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Bose–Einstein condensation of photons in
an optical microcavity
Jan Klaers, Julian Schmitt, Frank Vewinger & Martin Weitz

Bose–Einstein condensation (BEC)—the macroscopic ground-
state accumulation of particles with integer spin (bosons) at low
temperature and high density—has been observed in several physical
systems1–9, including cold atomic gases and solid-state quasiparticles.
However, the most omnipresent Bose gas, blackbody radiation (radi-
ation in thermal equilibrium with the cavity walls) does not show this
phase transition. In such systems photons have a vanishing chemical
potential, meaning that their number is not conserved when the
temperature of the photon gas is varied10; at low temperatures,
photons disappear in the cavity walls instead of occupying the cavity
ground state. Theoretical works have considered thermalization
processes that conserve photon number (a prerequisite for BEC),
involving Compton scattering with a gas of thermal electrons11 or
photon–photon scattering in a nonlinear resonator configura-
tion12,13. Number-conserving thermalization was experimentally
observed14 for a two-dimensional photon gas in a dye-filled optical
microcavity, which acts as a ‘white-wall’ box. Here we report the
observation of a Bose–Einstein condensate of photons in this system.
The cavity mirrors provide both a confining potential and a non-
vanishing effective photon mass, making the system formally equi-
valent to a two-dimensional gas of trapped, massive bosons. The
photons thermalize to the temperature of the dye solution (room
temperature) by multiple scattering with the dye molecules. Upon
increasing the photon density, we observe the following BEC signa-
tures: the photon energies have a Bose–Einstein distribution with a
massively populated ground-state mode on top of a broad thermal
wing; the phase transition occurs at the expected photon density and
exhibits the predicted dependence on cavity geometry; and the
ground-state mode emerges even for a spatially displaced pump spot.
The prospects of the observed effects include studies of extremely
weakly interacting low-dimensional Bose gases9 and new coherent
ultraviolet sources15.

Fifty years ago, the invention of the laser provided us with a source
of coherent light. In a laser, optical gain is achieved under conditions
where both the state of the gain medium and the state of the light field
are far removed from thermal equilibrium16. The realization of a light
source with a macroscopically populated photon mode that is not the
consequence of a laser-like gain, but is rather due to an equilibrium
phase transition of photons has so far been prevented by the lack of a
suitable number-conserving thermalization process17. For strongly
coupled mixed states of photons and excitons (exciton polaritons), a
thermalization process induced by interparticle interactions between
excitons has been reported to lead to a (quasi-)equilibrium BEC of
polaritons5–7. In the present work, rapid decoherence due to frequent
collisions of dye molecules with the solvent prevents coherent energy
exchange between photons and dye molecules and therefore the con-
dition of strong matter–field coupling is not met18,19. We can therefore
assume the relevant particles to be well described as photons instead of
polaritons.

Our experiment confines photons in a curved-mirror optical micro-
resonator filled with a dye solution, in which photons are repeatedly
absorbed and re-emitted by the dye molecules. The small distance of
3.5 optical wavelengths between the mirrors causes a large frequency
spacing between adjacent longitudinal modes (the free spectral range is
7|1013 Hz), comparable with the spectral width of the dye (see
Fig. 1a), and modifies spontaneous emission such that the emission
of photons with a given longitudinal mode number, q 5 7 in our case,
dominates over other emission processes. In this way, the longitudinal
mode number is frozen out and the remaining transverse modal
degrees of freedom make the photon gas effectively two-dimensional.
Moreover, the dispersion relation becomes quadratic (that is, non-
relativistic), as indicated in Fig. 1b, with the frequency of the q 5 7
transverse ground mode (TEM00) acting as a low-frequency cut-off
with vcut-of f%2p | 5:1|1014 Hz. The curvature of the mirrors
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Figure 1 | Cavity mode spectrum and set-up. a, Schematic spectrum of cavity
modes and (relative) absorption coefficient a(n) and fluorescence strength f(n)
of rhodamine 6G dye versus frequency n. Transverse modes belonging to the
manifold of longitudinal mode number q 5 7 are shown by black lines, and
those of other longitudinal mode numbers in grey. The degeneracy of a given
transversal energy is indicated by the height of the bars. b, Dispersion relation of

photons in the cavity (solid line), with fixed longitudinal mode number (q 5 7),
and the free photon dispersion (dashed line). c, Scheme of the experimental set-
up. The trapping potential V(x,y) for the two-dimensional photon gas imposed
by the curved mirrors—see the third term in equation (2) of the Methods—is
indicated on the left hand side.
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Finally, we have investigated the condensation for a spatially mis-
matched pumping spot. Owing to the thermal redistribution of photons
we expect that even a spatially displaced pump beam can provide a
sufficiently high photon density at the trap centre to reach the phase
transition. This effect is not known in lasers, but is observed in the
framework of polariton condensation7. For our measurement, the pump
beam (diameter about 35 mm) was displaced at about 50 mm from the
trap centre. Figure 4 shows a series of spatial intensity profiles recorded
for a fixed pumping power and for different values of the cavity cut-off

wavelength lcut-of f , which tunes the degree of thermalization14. The
lower graph gives results recorded with lcut-of f%610 nm, for which
the maximum fluorescence is centred at the position of the pump spot
(shown by a dashed line). The weak reabsorption in this wavelength
range prevents efficient photon thermalization. When the cut-off is
moved to shorter wavelengths, the stronger reabsorption in this wave-
length range leads to increasingly symmetric photon distributions
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Figure 3 | Critical power. a, Intracavity power at criticality for different
curvatures of the cavity mirrors. The dashed line shows the theoretical
expectation based on equation (1). b, Intracavity power at criticality (lower
panel) versus longitudinal mode number q. The upper panel shows the required
optical pump power Ppump, c (circles) along with a fit Ppump, c!(q{q0){1

yielding q0 5 4.77 6 0.25. For this we assume an inverse proportionality to the
absorption length in the dye q{q0, where q0 incorporates an effective
penetration depth into the cavity mirrors. The above value for q0 is in good
agreement with an independent measurement of the pump power
transmission, yielding q0 5 4.77 6 0.17. Error bars are systematic uncertainties.
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Figure 4 | Spatial redistribution of photons. Intensity profiles recorded with
a pump beam spot (diameter about 35 mm) spatially displaced by 50 mm from
the trap centre, for different cut-off wavelengths. For a cut-off wavelength of
610 nm (bottom profile), where reabsorption is weak, the emitted radiation is
centred at the position of the pump spot, whose profile is shown by the dashed
line (measured by removing one of the cavity mirrors). When tuning the cavity
cut-off to shorter wavelength values, where the reabsorption efficiency is
increased, light is redistributed towards the trap centre. For data recorded with
a 570 nm cut-off wavelength (top profile), a cusp appears, corresponding to a
partly condensed state with a condensate fraction N0=N of about 1%.
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Figure 2 | Spectral and spatial intensity distribution. a, Spectral intensity
distributions (connected circles) transmitted through one cavity mirror, as
measured with a spectrometer, for different pump powers (see colour key). The
intracavity power (in units of Pc, exp~(1:55+0:60) W) is derived from the
power transmitted through one cavity mirror. A spectrally sharp condensate
peak at the cavity cut-off is observed above a critical power level, with a width
limited by the spectrometer resolution. The inset gives theoretical spectra (solid
lines) based on a Bose–Einstein distribution of photons for different particle
numbers at room temperature14. a.u., arbitrary units. b, Images of the spatial

radiation distribution transmitted through one cavity mirror both below
(upper panel) and above (lower panel) criticality, showing a macroscopically
occupied TEM00-mode for the latter case. c, d, Cut through the centre of the
intensity distribution for increasing optical pump powers (c) and width of the
condensate peak versus condensate fraction, along with a theoretical model
based on the Gross–Pitaevskii equation with an interaction parameter
~g~7|10{4 (Methods) (d). Error bars are the systematic calibration
uncertainties. q 5 11 for c and d. All other measurements use q 5 7.
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The realization of a light source with 
a macroscopically populated photon 
mode that is not the consequence of 
a laser-like gain, but is rather due to 
an equilibrium phase transition of 
photons has so far been prevented 
by the lack of a suitable number-
conserving thermalization process.



Photon BEC
Non-interacting, zero mass particles

Photons are bosons, but their condensation was 
problematic so far.

Photons have zero mass 
Photons do not interact
The total number of photons is not conserved
At low temperatures, photons disappear in the cavity walls instead of 
occupying the cavity ground state 
Photons can be brought to thermal equilibrium in a black box, but 
their number is not conserved, which implies that the chemical 
potential is either not well defined or strictly zero.

Cooling provides loss of photons 

T 

No macroscopic ground state occupation possible 

BETTER CAVITY !



Cavity
Localized modes

Photon wavelength depends on cavity length.
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Photon wavelength depends on cavity length.
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Photon wavelength depends on cavity length.
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Cavity
Localized modes

Optical cavity transversal 
mode structure:

In a cylindrical cavity

May differ in both frequency and the 
intensity pattern of the light.

