matter (1) is their unique response to external 

forces. Subjected to a longitudinal force, the superfluid flow is frictionless below a critical 

velocity, and under a transverse force, superfluids are irrotational leading to angular 

momentum being incorporated as phase defects (quantized vortices) above a critical angular 

momentum (Hess-Fairbank effect) (2). These behaviors are analogous to the phenomena of 

vanishing resistivity and the expulsion of magnetic fields (Meissner effect) in superconductors, 

respectively (3). Experimentally, superfluid transport and rotation in particle-conserving 

platforms has been extensively explored in liquid Helium (4) and dilute-gas atomic Bose-



Einstein condensates (BEC) (5,6). In both cases, rotation is typically induced mechanically, 

either through rotation of the container in the case of He, or via a stirring laser beam in the 

case of BEC, with the hallmark in both experiments being the incorporation and self-ordering 

of quantized vortices with increasing rotation speeds.  

 

Semiconductor microcavity exciton-polaritons, hybrid light-matter quasi-particles, are able to 

form a Bose-Einstein condensate-like state (7,8) shown to behave as a superfluid (9,10) and 

to incorporate vortices in their steady-state condensates, either spontaneously from spatial 

disorder or open-dissipative effects (11-15), in vortex-antivortex lattices with zero total 

angular momentum (16-19) or nucleated from an initially coherent polariton injection (20-

23). More recent work has also explored the possibility of creating and controlling the vortex 

handedness in optically trapped polariton condensates (24-28), where the non-Hermitian 

gain-loss landscape drives the mode selection of chiral trapped modes. Although continuous 

injection of angular momentum has been demonstrated for resonant pumping (23), it is 

difficult to completely isolate the superfluid response from the phase coherence of the pump 

laser (29). Continuous driven rotation in a polariton condensate with spontaneous phase 

coherence is thus highly sought after as it would enable the study of nonlinear pattern 

formation in vortex matter (6,30), dissipative quantum turbulence (31,32) and the 

construction of artificial gauge fields (33,34) to realize bosonic quantum Hall effects (6,35-37) 

in a photonic platform. The main limiting factor has been the high rotational frequencies (100s 

MHz to GHz) required to generate sufficient angular momentum, due to the very small 

effective mass of polaritons (~10!"𝑚#) (38).  

 

In this work we used two lasers to create a superposition of a Gaussian and a Laguerre-

Gaussian (LG) of orbital charge 𝑙  (39), with a controllable frequency-offset Δ𝑓  (Figure 1). 

Crucially, the resulting intensity pattern is a ring of 𝑙 holes which possesses a broken axial 

symmetry (40,41) that can act as a “stirring beam” when off-resonantly injected. An orbital 

charge of 𝑙 = 2  (azimuthal phase winding of 4𝜋 ) was used, with the amount of stirring 

controlled by Δ𝑓. This beam was used to pump a GaAs microcavity (see Methods), and by 

mapping the distribution of flow through imaging photoluminescence we demonstrated the 

first, continuous incorporation of angular momentum into a spontaneously formed polariton 

condensate. 



 

 
 

Figure 1: A rotating pump is formed by the coherent superposition of a Gaussian and an 𝑙 =
2 Laguerre-Gauss mode with a frequency offset of Δ𝑓. (a) Simplified schematic of pumping 

process with numerically calculated intensity and phase (inset) of each pump laser and their 
superposition. Experimental measurements of the (b) LG and (c) Gaussian modes on the 
microcavity sample surface and (d) a series of temporal snapshots of the experimental 

rotating superposition profile. 
 
 
Results	
 
A confocal microscopy setup (see Methods) is used to map the direction and magnitude of 

condensate flow at all points in space, allowing the detection of azimuthal flow as the 

hallmark of rotation (Fig. 2a). A pinhole aperture filters emission at given spatial location (Fig. 

2b), which is then imaged in momentum space with the centroid of the resulting cloud 

corresponding to the average momentum of polaritons at that position. As expected for a 

pinhole at 𝑥 > 0, the cloud centroid is shifted to 𝑘$ > 0 (Fig. 3c) from the radial expansion 

(42,43) that arises from nonlinear interaction with the nonresonant pump. To distinguish 

rotation-induced flow from this radial expansion and from sample or pump spatial 

inhomogeneity, we carry out a differential measurement between momentum clouds of 



condensates rotating at the same frequency but with opposite handedness. At low frequency 

(|Δ𝑓| = 20	MHz, Fig. 2d), the deflection of the condensate momentum cloud is small (~1%) 

and has a spatial structure that varies with sample position. At high frequency (|Δ𝑓| = 3	GHz, 

Fig. 2c,e), a transverse shift of the momentum cloud is observed, appearing as two distinct 

lobes in the map of differential density which are robust to movements in sample position. 

