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Experiment
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Photons are confined in a dye-filled optical microresonator [2].
Since the emission and absorption of photons with longitudi-
onal mode number q = 7  dominates over other emission pro-
cesses, the number of photons in the cavity is conserved. 
The  photon  gas is formally equivalent to a two-dimen-
sional harmonically trapped massive Bose gas      Bose-Ein-
stein condensation of photons at non-zero temperature! 
By periodically changing the index of refraction of the dye inside 
the cavity a periodic potential for the photons can be induced. 

Superfluid-Mott-Insulator transition
The Bose-Hubbard model describes a Bose gas in a 
periodic potential  with a nearest-neighbour hopping 
parameter t and on-site interaction strength U.
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t << U: Mott Insulator t >> U: Superfluid 

• Hopping is energetically                
unfavorable.

• Equal and integer amount 
of particles per site.

• Particle number fluctua-
tions are suppressed.

• Energy minimized by 
freely hopping around.

• Fluctuating number of 
particles per site.

Mean-Field theory

We investigate the effects of dissipation by treating  the dye as 
an effective two level system that can absorp and emit photons.
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We construct a consistent mean-field theory for the superfluid 
order parameter        . Due to the coupling with  the molecules a 
non-zero expectation value of         will induce a non-zero expec-
tation value  of               .  We solve the molecular problem ex-
actly and perform second-order perturbation theory in the su-
perfluid order parameter. We use the usual Landau procedure to 
determine the phase boundary between        and       . 
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Phase diagram for the Bose-Hub-
bard model with the photon-mol-
ecule  interaction  parameter   . 
From top to bottom the three 
contributions are   for respec-
tively 3,2 and 1 particle per site. 
The solid, dashed and dotted line 
are  for           ,              and          .
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Beyond Mean-Field theory
We integrate out the molecules and perform second-order 
perturbation theory in the coupling constant         to consider 
Gaussian fluctuations of the photons inside the Mott lobes.
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Inside the Mott lobes 
the excitations acquire 
a finite lifetime due to 
the coupling to the dye.

The number of photons  varies inside the Mott 
lobes and the number fluctuations increase as 
the value of the damping parameter   increases.α

1

Due to the photon-molecule coupling there are even number fluc-
tuations are zero temperature     Mott Insulator does not exist! 
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Conclusions

• There are non-zero number fluctuations at zero temper-
ature and therefore the  true Mott Insulator is absent.

• The excitations inside the Mott lobes acquire a finite lifetime.

• The photon-molecule coupling decreases the size of the Mott lobes.