J. Klaers et al., 
Thermalization of a 
two-dimensional 
photonic gas in a 
‘white-wall’ photon 
box. 
Nature Phys. 6, 
512–515 (2010).



Photon BEC
Experimental setup

Fluorescent dye in a cavity 

J. Klaers et al., Nature 468, 545 (2010)

Very short cavity (L = 1.46 μm)

High reflectivity mirrors
Mirrors generate effective trapping potential 
Rhodamine 6G dye 

J. Klaers, M. Weitz, Bose-Einstein 
condensation of photons, arXiv:1210.7707  



Photon BEC
Experimental setup

Only one longitudinal cavity mode in dye emission spectrum 

J. Klaers et al., Nature 468, 545 (2010)
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Figure 1 | Cavity mode spectrum and set-up. a, Schematic spectrum of cavity modes. Transverse modes belonging to the manifold of longitudinal mode
number q= 7 are shown by black lines, those of other longitudinal mode numbers in grey. (508 THz is equivalent to a wavelength of 590 nm.) The energy
of an eigenmode in the q= 7 manifold is " = ¯h!cutoff +u with transversal energy u= ¯h�(n
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), transversal excitation numbers n
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,n
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and frequency
splitting � between transversal modes29. The degeneracy g(u) = 2(u/ ¯h�+ 1) of a given transversal energy exhibits a linear energy scaling, and the
prefactor two originates from the two possible polarizations. The bottom graph indicates the (measured) relative absorption coefficient and fluorescence
strength of rhodamine 6G dye versus frequency. b, Experimental set-up for thermalization of a two-dimensional photon gas.

state in which the average photon number Nph will be proportional
to the number of electronic excitations Nexc and is determined
by Nph/Nexc = ⌧ph/⌧exc, where ⌧ph and ⌧exc denote the lifetimes
of photons and electronic excitations, respectively. Despite losses
and pumping we expect the photon gas to be well described by
an equilibrium distribution when the thermalization is sufficiently
fast; that is, a photon scatters several times off a molecule before
being lost. Our present experiment is carried out at an optical
pumping beam intensity of ⇠10Wcm�2, an estimated three orders
ofmagnitude below the onset of a photonBose–Einstein condensate
and four orders of magnitude below saturation, so that we do not
expect collective photonic effects to be relevant.

Experimental data for the spectral distribution of light trans-
mitted by one of the cavity mirrors are shown in Fig. 2a for
two different temperatures of the resonator. The connected circles
represent experimental data, and the solid lines are theoretical
curves for a fully thermalized gas at the corresponding tempera-
ture. The expected photon number in the cavity nT ,µ(u) at given
transversal energy u = " � h̄!cutoff is the product of the energy
degeneracy g (u) = 2(u/h̄⌦ + 1) (Fig. 1a) and the Bose–Einstein
distribution factor:

nT ,µ (u) = g (u)

exp
⇣

u�µ

kBT

⌘
�1

(1)

The chemical potential µ is determined by measuring the
output power Pout = 50± 5 nW, which corresponds to a photon
number of Nph = 60± 10 in the cavity, and solving

P
unT ,µ(u)=

Nph for µ. For the two cases in Fig. 2a we obtain µ/kBT =
�6.76±0.17 (T = 300K) and µ/kBT = �7.16±0.17 (T = 365K)
respectively. As a result of µ ⌧ �kBT , the term �1 in the
denominator of equation (1) can be neglected and the distribution
becomes Boltzmann-like, with the term eµ/kBT acting as a prefactor
to the spectral distribution. A Bose–Einstein condensate would be
expected for Nph ! Nc = P

u>0 nT ,µ=0(u) = (⇡2/3)(kBT/h̄⌦)2 ⇡
80,400 (at which µ ! 0). The shapes of the shown experimental
spectra are in good agreement with theoretical expectations over
a wide spectral range (a visible deviation near 532 nm stems
from residual pump light). Notably, the enhancement of the

short-wavelength wing for the higher temperature data by almost
an order of magnitude is predicted accurately. We interpret these
results as one line of evidence for the two-dimensional photon gas
to be in thermal equilibrium with the dye solution. Evidence is
also obtained from investigating the spatial distribution of light
emitted by the resonator. A typical snapshot is shown in Fig. 2b,
in which a shift from the yellow spectral regime for light near
the axis towards the green (that is, higher photon energy) for the
radiation emitted off-axis is clearly visible. This is due to the higher
energy of cavity resonances with a large transversal momentum and
correspondingly large mode diameter. From the image in Fig. 2b,
the spatial intensity distribution shown in Fig. 2c was extracted,
which is in good agreement with a thermal average over spatial
modes. In other words, the thermal distribution of the photon
spectrum is also reflected by the spatial distribution.

In further measurements, we have varied the cutoff wavelength
�cutoff = 2⇡c/!cutoff by piezo tuning of the distance between cavity
mirrors. A series of corresponding spectra is shown in Fig. 3a.
Reasonable agreement with a thermal distribution is obtained for
the two spectra shown at the top with cutoff wavelengths near 570
and 590 nm respectively, whereas the two spectra with longer cutoff
wavelengths shown in the bottom seem only partly thermalized.
We attribute this to weak dye reabsorption in this spectral regime,
preventing repeated photon scattering off the dye molecules (also
the reflectivity of cavity mirrors lessens at wavelengths above
600 nm). This illustrates the importance of both emission and
reabsorption of scattered photons for thermalization, in agreement
with expectations.

Finally, thermalization was investigated by varying the spatial
position of the external pumping beam with respect to the centre of
the trapping region. Figure 3b shows the position of the maximum
of the emitted fluorescence xmax versus the transverse position
of the pump focus xexc for two different values of the cutoff
wavelength. For the data recorded with a cutoff wavelength near
580 nm (squares fitted with a solid line) the fluorescence essentially
freezes to the position of the trapping centre, when the excitation
spot is closer than approximately 60 µm distance. This effect is not
observed when tuning the cutoff wavelength to 620 nm (circles
fitted with a dashed line), where weak reabsorption prevents
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Figure 1 | Cavity mode spectrum and set-up. a, Schematic spectrum of cavity modes. Transverse modes belonging to the manifold of longitudinal mode
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prefactor two originates from the two possible polarizations. The bottom graph indicates the (measured) relative absorption coefficient and fluorescence
strength of rhodamine 6G dye versus frequency. b, Experimental set-up for thermalization of a two-dimensional photon gas.

state in which the average photon number Nph will be proportional
to the number of electronic excitations Nexc and is determined
by Nph/Nexc = ⌧ph/⌧exc, where ⌧ph and ⌧exc denote the lifetimes
of photons and electronic excitations, respectively. Despite losses
and pumping we expect the photon gas to be well described by
an equilibrium distribution when the thermalization is sufficiently
fast; that is, a photon scatters several times off a molecule before
being lost. Our present experiment is carried out at an optical
pumping beam intensity of ⇠10Wcm�2, an estimated three orders
ofmagnitude below the onset of a photonBose–Einstein condensate
and four orders of magnitude below saturation, so that we do not
expect collective photonic effects to be relevant.

Experimental data for the spectral distribution of light trans-
mitted by one of the cavity mirrors are shown in Fig. 2a for
two different temperatures of the resonator. The connected circles
represent experimental data, and the solid lines are theoretical
curves for a fully thermalized gas at the corresponding tempera-
ture. The expected photon number in the cavity nT ,µ(u) at given
transversal energy u = " � h̄!cutoff is the product of the energy
degeneracy g (u) = 2(u/h̄⌦ + 1) (Fig. 1a) and the Bose–Einstein
distribution factor:

nT ,µ (u) = g (u)

exp
⇣

u�µ

kBT

⌘
�1

(1)

The chemical potential µ is determined by measuring the
output power Pout = 50± 5 nW, which corresponds to a photon
number of Nph = 60± 10 in the cavity, and solving

P
unT ,µ(u)=

Nph for µ. For the two cases in Fig. 2a we obtain µ/kBT =
�6.76±0.17 (T = 300K) and µ/kBT = �7.16±0.17 (T = 365K)
respectively. As a result of µ ⌧ �kBT , the term �1 in the
denominator of equation (1) can be neglected and the distribution
becomes Boltzmann-like, with the term eµ/kBT acting as a prefactor
to the spectral distribution. A Bose–Einstein condensate would be
expected for Nph ! Nc = P

u>0 nT ,µ=0(u) = (⇡2/3)(kBT/h̄⌦)2 ⇡
80,400 (at which µ ! 0). The shapes of the shown experimental
spectra are in good agreement with theoretical expectations over
a wide spectral range (a visible deviation near 532 nm stems
from residual pump light). Notably, the enhancement of the

short-wavelength wing for the higher temperature data by almost
an order of magnitude is predicted accurately. We interpret these
results as one line of evidence for the two-dimensional photon gas
to be in thermal equilibrium with the dye solution. Evidence is
also obtained from investigating the spatial distribution of light
emitted by the resonator. A typical snapshot is shown in Fig. 2b,
in which a shift from the yellow spectral regime for light near
the axis towards the green (that is, higher photon energy) for the
radiation emitted off-axis is clearly visible. This is due to the higher
energy of cavity resonances with a large transversal momentum and
correspondingly large mode diameter. From the image in Fig. 2b,
the spatial intensity distribution shown in Fig. 2c was extracted,
which is in good agreement with a thermal average over spatial
modes. In other words, the thermal distribution of the photon
spectrum is also reflected by the spatial distribution.

