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Quantum gases of light, such as photon or polariton condensates in optical microcavities, are collective
quantum systems enabling a tailoring of dissipation from, for example, cavity loss. This characteristic
makes them a tool to study dissipative phases, an emerging subject in quantum many-body physics. We
experimentally demonstrate a non-Hermitian phase transition of a photon Bose-Einstein condensate to a
dissipative phase characterized by a biexponential decay of the condensate’s second-order coherence.
The phase transition occurs because of the emergence of an exceptional point in the quantum gas.
Although Bose-Einstein condensation is usually connected to lasing by a smooth crossover, the observed
phase transition separates the biexponential phase from both lasing and an intermediate, oscillatory
condensate regime. Our approach can be used to study a wide class of dissipative quantum phases in
topological or lattice systems.

C
reating and understanding phases of
systems that are dissipatively coupled
to the environment is of importance in
research fields ranging from optics to
biophysics (1–6). One intriguing aspect

of this openness is the possible existence of
quantum states that are not otherwise acces-
sible (7–10). Near-equilibrium physics (11, 12)
has been studied in optical quantum gases
(13), such as photons or polaritons (strongly
coupled, mixed states of light and matter),
despite their driven-dissipative nature. In

particular, Bose-Einstein condensates of pho-
tons, realized in dye-filled microcavities by
multiple photon absorption and reemission
cycles, provide a platform to study quantum
dynamics in an open, grand canonical situation
where the condensate particles are coupled to
a reservoir of the photoexcitable dyemolecules
(14). Photon condensates have the macroscopic
mode occupation in common with lasers, but
they operate near thermal equilibrium, in dis-
tinct contrast to lasers. Naïvely, a smooth
crossover between lasing and condensation

might be expected given that both phenomena
exhibit spontaneous symmetry breaking (8, 15).
Recently, oscillatory dynamics in open dye

microcavity systems have been observed (6, 16),
a phenomenon that at large resonator losses
crosses over to the relaxation oscillations
known in laser physics. Unlike in a laser, the
stochastic driving induced by grand canonical
condensate fluctuations makes the system dy-
namics observable in stationary-state opera-
tion, which characterize the system’s state by
its second-order coherence. In contrast to
closed systems governed by time-reversal
symmetric—i.e., Hermitian—dynamics, the
dissipative coupling to the environment is
described by a non-Hermitian time-evolution
operator with complex eigenvalues. Of spe-
cial interest are exceptional points, where the
eigenvalues and the corresponding eigenmodes
coalesce (1, 17–20). Such points are well known
to enable phase transitions (21); a first-order
phase transition between a photon laser and
a polariton condensate has recently been pro-
posed (8, 22).
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Fig. 1. Experimental principle. (A) Photons are trapped within a dye-filled
microcavity, where losses k are compensated by pumping the dye molecules
with a laser. The photon gas is coupled to this reservoir by the exchange of
excitations between photons and electronically excited dye molecules (right panel).
(B) Spectra of the emission for average photon numbers �n ≅ 2100 (orange line) and
10,300 (blue line), showing a thermalized photon gas with a condensate peak at the
position of the low-energy cutoff, closely following the expected (experimentally

broadened) Bose-Einstein distributions at 300 K (black lines). arb. u., arbitrary units.
(C) Second-order correlations g(2)(t) of the condensate, recorded at �n ≅ 2300 (left)
and �n ≅ 14,000 (right), respectively, with fitted theory curves (black lines) (25),
showing oscillatory behavior for large photon numbers and a biexponential decay for
small photon numbers. The bottom panel shows predictions of real (blue) and
imaginary (red) parts of the eigenvalues l1,2 (for a molecule number M = 5 × 109),
which are real below the exceptional point (EP) and complex above it.
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To prepare an open photon Bose-Einstein
condensate coupled to a reservoir, we use a
dyemicrocavity apparatus (11, 23–25) (Fig. 1A).
The short mirror spacing of a few wavelengths
discretizes the longitudinal wave vector, such
that onlymodeswith a fixed longitudinalmode
number are accessible to the photon gas at
room temperature. This imposes a quadratic
dispersion as a function of the transverse wave
numbers, and the photon gas becomes for-
mally equivalent to a harmonically trapped
two-dimensional gas ofmassive bosons, which
supports Bose-Einstein condensation (25).
Photons are injected by pumping with a laser
beam. They thermalize to the dye temperature
by absorption-reemission cycles before being
lost by, for example, mirror transmission (Fig.
1A, right panel). The rhodamine dye fulfills
the Kennard-Stepanov relation Bem=Babsº
e�ℏw=kBT , a Boltzmann-type frequency scaling
between the Einstein coefficients for absorp-
tion Babs and emission Bem. Experimental
spectra show agreement with an equilibrium
Bose-Einstein distribution within experimen-
tal accuracy (Fig. 1B).
The steady-state particle flux from the pump