This demonstrates that the rotating pump overcomes sample disorder and creates transverse 

flow in the condensate. Spatially scanning the position of the pinhole shows that the 

differential flow at high frequency is azimuthal (Fig. 2f) confirming that the entire condensate 

is experiencing rotation and incorporating angular momentum from the nonresonant pump. 

 

  
Figure 2: Differential measurement of condensate rotation. (a) Schematic of expected 

momentum-space clouds for spatially filtered, non-rotating and rotating condensates. (b) 
Real-space condensate density distribution and (c) measured momentum-space clouds of 

spatially filtered (black dashed circle) condensate emission for Δ𝑓 = ±3	GHz. (d) Differential 
density map at Δ𝑓 = ±20	MHz. (e) and at Δ𝑓 = ±3	GHz (from data in panel c). (f) 

Combined differential density maps for a spatially scanned aperture. Measurement in (e) is 
circled. 

 
 

Condensate rotation and its dependency on frequency is further quantified by constructing 

vector flow maps and estimating their angular momentum (see Methods). Momentum flow 

maps (Fig. 3a,b) show that the handedness of azimuthal flow is controlled by the direction of 

pump rotation. Sample and pump inhomogeneities lead to an asymmetric rotational response 

with respect to rotation direction, resulting in negative frequencies having more disordered 



flow (Fig. 3a) and the center of the rotation not being identical at different frequencies. 

Nonetheless, the correlation between the handedness of the pump rotation and of the 

condensate angular momentum is conclusive (Fig. 3c,d). Additionally, for condensates with 

higher angular momentum (Δ𝑓 = 5	GHz) azimuthal flow is concentrated away from the axis 

of rotation suggesting that divergent flows of the unconfined condensate are limiting the 

incorporation of angular momentum (this idea is further explored in the Discussion). Finally, 

the total condensate angular momentum per particle ( 𝑙 = 𝐿/𝑁 ) also has a handedness 

consistent with that of the pump at all values of Δ𝑓 (Fig. 3e). At large positive frequencies, 𝑙 

is found to saturate at ~0.3ℏ, below the angular momentum of a single on-axis vortex, i.e. 

𝑙 = 1ℏ, consistent with our lack of vortex signatures in interferometry measurements (see 

Supplementary Information). This is analogous to a trapped rotating atomic BEC, where small 

values of angular momentum are incorporated by center of mass motion and surface waves, 

with quantized vortices only appearing above a critical rotation speed (38). 

 

 
Figure 3: Frequency dependence of condensate rotation. (a,b) Condensate density and 
rotation-induced velocity map extracted from spatially pin-holed data at two different 

rotation frequencies. (c,d) Angular momentum distribution of the velocity maps in (a,b). (e) 
Angular momentum per particle 𝑙 = 𝐿/𝑁 across the measurement area as a function of 

pump rotation frequency.   
 
 



To determine the mechanism of optical rotation of the polariton condensate, and to explain 

the values of angular momentum observed, numerical solutions of an open-dissipative Gross-

Pitaevskii model (44) (see Methods) are compared with experimental results. Using a pump 

profile and polariton properties applicable to the experiment, condensate rotation is found 

over a wide range of parameters, all with a consistent rotation mechanism. For a rotation 

speed of Δ𝑓 = 10	GHz, simulations show that the time-integrated condensate density and 

vector flow map (Fig 4a), spatial distribution of transverse flow magnitude (Fig 4b) and 

accumulation of angular momentum with increasing pump rotation velocity (Fig 4c), all have 

a close qualitative match to the experimental data in Figures 3b,d,e respectively. Notably, the 

simulations accurately capture the inwardly directed flow at the condensate center and 

angular momentum build-up away from the rotation axis (Fig. 4a,b) and the monotonic 

increase and saturation of the angular momentum per particle (Fig. 4c, blue curve) with 

agreement on its magnitude.  