In further measurements, we have varied the cutoff wavelength
�cutoff = 2⇡c/!cutoff by piezo tuning of the distance between cavity
mirrors. A series of corresponding spectra is shown in Fig. 3a.
Reasonable agreement with a thermal distribution is obtained for
the two spectra shown at the top with cutoff wavelengths near 570
and 590 nm respectively, whereas the two spectra with longer cutoff
wavelengths shown in the bottom seem only partly thermalized.
We attribute this to weak dye reabsorption in this spectral regime,
preventing repeated photon scattering off the dye molecules (also
the reflectivity of cavity mirrors lessens at wavelengths above
600 nm). This illustrates the importance of both emission and
reabsorption of scattered photons for thermalization, in agreement
with expectations.

Finally, thermalization was investigated by varying the spatial
position of the external pumping beam with respect to the centre of
the trapping region. Figure 3b shows the position of the maximum
of the emitted fluorescence xmax versus the transverse position
of the pump focus xexc for two different values of the cutoff
wavelength. For the data recorded with a cutoff wavelength near
580 nm (squares fitted with a solid line) the fluorescence essentially
freezes to the position of the trapping centre, when the excitation
spot is closer than approximately 60 µm distance. This effect is not
observed when tuning the cutoff wavelength to 620 nm (circles
fitted with a dashed line), where weak reabsorption prevents
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Ω /2π (∼4 × 1010 Hz) denotes the spacing of transversal cavity modes; that is, the 
spacing is so small that the transverse motion is quasicontinuous. 



Photon BEC
Experimental setup

J. Klaers et al., Thermalization of a two-dimensional 
photonic gas in a ‘white-wall’ photon box. 
Nature Phys. 6, 512–515 (2010).

Minimum energy in the system is far above thermal energy.

Photons have quadratic  
dispersion relation 

 Jan Klaers, Martin Weitz, Bose-Einstein condensation of photons, arXiv:1210.7707 

induces a harmonic trapping potential for the photons (see Methods).
This is indicated in Fig. 1c, along with a scheme of the experimental
set-up.

Thermal equilibrium of the photon gas is achieved by absorption
and re-emission processes in the dye solution, which acts as heat bath
and equilibrates the transverse modal degrees of freedom of the photon
gas to the (rovibrational) temperature of the dye molecules (see
Methods). The photon frequencies will accumulate within a range
kBT=B (%2p | 6:3|1012 Hz at room temperature, where B is the
reduced Planck constant) above the low-frequency cut-off. In contrast
to the case of a blackbody radiator, for which the photon number is
determined by temperature (Stefan–Boltzmann law), the number of
(optical) photons in our microresonator is not altered by the temper-
ature of the dye solution, because purely thermal excitation is sup-
pressed by a factor of the order of exp Bvcut-off=kBTð Þ< exp {80ð Þ.
The thermalization process thus conserves the average photon number.

Our system is formally equivalent to an ideal gas of massive bosons
having an effective mass mph~Bvcut-of f=c2%6:7|10{36 kg (where
subscript ‘ph’ stands for ‘photon’) that are moving in the transverse
resonator plane, harmonically confined with a trapping frequency
V~c=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
D0R=2

p
%2p | 4:1|1010 Hz (see Methods), with c as the

speed of light in the medium, D0%1:46 mm the mirror separation
and R%1 m the radius of curvature. A harmonically trapped two-
dimensional ideal gas exhibits BEC at finite temperature20,21, in con-
trast to the two-dimensional homogeneous case. We therefore expect a
BEC when the photon wave packets spatially overlap at low tem-
peratures or high densities, that is, the phase space density nl2

th
(where subscript ‘th’ stands for ‘thermal’) exceeds a value near
unity. Here n denotes the number density in photons per area, and
lth~h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmphkBT

q
%1:58 mm (defined in analogy to, for example, a

gas of atoms17) is the de Broglie wavelength associated with the thermal
motion in the resonator plane. We note that lth~2

ffiffiffi
p
p

=kr, r:m:s:, where
kr, r:m:s:~

ffiffiffiffiffiffiffiffiffiffiffiffi
k2

r

" #
T

q
is the root mean square (r.m.s.) transverse com-

ponent of the photon wavevector at temperature T . The precise onset
of BEC in this two-dimensional, harmonically trapped system can be
determined from a statistical description using a Bose–Einstein dis-
tributed occupation of trap levels14,20,21, giving a critical particle
number of:

Nc~
p2

3
kBT
BV

$ %2

ð1Þ

At room temperature (T 5 300 K), we arrive at Nc%77,000. It is
interesting to note that both the thermal energy kBT and the trap level
spacing BV are roughly a factor of 109 above the corresponding values
in atomic physics BEC experiments2–4, but that the ratio
kBT=BV%150, corresponding to the mean excitation value per axis,
is quite comparable.

By pumping the dye with an external laser we add to a reservoir of
electronic excitations that exchanges particles with the photon gas, in
the sense of a grand-canonical ensemble. The pumping is maintained
throughout the measurement to compensate for losses due to coupling
into unconfined optical modes, finite quantum efficiency and mirror
losses. In a steady state, the average photon number will be
Nph~Nexctph=texc, where Nexc is the number of molecular excitations,
texc is their electronic lifetime in the resonator (of the order of a
nanosecond) and tph%20 ps is the average time between emission
and reabsorption of a photon. For a detailed description of the ther-
malization, it is important to realize that it originates from particle
exchange with a reservoir that is in equilibrium. The reservoir is char-
acterized by rovibrational molecular states that are highly equilibrated
both in the lower and in the upper electronic levels owing to subpico-
second relaxation22 induced by frequent collisions with solvent mole-
cules. This process efficiently decorrelates the states of absorbed and
emitted photons, and leads to a temperature-dependent absorption
and emission spectral profile that is responsible for the thermalization.

To relax both spatially and spectrally to an equilibrium distribution, a
photon has to scatter several times off molecules before being lost. In
previous work, we have shown that the photon gas in the dye-filled
microcavity system can be well described by a thermal equilibrium
distribution, showing that photon loss is sufficiently slow14. To avoid
excessive population of dye molecule triplet states and heat deposition,
the pump beam is acousto-optically chopped to 0.5-ms pulses, which is
at least two orders of magnitude above the described timescales, with
8-ms repetition time.

Typical room-temperature spectra for increasing pumping power are
given in Fig. 2a (recorded using rhodamine 6G dye solved in methanol,
1:5|10{3 M). At low pumping and correspondingly low intracavity
power we observe a spectrally broad emission, which is in good agreement
with a room-temperature Boltzmann distribution of photon energies
above the cavity cut-off14. With increasing pump power the maximum
of the spectral distribution shifts towards the cavity cut-off, that is, it more
resembles a Bose–Einstein distribution function. For a pumping power
above threshold, a spectrally sharp peak at the frequency of the cavity cut-
off is observed, while the thermal wing shows saturation. The described
signatures are in good agreement with theoretical spectra based on Bose–
Einstein distributed transversal excitations (inset of Fig. 2a). At the phase
transition the power inside the resonator is Pc, exp~(1:55+0:60) W,
corresponding to a critical photon number of (6:3+2:4)|104. This
value still holds when rhodamine is replaced by perylene-diimide (PDI)
solved in acetone (0.75 g l21); that is, for both dyes the measured critical
number is in agreement with the value predicted for a BEC of photons
(equation (1)).

Spatial images of the photon gas below and slightly above criticality
are shown in Fig. 2b. In either case the lower energetic (yellow) photons
are bound to the trap centre while the higher energetic (green) photons
appear at the outer trap regions. Above the critical photon number a
bright spot is visible in the trap centre with a full width at half-
maximum (FWHM) diameter of (14+3) mm, indicating a macrosco-
pically populated TEM00-mode (expected diameter 12:2 mm).
Figure 2c shows normalized spatial intensity profiles along one axis
for increasing pumping power near the critical value. Interestingly, we
observe that the mode diameter enlarges with increasing condensate
fraction, as shown in Fig. 2d. This effect is not expected for an ideal gas
of photons. In principle, this could be due to a Kerr nonlinearity in the
dye solution, but the most straightforward explanation is a weak
repulsive optical self-interaction from thermal lensing in the dye
(which can be modelled by a mean-field interaction; see Methods).
From the increase of the mode diameter we can estimate the mag-
nitude of this effective repulsive interaction, yielding a dimensionless
interaction parameter of ~g<(7+3)|10{4. This is much below the
values ~g~10{2:::10{1 reported for two-dimensional atomic physics
quantum gas experiments and also below the value at which
Kosterlitz–Thouless physics, involving ‘quasi-long-range’ order, is
expected to become relevant23. The latter is supported by an experi-
ment directing the condensate peak through a shearing interferometer,
in which we have not seen signatures of the phase blurring expected for
a Kosterlitz–Thouless phase24.

