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Abstract Based entirely on the Lindblad master equation approach we obtain a microscopic

description of photons in a dye-filled cavity [1]. This system features condensation of light [2–4].

The model is a generalization of the known nonequilibrium one [5] and gives us the possibility to

determine the dye-mediated contribution to photon-photon interaction in the light condensate. We

describe the dynamics of the system using the equations of motion approach [6] and discuss the

existence of two limiting cases: photon BEC and laser-like. In the former case, we determine the

corresponding dimensionless interaction strength relying on realistic experimental data and find a

good agreement with the previous theoretical estimate [7].

Microscopic model [1, 5]
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reservoir-dressed interaction Ṽint
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− polaron displacement operators of j-th dye molecule

Master equation approach

✗ Oscillators in polaron frame represent bath in thermal state
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, β = 1/(kBT )

which is initially uncorrelated with dye-cavity subsystem ρtotal(0) = ρD,C(0)⊗ ρβ

✗ First order bath effect is to reduce coherent dye-cavity coupling
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〈X〉β ≡ Tr[Xρβ] − bath thermal average

✗ Second order bath contribution is dissipative
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where δm = ωm −∆, L[X ]ρ = {X†X, ρ} − 2XρX† and

γ±m = γ(±δm), γ(δ) = 2g2Re
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[1] M. Radonjić, W. Kopylov, A. Balaž, A. Pelster, Interplay of Coherent and Dissipative Dynamics in
Condensates of Light, arXiv:1801.00155 (2017).

[2] J. Klaers, J. Schmitt, F. Vewinger, and M. Weitz, Bose-Einstein condensation of photons in an optical
microcavity, Nature 468, 545 (2010).

[3] R. A. Nyman and M. H. Szymanska, Interactions in dye-microcavity photon condensates and the
prospects for their observation, Phys. Rev. A 89, 033844 (2014).

[4] S. Greveling, K. L. Perrier, D. van Oosten, Density Distribution of a Bose-Einstein Condensate of
Photons in a Dye-Filled Microcavity, arXiv:1712.07888 (2017).

[5] P. Kirton and J. Keeling, Nonequilibrium Model of Photon Condensation, Phys. Rev. Lett. 111, 100404
(2013).

[6] H. A. M. Leymann, A. Foerster, and J. Wiersig, Expectation value based equation-of-motion approach
for open quantum systems: A general formalism, Phys. Rev. B 89, 085308 (2014).

[7] E. C. I. van der Wurff, A.-W. de Leeuw, R. A. Duine, and H. T. C. Stoof, Interaction Effects on Number
Fluctuations in a Bose-Einstein Condensate of Light, Phys. Rev. Lett. 113, 135301 (2014).

Equations-of-motion approach

Equations of motion for expectation values of system observables 〈X〉 ≡ Tr[XρD,C ] after using

cumulant expansion method [6] and keeping cumulants up to second order:
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Two regimes: photon BEC and laser-like state

✗ Choosing bath spectral density: J(w) =
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where ψ(z) = Γ ′(z)/Γ (z). Note that lim
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✗ Correlations between cavity modes of

different energies ωℓ = ω1 + (ℓ− 1)Ω
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✗ Cavity level ωℓ has degeneracy dℓ = 2ℓ and for any arbitrary function f holds
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✗ Two limiting regimes:

(a) η & 1 =⇒ gβ/g = 〈D±
j 〉β ≪ 1

⇒ coherent bath contribution becomes highly

suppressed

⇒ evolution is dominated by dissipative

effects

⇒ thermalization of light and emergence of

photon BEC
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(a)

η = 1.5, cℓ,ℓ′ < 5× 10−7

(b) η ≪ 1 =⇒ gβ/g ≈ 1

⇒ bath has pronounced coherent influence

that builds-up correlations

⇒ dissipative influence is overwhelmed, but

still relevant

⇒ non-equilibrium stationary state is highly

coherent and laser-like
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(b)

η = 0.05, cℓ,ℓ′ > 0.993

Stationary populations of cavity modes for Ω = 12.5THz and ℓ = 1, . . . , L = 20

Realistic parameters: N = 109, wc = 20.5THz, T = 300K, g = 2.3GHz, γ↓ = 0.25GHz, γ↑ = 0.1GHz,
κ = 3.5GHz, and δ1 = −260THz

Conclusions

✗ In condensates of light both coherent and dissipative influence of environment have to be taken

into account

✗ Interplay between the two determines system’s behavior

✗ Dominance of dissipative contribution leads to emergence of photon BEC

✗ Coherent influence promotes build-up of correlations and laser-like states

✗ Dye-mediated photon-photon interaction is consequence of coherent processes

✗ Beyond mean-field approach is necessary for additional characterization of stationary states

✗ Various model extensions are possible