  

 
Figure 4: Numerical simulations of rotating condensate dynamics. (a) Average condensate 

density with rotation-induced momentum map, and (b) spatial distribution of average 
angular momentum for a Δ𝑓 = 10	GHz rotating pump. (c) Total angular momentum per 
particle 𝑙 = 𝐿/𝑁 as a function of pump rotation frequency for two values of condensate-

reservoir interaction coefficient 𝑔%  (see Methods).  (d) Instantaneous condensate density and 
rotation-induced momentum map from (a). (e) Instantaneous condensate density under the 

same parameters as (d) with a confining potential additionally applied. Inset shows the 
condensate phase with vortex positions indicated. 

 



 

Individual temporal frames show that the spatially inhomogeneous pump generates a 

condensate profile which, for the 𝑙 = 2 pump superposition, specifically forms a two-lobed 

structure (Fig. 4d). This profile is largely the consequence of repulsive interactions between 

the condensate and the reservoir causing spatial overlap to be minimized. Additionally, pump 

rotation causes the condensate profile to become asymmetric about the azimuthal 

coordinate, a condition which is continuously maintained as the pump and reservoir rotate, 

thus driving a net non-zero angular momentum. The spatially structured, time-dependent 

gain and loss also influence the condensate profile and its rotation, which we numerically 

demonstrate by setting the condensate-reservoir interaction coefficient to zero (orange line 

Fig. 4c, see Supplementary Information). The condensate still acquires increasing angular 

momentum as the frequency is increased, but the total magnitude is significantly reduced. 

Thus, while mechanical stirring by the reservoir and non-Hermitian gain-loss dynamics both 

contribute to the condensate rotation, the former dominates in these experiments. For both 

mechanical and non-Hermitian stirring however, as the pump rotation speed is increased the 

condensate distribution along the azimuthal coordinate becomes more asymmetric, leading 

to larger angular momentum. 

 

Finally, to confirm our assumption that the incorporation of sufficient amounts of angular 

momentum to nucleate quantized vortices is suppressed by the lack of radial confinement, 

we add a 12	µm  radius, hard-walled trapping potential to the simulations. The external 

potential largely suppresses the Magnus forces (45) present in the inhomogeneous 

condensate which radially repel vortices away from high density regions (46). The Δ𝑓 =

10	GHz pump rotation frequency is estimated to be sufficient to nucleate quantized vortices, 

and Fig 4e shows that while the inhomogeneous pump still creates a non-uniform condensate, 

numerous quantized vortices are now nucleated, stabilized, and develop some degree of 

order. The angular momentum per particle is ~5 × that of the identical parameters without 

a trapping potential in Fig 4d. 

	
	
	



Discussion	
 
We have reported the first continuous, off-resonant injection of angular momentum into an 

exciton-polariton condensate, using a rapidly rotating optical pump. Evidence for driven 

rotation is obtained by spatially mapping the condensate flow and characterizing the angular 

momentum, finding that the condensate responds to the rotating pump up to frequencies of 

8	GHz with flow direction controlled by the handedness of the pump. The physics responsible 

for these phenomena is found to be driven predominantly by mechanical stirring induced by 

a thermal reservoir, with a smaller role played by non-Hermitian dynamics. Angular 

momentum is measured up to ~0.3ℏ/particle, where steady-state vortices are not easily 

incorporated due to the lack of a confining potential. With the addition of a trapping potential 

however, simulations show that this technique is capable of injecting large amounts of 

angular momentum and nucleating numerous vortices. Our demonstration of a scheme to 

generate a fast-rotating condensate without coherent imprinting opens up numerous 

opportunities for study of superfluidity and quantized vortex ordering in an open-dissipative 

condensate and will lead to new ways of generating topological photonic matter in a highly 

non-linear and controllably non-Hermitian platform. 

 
 
Methods	
 

Semiconductor microcavity sample – The microcavity sample used consists of 27(23) 

AlAs/Al0.2Ga0.8As mirror pairs for the bottom(top) distributed Bragg reflectors (DBRs) forming 

a λ/2 cavity with 3 sets of 4 × 13 nm wide GaAs/AlAs QWs, one set placed at the anti-node of 

the cavity and one set in each of the two first mirror pairs. The Rabi splitting is 2ℏΩ ≈ 6.7	meV.  

 

Lasers – Two low-noise lasers are used: a cavity-stabilized Spectra-Physics Matisse CW 

Ti:Sapphire (time-averaged linewidth < 200	kHz ) and a Toptica tapered fiber amplifier 

(typical linewidth ~50	kHz). A small fraction (<5%) of each beam is picked off, combined, and 

filtered through a single-mode fiber, with resulting temporal interference measured on a fast 

photodiode. The beat signal is used to monitor and manually tune the frequency offset of the 

Toptica from the Matisse (|Δ𝑓| < 10	GHz). A simple fork pattern on a Hamamatsu X-10468 

spatial light modulator converts the Matisse laser into a LG mode of tunable charge. The two 



lasers are merged with a beam-splitter and put through a 20x objective to pump the sample. 