We have tested for a dependence of the BEC threshold on the res-
onator geometry. From equation (1) we expect a critical optical power
Pc~(p2=12)(kBT)2(vcut-of f=Bc)R, which grows linearly with the mirror
radius of curvature R and is independent of the longitudinal mode
number q. Figure 3a and the lower panel of Fig. 3b show corresponding
measurements of the critical power, with results in good agreement with
both the expected absolute values and the expected scaling. The upper
panel of Fig. 3b gives the required optical pump power to achieve the
phase transition versus the number of longitudinal modes, showing a
decrease because of stronger pump power absorbance for larger mirror
spacing. This is in strong contrast to results reported from ‘thresholdless’
optical microlasers, for which an increase of the threshold pumping
power was observed25,26. For a macroscopic laser a fixed value of the
pump intensity is required to reach inversion.
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induces a harmonic trapping potential for the photons (see Methods).
This is indicated in Fig. 1c, along with a scheme of the experimental
set-up.

Thermal equilibrium of the photon gas is achieved by absorption
and re-emission processes in the dye solution, which acts as heat bath
and equilibrates the transverse modal degrees of freedom of the photon
gas to the (rovibrational) temperature of the dye molecules (see
Methods). The photon frequencies will accumulate within a range
kBT=B (%2p | 6:3|1012 Hz at room temperature, where B is the
reduced Planck constant) above the low-frequency cut-off. In contrast
to the case of a blackbody radiator, for which the photon number is
determined by temperature (Stefan–Boltzmann law), the number of
(optical) photons in our microresonator is not altered by the temper-
ature of the dye solution, because purely thermal excitation is sup-
pressed by a factor of the order of exp Bvcut-off=kBTð Þ< exp {80ð Þ.
The thermalization process thus conserves the average photon number.

Our system is formally equivalent to an ideal gas of massive bosons
having an effective mass mph~Bvcut-of f=c2%6:7|10{36 kg (where
subscript ‘ph’ stands for ‘photon’) that are moving in the transverse
resonator plane, harmonically confined with a trapping frequency
V~c=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
D0R=2

p
%2p | 4:1|1010 Hz (see Methods), with c as the

speed of light in the medium, D0%1:46 mm the mirror separation
and R%1 m the radius of curvature. A harmonically trapped two-
dimensional ideal gas exhibits BEC at finite temperature20,21, in con-
trast to the two-dimensional homogeneous case. We therefore expect a
BEC when the photon wave packets spatially overlap at low tem-
peratures or high densities, that is, the phase space density nl2

th
(where subscript ‘th’ stands for ‘thermal’) exceeds a value near
unity. Here n denotes the number density in photons per area, and
lth~h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmphkBT

q
%1:58 mm (defined in analogy to, for example, a

gas of atoms17) is the de Broglie wavelength associated with the thermal
motion in the resonator plane. We note that lth~2

ffiffiffi
p
p

=kr, r:m:s:, where
kr, r:m:s:~

ffiffiffiffiffiffiffiffiffiffiffiffi
k2

r

" #
T

q
is the root mean square (r.m.s.) transverse com-

ponent of the photon wavevector at temperature T . The precise onset
of BEC in this two-dimensional, harmonically trapped system can be
determined from a statistical description using a Bose–Einstein dis-
tributed occupation of trap levels14,20,21, giving a critical particle
number of:

Nc~
p2

3
kBT
BV

$ %2

ð1Þ

At room temperature (T 5 300 K), we arrive at Nc%77,000. It is
interesting to note that both the thermal energy kBT and the trap level
spacing BV are roughly a factor of 109 above the corresponding values
in atomic physics BEC experiments2–4, but that the ratio
kBT=BV%150, corresponding to the mean excitation value per axis,
is quite comparable.

By pumping the dye with an external laser we add to a reservoir of
electronic excitations that exchanges particles with the photon gas, in
the sense of a grand-canonical ensemble. The pumping is maintained
throughout the measurement to compensate for losses due to coupling
into unconfined optical modes, finite quantum efficiency and mirror
losses. In a steady state, the average photon number will be
Nph~Nexctph=texc, where Nexc is the number of molecular excitations,
texc is their electronic lifetime in the resonator (of the order of a
nanosecond) and tph%20 ps is the average time between emission
and reabsorption of a photon. For a detailed description of the ther-
malization, it is important to realize that it originates from particle
exchange with a reservoir that is in equilibrium. The reservoir is char-
acterized by rovibrational molecular states that are highly equilibrated
both in the lower and in the upper electronic levels owing to subpico-
second relaxation22 induced by frequent collisions with solvent mole-
cules. This process efficiently decorrelates the states of absorbed and
emitted photons, and leads to a temperature-dependent absorption
and emission spectral profile that is responsible for the thermalization.

To relax both spatially and spectrally to an equilibrium distribution, a
photon has to scatter several times off molecules before being lost. In
previous work, we have shown that the photon gas in the dye-filled
microcavity system can be well described by a thermal equilibrium
distribution, showing that photon loss is sufficiently slow14. To avoid
excessive population of dye molecule triplet states and heat deposition,
the pump beam is acousto-optically chopped to 0.5-ms pulses, which is
at least two orders of magnitude above the described timescales, with
8-ms repetition time.

Typical room-temperature spectra for increasing pumping power are
given in Fig. 2a (recorded using rhodamine 6G dye solved in methanol,
1:5|10{3 M). At low pumping and correspondingly low intracavity
power we observe a spectrally broad emission, which is in good agreement
with a room-temperature Boltzmann distribution of photon energies
above the cavity cut-off14. With increasing pump power the maximum
of the spectral distribution shifts towards the cavity cut-off, that is, it more
resembles a Bose–Einstein distribution function. For a pumping power
above threshold, a spectrally sharp peak at the frequency of the cavity cut-
off is observed, while the thermal wing shows saturation. The described
signatures are in good agreement with theoretical spectra based on Bose–
Einstein distributed transversal excitations (inset of Fig. 2a). At the phase
transition the power inside the resonator is Pc, exp~(1:55+0:60) W,
corresponding to a critical photon number of (6:3+2:4)|104. This
value still holds when rhodamine is replaced by perylene-diimide (PDI)
solved in acetone (0.75 g l21); that is, for both dyes the measured critical
number is in agreement with the value predicted for a BEC of photons
(equation (1)).

Spatial images of the photon gas below and slightly above criticality
are shown in Fig. 2b. In either case the lower energetic (yellow) photons
are bound to the trap centre while the higher energetic (green) photons
appear at the outer trap regions. Above the critical photon number a
bright spot is visible in the trap centre with a full width at half-
maximum (FWHM) diameter of (14+3) mm, indicating a macrosco-
pically populated TEM00-mode (expected diameter 12:2 mm).
Figure 2c shows normalized spatial intensity profiles along one axis
for increasing pumping power near the critical value. Interestingly, we
observe that the mode diameter enlarges with increasing condensate
fraction, as shown in Fig. 2d. This effect is not expected for an ideal gas
of photons. In principle, this could be due to a Kerr nonlinearity in the
dye solution, but the most straightforward explanation is a weak
repulsive optical self-interaction from thermal lensing in the dye
(which can be modelled by a mean-field interaction; see Methods).
From the increase of the mode diameter we can estimate the mag-
nitude of this effective repulsive interaction, yielding a dimensionless
interaction parameter of ~g<(7+3)|10{4. This is much below the
values ~g~10{2:::10{1 reported for two-dimensional atomic physics
quantum gas experiments and also below the value at which
Kosterlitz–Thouless physics, involving ‘quasi-long-range’ order, is
expected to become relevant23. The latter is supported by an experi-
ment directing the condensate peak through a shearing interferometer,
in which we have not seen signatures of the phase blurring expected for
a Kosterlitz–Thouless phase24.

We have tested for a dependence of the BEC threshold on the res-
onator geometry. From equation (1) we expect a critical optical power
Pc~(p2=12)(kBT)2(vcut-of f=Bc)R, which grows linearly with the mirror
radius of curvature R and is independent of the longitudinal mode
number q. Figure 3a and the lower panel of Fig. 3b show corresponding
measurements of the critical power, with results in good agreement with
both the expected absolute values and the expected scaling. The upper
panel of Fig. 3b gives the required optical pump power to achieve the
phase transition versus the number of longitudinal modes, showing a
decrease because of stronger pump power absorbance for larger mirror
spacing. This is in strong contrast to results reported from ‘thresholdless’
optical microlasers, for which an increase of the threshold pumping
power was observed25,26. For a macroscopic laser a fixed value of the
pump intensity is required to reach inversion.
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Photon BEC
Experimental setup

Equilibrium is reached as photons are absorbed and emitted by dye 
molecules many times, with the interplay between fluorescence and 
absorption leading to a thermal population of cavity modes, making the 
photon gas equilibrate at the temperature of the dye solution.
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Figure 2 | Experimental spectra and intensity distribution. a, The connected dots give measured spectral intensity distributions for temperatures of
300 K (top) and 365 K (bottom) of the resonator set-up. The solid lines are theoretical spectra based on Bose–Einstein-distributed transversal excitations,
and for illustration a T= 300 K distribution is also inserted in the bottom graph (dashed line). The measurements shown in this figure were carried out with
rhodamine 6G dye dissolved in ethylene glycol (c= 5⇥ 10�4 M). Note that the spectral maximum of blackbody radiation at T= 300 K is at ⇠10 µm
wavelength, that is, far to the red of the shown spectral regime. b, Image of the radiation emitted along the cavity axis at room temperature (T= 300 K),
showing a shift towards shorter (higher energetic) optical wavelengths for off-axis radiation. c, Spatial intensity distribution at T= 300 K (connected
circles) along with the theoretical prediction (solid line).
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Figure 3 | Break-down of thermalization. a, Measured spectral intensity distribution for different cavity cutoff wavelengths (connected dots) overlaid with
theory curves (solid lines). For the two spectra with longer cutoff wavelengths, the visible deviation from a thermal spectrum is attributed to weak dye
reabsorption in this spectral regime (rhodamine 6G in ethylene glycol, c= 5⇥ 10�4 M). b, Measured distance of the intensity maximum of the emitted
radiation |xmax| from the centre versus position of the excitation spot xexc. For the data recorded with �cutoff ⇡ 580 nm (squares fitted with a solid line) a
position locking to the cavity centre is observed, whereas the fluorescence follows the excitation spot when tuning to weak reabsorption (�cutoff ⇡ 620 nm,
circles fitted with a dashed line) (perylene diimide dissolved in acetone, c= 0.75 g l�1).

multiple scattering events and thus an efficient thermalization
(Fig. 3a). The demonstrated position locking effect is a direct conse-
quence of the thermalization, leading to a photon accumulation at
the trap centre, where the confining potential imposed by the curved
mirrors exhibits a minimum value. We attribute the observed
breakdown of thermalization for data points with |xexc| > 60 µm
to the finite quantum efficiency of the dye (⌘ ⇠= 95%; ref. 22), and
our mirrors providing only a one-dimensional photonic bandgap,

limiting the number of possible photon scattering processes. The
relaxation also for initial states further apart from equilibrium
could be improved with mirrors providing a full three-dimensional
photonic bandgap23. Technical applications of the observed
directed diffusion effect could include the collection of diffuse solar
light to a central spot14, with prospects for enhancing the optical
phase space density. When a Bose–Einstein condensate of photons
can be reached, perspectives include coherent ultraviolet sources24.
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Figure 1 | Cavity mode spectrum and set-up. a, Schematic spectrum of cavity modes. Transverse modes belonging to the manifold of longitudinal mode
number q= 7 are shown by black lines, those of other longitudinal mode numbers in grey. (508 THz is equivalent to a wavelength of 590 nm.) The energy
of an eigenmode in the q= 7 manifold is " = ¯h!cutoff +u with transversal energy u= ¯h�(n
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and frequency
splitting � between transversal modes29. The degeneracy g(u) = 2(u/ ¯h�+ 1) of a given transversal energy exhibits a linear energy scaling, and the
prefactor two originates from the two possible polarizations. The bottom graph indicates the (measured) relative absorption coefficient and fluorescence
strength of rhodamine 6G dye versus frequency. b, Experimental set-up for thermalization of a two-dimensional photon gas.

state in which the average photon number Nph will be proportional
to the number of electronic excitations Nexc and is determined
by Nph/Nexc = ⌧ph/⌧exc, where ⌧ph and ⌧exc denote the lifetimes
of photons and electronic excitations, respectively. Despite losses
and pumping we expect the photon gas to be well described by
an equilibrium distribution when the thermalization is sufficiently
fast; that is, a photon scatters several times off a molecule before
being lost. Our present experiment is carried out at an optical
pumping beam intensity of ⇠10Wcm�2, an estimated three orders
ofmagnitude below the onset of a photonBose–Einstein condensate
and four orders of magnitude below saturation, so that we do not
expect collective photonic effects to be relevant.

Experimental data for the spectral distribution of light trans-
mitted by one of the cavity mirrors are shown in Fig. 2a for
two different temperatures of the resonator. The connected circles
represent experimental data, and the solid lines are theoretical
curves for a fully thermalized gas at the corresponding tempera-
ture. The expected photon number in the cavity nT ,µ(u) at given
transversal energy u = " � h̄!cutoff is the product of the energy
degeneracy g (u) = 2(u/h̄⌦ + 1) (Fig. 1a) and the Bose–Einstein
distribution factor:

nT ,µ (u) = g (u)

exp
⇣

u�µ

kBT

⌘
�1

(1)

The chemical potential µ is determined by measuring the
output power Pout = 50± 5 nW, which corresponds to a photon
number of Nph = 60± 10 in the cavity, and solving

P
unT ,µ(u)=

Nph for µ. For the two cases in Fig. 2a we obtain µ/kBT =
�6.76±0.17 (T = 300K) and µ/kBT = �7.16±0.17 (T = 365K)
respectively. As a result of µ ⌧ �kBT , the term �1 in the
denominator of equation (1) can be neglected and the distribution
becomes Boltzmann-like, with the term eµ/kBT acting as a prefactor
to the spectral distribution. A Bose–Einstein condensate would be
expected for Nph ! Nc = P

u>0 nT ,µ=0(u) = (⇡2/3)(kBT/h̄⌦)2 ⇡
80,400 (at which µ ! 0). The shapes of the shown experimental
spectra are in good agreement with theoretical expectations over
a wide spectral range (a visible deviation near 532 nm stems
from residual pump light). Notably, the enhancement of the

short-wavelength wing for the higher temperature data by almost
an order of magnitude is predicted accurately. We interpret these
results as one line of evidence for the two-dimensional photon gas
to be in thermal equilibrium with the dye solution. Evidence is
also obtained from investigating the spatial distribution of light
emitted by the resonator. A typical snapshot is shown in Fig. 2b,
in which a shift from the yellow spectral regime for light near
the axis towards the green (that is, higher photon energy) for the
radiation emitted off-axis is clearly visible. This is due to the higher
energy of cavity resonances with a large transversal momentum and
correspondingly large mode diameter. From the image in Fig. 2b,
the spatial intensity distribution shown in Fig. 2c was extracted,
which is in good agreement with a thermal average over spatial
modes. In other words, the thermal distribution of the photon
spectrum is also reflected by the spatial distribution.

In further measurements, we have varied the cutoff wavelength
�cutoff = 2⇡c/!cutoff by piezo tuning of the distance between cavity
mirrors. A series of corresponding spectra is shown in Fig. 3a.
Reasonable agreement with a thermal distribution is obtained for
the two spectra shown at the top with cutoff wavelengths near 570
and 590 nm respectively, whereas the two spectra with longer cutoff
wavelengths shown in the bottom seem only partly thermalized.
We attribute this to weak dye reabsorption in this spectral regime,
preventing repeated photon scattering off the dye molecules (also
the reflectivity of cavity mirrors lessens at wavelengths above
600 nm). This illustrates the importance of both emission and
reabsorption of scattered photons for thermalization, in agreement
with expectations.