An LG orbital charge of 𝑙 = 2 was chosen to create a reflection-symmetric modulation around 

the center whilst minimizing diffraction losses at the spatial-light modulator. The resulting 

mode consists of 𝑙 = 2 holes distributed on a ring with a radius determined by the relative 

amplitude of the two constituent modes. Both lasers are tuned to the first Bragg minimum of 

the microcavity, corresponding to a wavelength of 𝜆&'(&~	760	nm. The spectral width of the 

first Bragg minimum is Δ𝜆~	0.85	nm, significantly broader than the maximum used 20	GHz 

scanning range (~	0.02	nm) of the Toptica.  

 

Experimental apparatus - Photoluminescence imaging measurements are conducted in a 

continuous-flow liquid helium cryostat, maintaining a fixed sample temperature of 4 K. A 100 

Hz mechanical chopper with 10% duty cycle is used to modulate the pumping beam and limit 

sample heating. We utilize two sets of confocal optics to allow access to both the spatial and 

momentum coordinate Fourier planes, in addition to giving independent control over the 

resolution and field of view in both coordinate spaces on the imaging camera. Figure 5 shows 

a simplified schematic of the imaging optics.  

 

 
Figure 5: Simplified schematic of confocal imaging optics setup, highlighting the positions of 

Fourier space planes and the scanning pin-hole aperture in the first real-space plane. 

 

To resolve the polariton momentum vector, a pinhole aperture is scanned in the spatial 

Fourier plane of the confocal optics setup. The average momentum at that pinhole position 

is then taken to be the centroid of the photoluminescence cloud in momentum space. The 

pinhole diameter of 100	µm  (~1.6 µm  on the sample) is chosen to optimize the light 

throughput and balance the resolutions in the conjugate spatial and momentum coordinates.  

 



Numerical simulations - The two-dimensional condensate dynamics are numerically 

simulated using the open-dissipative Gross-Pitaevskii equation (ODGPE) (7), forms of which 

have been used extensively in studies exciton-polariton excitations and dynamics (8). This set 

of two coupled equations, Eqs. (4)-(5) describe the time-dependent dynamics of a condensed 

bosonic state 𝜓(𝒓, 𝑡) = S𝑛)(𝒓, 𝑡)𝑒*+(𝒓,/)  of lower polaritons (LP) (eq. 1) coupled to a 

reservoir of thermal polaritons 𝑛%(𝒓, 𝑡) (eq. 2): 

 

 
𝑖ℏ
𝜕𝜓(𝒓, 𝑡)
𝜕𝑡 = X−

ℏ1∇1

2𝑀 + 𝑉2(𝒓) −
𝑖ℏ
2 	
[𝛾) − 𝑅𝑛%(𝒓, 𝑡)] 	+ 𝑔13|𝜓(𝒓, 𝑡)|1

+ 𝑔%𝑛%(𝒓, 𝑡)b 	𝜓(𝒓, 𝑡) 

(1) 

 

 𝜕𝑛%(𝒓, 𝑡)
𝜕𝑡 = 𝑃4(𝒓, 𝑡) − 𝛾%𝑛%(𝒓, 𝑡) − 	𝑅𝑛%(𝒓, 𝑡)|𝜓(𝒓, 𝑡)|1	 (2) 

 

𝑃4(𝒓, 𝑡) is the rotating pump. Fixing the polariton mass and lifetime, and condensate size with 

those extracted from experiments, the polariton non-linearity, reservoir lifetime and 

scattering rate are varied for a qualitive match to experimental measurements. Typical 

parameters used in these simulations are LP effective mass 𝑀~5 × 10!"𝑚#
5 (𝑚#

5 is the free 

electron mass), LP decay rate 𝛾)~0.2	ps!6 , reservoir decay rate 𝛾%~0.1	ps!6 , stimulated 

scattering rate 𝑅~0.03	µm1 ⋅ ps!6 , condensate self-interaction 𝑔)~4.5	µeV ⋅ µm!1  and 

condensate-reservoir interaction 𝑔) = 2𝑔%. The external potential 𝑉2(𝒓) is 0, except for the 

data in Fig 4e, where 12	µm radius hard-wall trap is used. This set of equations is solved using 

the split-step operator method. 
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