Finally, thermalization was investigated by varying the spatial
position of the external pumping beam with respect to the centre of
the trapping region. Figure 3b shows the position of the maximum
of the emitted fluorescence xmax versus the transverse position
of the pump focus xexc for two different values of the cutoff
wavelength. For the data recorded with a cutoff wavelength near
580 nm (squares fitted with a solid line) the fluorescence essentially
freezes to the position of the trapping centre, when the excitation
spot is closer than approximately 60 µm distance. This effect is not
observed when tuning the cutoff wavelength to 620 nm (circles
fitted with a dashed line), where weak reabsorption prevents
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Photon BEC
Results

Equilibrium is reached as photons are absorbed and emitted by dye 
molecules many times, with the interplay between fluorescence and 
absorption leading to a thermal population of cavity modes, making the 
photon gas equilibrate at the temperature of the dye solution.
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Figure 2 | Experimental spectra and intensity distribution. a, The connected dots give measured spectral intensity distributions for temperatures of
300 K (top) and 365 K (bottom) of the resonator set-up. The solid lines are theoretical spectra based on Bose–Einstein-distributed transversal excitations,
and for illustration a T= 300 K distribution is also inserted in the bottom graph (dashed line). The measurements shown in this figure were carried out with
rhodamine 6G dye dissolved in ethylene glycol (c= 5⇥ 10�4 M). Note that the spectral maximum of blackbody radiation at T= 300 K is at ⇠10 µm
wavelength, that is, far to the red of the shown spectral regime. b, Image of the radiation emitted along the cavity axis at room temperature (T= 300 K),
showing a shift towards shorter (higher energetic) optical wavelengths for off-axis radiation. c, Spatial intensity distribution at T= 300 K (connected
circles) along with the theoretical prediction (solid line).
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Figure 3 | Break-down of thermalization. a, Measured spectral intensity distribution for different cavity cutoff wavelengths (connected dots) overlaid with
theory curves (solid lines). For the two spectra with longer cutoff wavelengths, the visible deviation from a thermal spectrum is attributed to weak dye
reabsorption in this spectral regime (rhodamine 6G in ethylene glycol, c= 5⇥ 10�4 M). b, Measured distance of the intensity maximum of the emitted
radiation |xmax| from the centre versus position of the excitation spot xexc. For the data recorded with �cutoff ⇡ 580 nm (squares fitted with a solid line) a
position locking to the cavity centre is observed, whereas the fluorescence follows the excitation spot when tuning to weak reabsorption (�cutoff ⇡ 620 nm,
circles fitted with a dashed line) (perylene diimide dissolved in acetone, c= 0.75 g l�1).

multiple scattering events and thus an efficient thermalization
(Fig. 3a). The demonstrated position locking effect is a direct conse-
quence of the thermalization, leading to a photon accumulation at
the trap centre, where the confining potential imposed by the curved
mirrors exhibits a minimum value. We attribute the observed
breakdown of thermalization for data points with |xexc| > 60 µm
to the finite quantum efficiency of the dye (⌘ ⇠= 95%; ref. 22), and
our mirrors providing only a one-dimensional photonic bandgap,

limiting the number of possible photon scattering processes. The
relaxation also for initial states further apart from equilibrium
could be improved with mirrors providing a full three-dimensional
photonic bandgap23. Technical applications of the observed
directed diffusion effect could include the collection of diffuse solar
light to a central spot14, with prospects for enhancing the optical
phase space density. When a Bose–Einstein condensate of photons
can be reached, perspectives include coherent ultraviolet sources24.
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strength of rhodamine 6G dye versus frequency. b, Experimental set-up for thermalization of a two-dimensional photon gas.

state in which the average photon number Nph will be proportional
to the number of electronic excitations Nexc and is determined
by Nph/Nexc = ⌧ph/⌧exc, where ⌧ph and ⌧exc denote the lifetimes
of photons and electronic excitations, respectively. Despite losses
and pumping we expect the photon gas to be well described by
an equilibrium distribution when the thermalization is sufficiently
fast; that is, a photon scatters several times off a molecule before
being lost. Our present experiment is carried out at an optical
pumping beam intensity of ⇠10Wcm�2, an estimated three orders
ofmagnitude below the onset of a photonBose–Einstein condensate
and four orders of magnitude below saturation, so that we do not
expect collective photonic effects to be relevant.

Experimental data for the spectral distribution of light trans-
mitted by one of the cavity mirrors are shown in Fig. 2a for
two different temperatures of the resonator. The connected circles
represent experimental data, and the solid lines are theoretical
curves for a fully thermalized gas at the corresponding tempera-
ture. The expected photon number in the cavity nT ,µ(u) at given
transversal energy u = " � h̄!cutoff is the product of the energy
degeneracy g (u) = 2(u/h̄⌦ + 1) (Fig. 1a) and the Bose–Einstein
distribution factor:

nT ,µ (u) = g (u)

exp
⇣

u�µ

kBT

⌘
�1

(1)

The chemical potential µ is determined by measuring the
output power Pout = 50± 5 nW, which corresponds to a photon
number of Nph = 60± 10 in the cavity, and solving

P
unT ,µ(u)=

Nph for µ. For the two cases in Fig. 2a we obtain µ/kBT =
�6.76±0.17 (T = 300K) and µ/kBT = �7.16±0.17 (T = 365K)
respectively. As a result of µ ⌧ �kBT , the term �1 in the
denominator of equation (1) can be neglected and the distribution
becomes Boltzmann-like, with the term eµ/kBT acting as a prefactor
to the spectral distribution. A Bose–Einstein condensate would be
expected for Nph ! Nc = P

u>0 nT ,µ=0(u) = (⇡2/3)(kBT/h̄⌦)2 ⇡
80,400 (at which µ ! 0). The shapes of the shown experimental
spectra are in good agreement with theoretical expectations over
a wide spectral range (a visible deviation near 532 nm stems
from residual pump light). Notably, the enhancement of the

short-wavelength wing for the higher temperature data by almost
an order of magnitude is predicted accurately. We interpret these
results as one line of evidence for the two-dimensional photon gas
to be in thermal equilibrium with the dye solution. Evidence is
also obtained from investigating the spatial distribution of light
emitted by the resonator. A typical snapshot is shown in Fig. 2b,
in which a shift from the yellow spectral regime for light near
the axis towards the green (that is, higher photon energy) for the
radiation emitted off-axis is clearly visible. This is due to the higher
energy of cavity resonances with a large transversal momentum and
correspondingly large mode diameter. From the image in Fig. 2b,
the spatial intensity distribution shown in Fig. 2c was extracted,
which is in good agreement with a thermal average over spatial
modes. In other words, the thermal distribution of the photon
spectrum is also reflected by the spatial distribution.

In further measurements, we have varied the cutoff wavelength
�cutoff = 2⇡c/!cutoff by piezo tuning of the distance between cavity
mirrors. A series of corresponding spectra is shown in Fig. 3a.
Reasonable agreement with a thermal distribution is obtained for
the two spectra shown at the top with cutoff wavelengths near 570
and 590 nm respectively, whereas the two spectra with longer cutoff
wavelengths shown in the bottom seem only partly thermalized.
We attribute this to weak dye reabsorption in this spectral regime,
preventing repeated photon scattering off the dye molecules (also
the reflectivity of cavity mirrors lessens at wavelengths above
600 nm). This illustrates the importance of both emission and
reabsorption of scattered photons for thermalization, in agreement
with expectations.

Finally, thermalization was investigated by varying the spatial
position of the external pumping beam with respect to the centre of
the trapping region. Figure 3b shows the position of the maximum
of the emitted fluorescence xmax versus the transverse position
of the pump focus xexc for two different values of the cutoff
wavelength. For the data recorded with a cutoff wavelength near
580 nm (squares fitted with a solid line) the fluorescence essentially
freezes to the position of the trapping centre, when the excitation
spot is closer than approximately 60 µm distance. This effect is not
observed when tuning the cutoff wavelength to 620 nm (circles
fitted with a dashed line), where weak reabsorption prevents
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Result: μ ≪ −kBT and the term −1 in the denominator of the equation can be neglected and the 
distribution becomes Boltzmann-like.

A Bose–Einstein condensate would be expected for Nph → Nc = 80,400 (at which μ → 0) 



The precise onset of BEC in the two-dimensional, harmonically trapped system can be determined 
from a statistical description using a Bose–Einstein distributed occupation of trap levels, giving a 
critical particle number of: 
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induces a harmonic trapping potential for the photons (see Methods).
This is indicated in Fig. 1c, along with a scheme of the experimental
set-up.

Thermal equilibrium of the photon gas is achieved by absorption
and re-emission processes in the dye solution, which acts as heat bath
and equilibrates the transverse modal degrees of freedom of the photon
gas to the (rovibrational) temperature of the dye molecules (see
Methods). The photon frequencies will accumulate within a range
kBT=B (%2p | 6:3|1012 Hz at room temperature, where B is the
reduced Planck constant) above the low-frequency cut-off. In contrast
to the case of a blackbody radiator, for which the photon number is
determined by temperature (Stefan–Boltzmann law), the number of
(optical) photons in our microresonator is not altered by the temper-
ature of the dye solution, because purely thermal excitation is sup-
pressed by a factor of the order of exp Bvcut-off=kBTð Þ< exp {80ð Þ.
The thermalization process thus conserves the average photon number.

Our system is formally equivalent to an ideal gas of massive bosons
having an effective mass mph~Bvcut-of f=c2%6:7|10{36 kg (where
subscript ‘ph’ stands for ‘photon’) that are moving in the transverse
resonator plane, harmonically confined with a trapping frequency
V~c=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
D0R=2

p
%2p | 4:1|1010 Hz (see Methods), with c as the

speed of light in the medium, D0%1:46 mm the mirror separation
and R%1 m the radius of curvature. A harmonically trapped two-
dimensional ideal gas exhibits BEC at finite temperature20,21, in con-
trast to the two-dimensional homogeneous case. We therefore expect a
BEC when the photon wave packets spatially overlap at low tem-
peratures or high densities, that is, the phase space density nl2

th
(where subscript ‘th’ stands for ‘thermal’) exceeds a value near
unity. Here n denotes the number density in photons per area, and
lth~h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmphkBT

q
%1:58 mm (defined in analogy to, for example, a

gas of atoms17) is the de Broglie wavelength associated with the thermal
motion in the resonator plane. We note that lth~2

ffiffiffi
p
p

=kr, r:m:s:, where
kr, r:m:s:~

ffiffiffiffiffiffiffiffiffiffiffiffi
k2

r

" #
T

q
is the root mean square (r.m.s.) transverse com-

ponent of the photon wavevector at temperature T . The precise onset
of BEC in this two-dimensional, harmonically trapped system can be
determined from a statistical description using a Bose–Einstein dis-
tributed occupation of trap levels14,20,21, giving a critical particle
number of:

Nc~
p2

3
kBT
BV

$ %2

ð1Þ

At room temperature (T 5 300 K), we arrive at Nc%77,000. It is
interesting to note that both the thermal energy kBT and the trap level
spacing BV are roughly a factor of 109 above the corresponding values
in atomic physics BEC experiments2–4, but that the ratio
kBT=BV%150, corresponding to the mean excitation value per axis,
is quite comparable.

By pumping the dye with an external laser we add to a reservoir of
electronic excitations that exchanges particles with the photon gas, in
the sense of a grand-canonical ensemble. The pumping is maintained
throughout the measurement to compensate for losses due to coupling
into unconfined optical modes, finite quantum efficiency and mirror
losses. In a steady state, the average photon number will be
Nph~Nexctph=texc, where Nexc is the number of molecular excitations,
texc is their electronic lifetime in the resonator (of the order of a
nanosecond) and tph%20 ps is the average time between emission
and reabsorption of a photon. For a detailed description of the ther-
malization, it is important to realize that it originates from particle
exchange with a reservoir that is in equilibrium. The reservoir is char-
acterized by rovibrational molecular states that are highly equilibrated
both in the lower and in the upper electronic levels owing to subpico-
second relaxation22 induced by frequent collisions with solvent mole-
cules. This process efficiently decorrelates the states of absorbed and
emitted photons, and leads to a temperature-dependent absorption
and emission spectral profile that is responsible for the thermalization.

To relax both spatially and spectrally to an equilibrium distribution, a
photon has to scatter several times off molecules before being lost. In
previous work, we have shown that the photon gas in the dye-filled
microcavity system can be well described by a thermal equilibrium
distribution, showing that photon loss is sufficiently slow14. To avoid
excessive population of dye molecule triplet states and heat deposition,
the pump beam is acousto-optically chopped to 0.5-ms pulses, which is
at least two orders of magnitude above the described timescales, with
8-ms repetition time.

Typical room-temperature spectra for increasing pumping power are
given in Fig. 2a (recorded using rhodamine 6G dye solved in methanol,
1:5|10{3 M). At low pumping and correspondingly low intracavity
power we observe a spectrally broad emission, which is in good agreement
with a room-temperature Boltzmann distribution of photon energies
above the cavity cut-off14. With increasing pump power the maximum
of the spectral distribution shifts towards the cavity cut-off, that is, it more
resembles a Bose–Einstein distribution function. For a pumping power
above threshold, a spectrally sharp peak at the frequency of the cavity cut-
off is observed, while the thermal wing shows saturation. The described
signatures are in good agreement with theoretical spectra based on Bose–
Einstein distributed transversal excitations (inset of Fig. 2a). At the phase
transition the power inside the resonator is Pc, exp~(1:55+0:60) W,
corresponding to a critical photon number of (6:3+2:4)|104. This
value still holds when rhodamine is replaced by perylene-diimide (PDI)
solved in acetone (0.75 g l21); that is, for both dyes the measured critical
number is in agreement with the value predicted for a BEC of photons
(equation (1)).

Spatial images of the photon gas below and slightly above criticality
are shown in Fig. 2b. In either case the lower energetic (yellow) photons
are bound to the trap centre while the higher energetic (green) photons
appear at the outer trap regions. Above the critical photon number a
bright spot is visible in the trap centre with a full width at half-
maximum (FWHM) diameter of (14+3) mm, indicating a macrosco-
pically populated TEM00-mode (expected diameter 12:2 mm).
Figure 2c shows normalized spatial intensity profiles along one axis
for increasing pumping power near the critical value. Interestingly, we
observe that the mode diameter enlarges with increasing condensate
fraction, as shown in Fig. 2d. This effect is not expected for an ideal gas
of photons. In principle, this could be due to a Kerr nonlinearity in the
dye solution, but the most straightforward explanation is a weak
repulsive optical self-interaction from thermal lensing in the dye
(which can be modelled by a mean-field interaction; see Methods).
From the increase of the mode diameter we can estimate the mag-
nitude of this effective repulsive interaction, yielding a dimensionless
interaction parameter of ~g<(7+3)|10{4. This is much below the
values ~g~10{2:::10{1 reported for two-dimensional atomic physics
quantum gas experiments and also below the value at which
Kosterlitz–Thouless physics, involving ‘quasi-long-range’ order, is
expected to become relevant23. The latter is supported by an experi-
ment directing the condensate peak through a shearing interferometer,
in which we have not seen signatures of the phase blurring expected for
a Kosterlitz–Thouless phase24.

We have tested for a dependence of the BEC threshold on the res-
onator geometry. From equation (1) we expect a critical optical power
Pc~(p2=12)(kBT)2(vcut-of f=Bc)R, which grows linearly with the mirror
radius of curvature R and is independent of the longitudinal mode
number q. Figure 3a and the lower panel of Fig. 3b show corresponding
measurements of the critical power, with results in good agreement with
both the expected absolute values and the expected scaling. The upper
panel of Fig. 3b gives the required optical pump power to achieve the
phase transition versus the number of longitudinal modes, showing a
decrease because of stronger pump power absorbance for larger mirror
spacing. This is in strong contrast to results reported from ‘thresholdless’
optical microlasers, for which an increase of the threshold pumping
power was observed25,26. For a macroscopic laser a fixed value of the
pump intensity is required to reach inversion.
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At room temperature (T 5 300 K):

induces a harmonic trapping potential for the photons (see Methods).
This is indicated in Fig. 1c, along with a scheme of the experimental
set-up.

Thermal equilibrium of the photon gas is achieved by absorption
and re-emission processes in the dye solution, which acts as heat bath
and equilibrates the transverse modal degrees of freedom of the photon
gas to the (rovibrational) temperature of the dye molecules (see
Methods). The photon frequencies will accumulate within a range
kBT=B (%2p | 6:3|1012 Hz at room temperature, where B is the
reduced Planck constant) above the low-frequency cut-off. In contrast
to the case of a blackbody radiator, for which the photon number is
determined by temperature (Stefan–Boltzmann law), the number of
(optical) photons in our microresonator is not altered by the temper-
ature of the dye solution, because purely thermal excitation is sup-
pressed by a factor of the order of exp Bvcut-off=kBTð Þ< exp {80ð Þ.
The thermalization process thus conserves the average photon number.

Our system is formally equivalent to an ideal gas of massive bosons
having an effective mass mph~Bvcut-of f=c2%6:7|10{36 kg (where
subscript ‘ph’ stands for ‘photon’) that are moving in the transverse
resonator plane, harmonically confined with a trapping frequency
V~c=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
D0R=2

p
%2p | 4:1|1010 Hz (see Methods), with c as the

speed of light in the medium, D0%1:46 mm the mirror separation
and R%1 m the radius of curvature. A harmonically trapped two-
dimensional ideal gas exhibits BEC at finite temperature20,21, in con-
trast to the two-dimensional homogeneous case. We therefore expect a
BEC when the photon wave packets spatially overlap at low tem-
peratures or high densities, that is, the phase space density nl2

th
(where subscript ‘th’ stands for ‘thermal’) exceeds a value near
unity. Here n denotes the number density in photons per area, and
lth~h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmphkBT
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%1:58 mm (defined in analogy to, for example, a

gas of atoms17) is the de Broglie wavelength associated with the thermal
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ponent of the photon wavevector at temperature T . The precise onset
of BEC in this two-dimensional, harmonically trapped system can be
determined from a statistical description using a Bose–Einstein dis-
tributed occupation of trap levels14,20,21, giving a critical particle
number of:

Nc~
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BV
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At room temperature (T 5 300 K), we arrive at Nc%77,000. It is
interesting to note that both the thermal energy kBT and the trap level
spacing BV are roughly a factor of 109 above the corresponding values
in atomic physics BEC experiments2–4, but that the ratio
kBT=BV%150, corresponding to the mean excitation value per axis,
is quite comparable.

By pumping the dye with an external laser we add to a reservoir of
electronic excitations that exchanges particles with the photon gas, in
the sense of a grand-canonical ensemble. The pumping is maintained
throughout the measurement to compensate for losses due to coupling
into unconfined optical modes, finite quantum efficiency and mirror
losses. In a steady state, the average photon number will be
Nph~Nexctph=texc, where Nexc is the number of molecular excitations,
texc is their electronic lifetime in the resonator (of the order of a
nanosecond) and tph%20 ps is the average time between emission
and reabsorption of a photon. For a detailed description of the ther-
malization, it is important to realize that it originates from particle
exchange with a reservoir that is in equilibrium. The reservoir is char-
acterized by rovibrational molecular states that are highly equilibrated
both in the lower and in the upper electronic levels owing to subpico-
second relaxation22 induced by frequent collisions with solvent mole-
cules. This process efficiently decorrelates the states of absorbed and
emitted photons, and leads to a temperature-dependent absorption
and emission spectral profile that is responsible for the thermalization.

To relax both spatially and spectrally to an equilibrium distribution, a
photon has to scatter several times off molecules before being lost. In
previous work, we have shown that the photon gas in the dye-filled
microcavity system can be well described by a thermal equilibrium
distribution, showing that photon loss is sufficiently slow14. To avoid
excessive population of dye molecule triplet states and heat deposition,
the pump beam is acousto-optically chopped to 0.5-ms pulses, which is
at least two orders of magnitude above the described timescales, with
8-ms repetition time.

Typical room-temperature spectra for increasing pumping power are
given in Fig. 2a (recorded using rhodamine 6G dye solved in methanol,
1:5|10{3 M). At low pumping and correspondingly low intracavity
power we observe a spectrally broad emission, which is in good agreement
with a room-temperature Boltzmann distribution of photon energies
above the cavity cut-off14. With increasing pump power the maximum
of the spectral distribution shifts towards the cavity cut-off, that is, it more
resembles a Bose–Einstein distribution function. For a pumping power
above threshold, a spectrally sharp peak at the frequency of the cavity cut-
off is observed, while the thermal wing shows saturation. The described
signatures are in good agreement with theoretical spectra based on Bose–
Einstein distributed transversal excitations (inset of Fig. 2a). At the phase
transition the power inside the resonator is Pc, exp~(1:55+0:60) W,
corresponding to a critical photon number of (6:3+2:4)|104. This
value still holds when rhodamine is replaced by perylene-diimide (PDI)
solved in acetone (0.75 g l21); that is, for both dyes the measured critical
number is in agreement with the value predicted for a BEC of photons
(equation (1)).

Spatial images of the photon gas below and slightly above criticality
are shown in Fig. 2b. In either case the lower energetic (yellow) photons
are bound to the trap centre while the higher energetic (green) photons
appear at the outer trap regions. Above the critical photon number a
bright spot is visible in the trap centre with a full width at half-
maximum (FWHM) diameter of (14+3) mm, indicating a macrosco-
pically populated TEM00-mode (expected diameter 12:2 mm).
Figure 2c shows normalized spatial intensity profiles along one axis
for increasing pumping power near the critical value. Interestingly, we
observe that the mode diameter enlarges with increasing condensate
fraction, as shown in Fig. 2d. This effect is not expected for an ideal gas
of photons. In principle, this could be due to a Kerr nonlinearity in the
dye solution, but the most straightforward explanation is a weak
repulsive optical self-interaction from thermal lensing in the dye
(which can be modelled by a mean-field interaction; see Methods).
From the increase of the mode diameter we can estimate the mag-
nitude of this effective repulsive interaction, yielding a dimensionless
interaction parameter of ~g<(7+3)|10{4. This is much below the
values ~g~10{2:::10{1 reported for two-dimensional atomic physics
quantum gas experiments and also below the value at which
Kosterlitz–Thouless physics, involving ‘quasi-long-range’ order, is
expected to become relevant23. The latter is supported by an experi-
ment directing the condensate peak through a shearing interferometer,
in which we have not seen signatures of the phase blurring expected for
a Kosterlitz–Thouless phase24.

We have tested for a dependence of the BEC threshold on the res-
onator geometry. From equation (1) we expect a critical optical power
Pc~(p2=12)(kBT)2(vcut-of f=Bc)R, which grows linearly with the mirror
radius of curvature R and is independent of the longitudinal mode
number q. Figure 3a and the lower panel of Fig. 3b show corresponding
measurements of the critical power, with results in good agreement with
both the expected absolute values and the expected scaling. The upper
panel of Fig. 3b gives the required optical pump power to achieve the
phase transition versus the number of longitudinal modes, showing a
decrease because of stronger pump power absorbance for larger mirror
spacing. This is in strong contrast to results reported from ‘thresholdless’
optical microlasers, for which an increase of the threshold pumping
power was observed25,26. For a macroscopic laser a fixed value of the
pump intensity is required to reach inversion.
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Finally, we have investigated the condensation for a spatially mis-
matched pumping spot. Owing to the thermal redistribution of photons
we expect that even a spatially displaced pump beam can provide a
sufficiently high photon density at the trap centre to reach the phase
transition. This effect is not known in lasers, but is observed in the
framework of polariton condensation7. For our measurement, the pump
beam (diameter about 35 mm) was displaced at about 50 mm from the
trap centre. Figure 4 shows a series of spatial intensity profiles recorded
for a fixed pumping power and for different values of the cavity cut-off

wavelength lcut-of f , which tunes the degree of thermalization14. The
lower graph gives results recorded with lcut-of f%610 nm, for which
the maximum fluorescence is centred at the position of the pump spot
(shown by a dashed line). The weak reabsorption in this wavelength
range prevents efficient photon thermalization. When the cut-off is
moved to shorter wavelengths, the stronger reabsorption in this wave-
length range leads to increasingly symmetric photon distributions
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Figure 3 | Critical power. a, Intracavity power at criticality for different
curvatures of the cavity mirrors. The dashed line shows the theoretical
expectation based on equation (1). b, Intracavity power at criticality (lower
panel) versus longitudinal mode number q. The upper panel shows the required
optical pump power Ppump, c (circles) along with a fit Ppump, c!(q{q0){1

yielding q0 5 4.77 6 0.25. For this we assume an inverse proportionality to the
absorption length in the dye q{q0, where q0 incorporates an effective
penetration depth into the cavity mirrors. The above value for q0 is in good
agreement with an independent measurement of the pump power
transmission, yielding q0 5 4.77 6 0.17. Error bars are systematic uncertainties.
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Figure 4 | Spatial redistribution of photons. Intensity profiles recorded with
a pump beam spot (diameter about 35 mm) spatially displaced by 50 mm from
the trap centre, for different cut-off wavelengths. For a cut-off wavelength of
610 nm (bottom profile), where reabsorption is weak, the emitted radiation is
centred at the position of the pump spot, whose profile is shown by the dashed
line (measured by removing one of the cavity mirrors). When tuning the cavity
cut-off to shorter wavelength values, where the reabsorption efficiency is
increased, light is redistributed towards the trap centre. For data recorded with
a 570 nm cut-off wavelength (top profile), a cusp appears, corresponding to a
partly condensed state with a condensate fraction N0=N of about 1%.
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Figure 2 | Spectral and spatial intensity distribution. a, Spectral intensity
distributions (connected circles) transmitted through one cavity mirror, as
measured with a spectrometer, for different pump powers (see colour key). The
intracavity power (in units of Pc, exp~(1:55+0:60) W) is derived from the
power transmitted through one cavity mirror. A spectrally sharp condensate
peak at the cavity cut-off is observed above a critical power level, with a width
limited by the spectrometer resolution. The inset gives theoretical spectra (solid
lines) based on a Bose–Einstein distribution of photons for different particle
numbers at room temperature14. a.u., arbitrary units. b, Images of the spatial

radiation distribution transmitted through one cavity mirror both below
(upper panel) and above (lower panel) criticality, showing a macroscopically
occupied TEM00-mode for the latter case. c, d, Cut through the centre of the
intensity distribution for increasing optical pump powers (c) and width of the
condensate peak versus condensate fraction, along with a theoretical model
based on the Gross–Pitaevskii equation with an interaction parameter
~g~7|10{4 (Methods) (d). Error bars are the systematic calibration
uncertainties. q 5 11 for c and d. All other measurements use q 5 7.
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Increased pumping (photon density) lead to condensation 



Photon BEC
Sumary Dye with overlapping absorption and emission spectra 

and cut-off energy allows for photon thermalization 
After exceeding critical photon density, BEC appears 
No population inversion, as in lasers 
Spectral distribution shows Bose-Einstein distributed 
photon energies 
Observed onset of a phase transition occurs on a 
predicted absolute value of photon number 
and shows the expected scaling with resonator geometry.
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