beam through the dyemicrocavity condensate
and out to the environment induces a mod-
ified behavior of the particle number fluc-
tuations. In this open system, the sum X of the
condensate photon number n(t) and dye mole-
cular excitations Me(t) is conserved only on
average (14, 25), �X ¼ �nþ �Me is constant,
where the bar denotes the time average. The
dynamics of the corresponding fluctuations
Dn and DX around the mean can be derived
from a Lindblad equation that incorporates
the thermally driven fluctuations of the grand
canonical system (equivalent to a Langevin
equation). For small deviations Dn and DX, this
leads to a set of equations (25)

d

dt ð DnDX Þ ¼ Âð DnDX Þ ð1Þ

with the non-Hermitian matrix

Â ¼ ð�2d w2
0=k

�k 0 Þ ð2Þ

where d ¼ 1
2Bemð �Me=�nþ �nÞ is the damping

rate of the photon number fluctuations, w0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBem�n

p
is an oscillation frequency, and the

rate constantkmodelsphoton loss. It is instructive
to first discuss the expected response to an
instantaneous fluctuation at a time t0. With
the exponential ansatzðDn0;DX0Þ � elðt�t0Þ, one
obtains solutions characterized by the matrix

eigenvaluesl1;2 ¼ �dT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � w2

0

q
. For a damp-

ing d below the natural angular frequency w0

of the undamped system, the eigenvalues be-
come complex, corresponding to a (damped)
oscillatory solution, while in the opposite re-
gime of a large damping (d > w0) we arrive at

real eigenvalues, implying a biexponential
decay. At d = w0, the eigenvalues and the
corresponding solutions coalesce, marking an
exceptional point. For stationary conditions,
i.e., constant pumping and loss, the dynam-
ics of the grand canonical system driven by
thermal fluctuations become stochastic; the
modes described above can thus only be
observed in the number correlations of the

condensate mode, described by gð2ÞðtÞ ¼ 1þ
e�dtðC1e

�
ffiffiffiffiffiffiffiffiffiffi
d2�w2

0

p
t þ C2e

ffiffiffiffiffiffiffiffiffiffi
d2�w2

0

p
t þ c:c:Þ, with

constants C1 and C2 (c.c., complex conjugate) (25).
Tuning between the different regimes—

damped oscillatory for d < w0 and biexponen-
tially decaying correlations for the opposite
case—is experimentally achieved by varying
the average photon number �n, which with
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Fig. 2. Expected phase
diagram. (A) Illustration of
the hierarchy of phases
for increasing losses, with
fixed condensate size
and molecule number. The
exceptional point introduces
a well-defined phase bound-
ary between photon Bose-
Einstein condensates
with weakly dissipative
(biexponential) and dissipa-
tive (oscillatory) correlation
dynamics. At loss rates
exceeding the thermalization
rate, a crossover connects
the oscillatory phase to the
lasing regime. BEC, Bose-Einstein condensate. (B) Calculated phase boundary (d = w0) between the
two condensate phases (25), as a function of mean condensate and molecule numbers.

Fig. 3. Non-Hermitian phase
transition. (A) Variation of the
difference d − w0, (B) the decay
times, and (C) the oscillation
frequency with average photon
number, determined from the cor-
relation data. Negative (positive)
values of d − w0 (A) indicate
an oscillatory (biexponential,
blue shading) coherence function.
With increasing condensate size,
the two decay times (B) merge
toward a single value near a
photon number �nEP ≅ 2800, which
displays the phase transition
expected from d − w0 = 0 in (A).
Accordingly, above �nEP the oscilla-
tion frequency becomes non-
vanishing. The fits yield k ≅
2.2(2) ns−1, M ≅ 4.76(3) × 109.
Error bars are calculated from the
uncertainties of the fit parame-
ters. (Cutoff wavelength
lc = 571.3 nm).
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w0 ¼ w0ð�nÞ and d ¼ dð�nÞ serves as a control
parameter. For small variations of �n, the photon
condensate will remain in the oscillatory or
the biexponential regime when being far from
the exceptional point (d ≪ w0 or d ≫ w0). At the
exceptional point (d = w0), however, the con-
densate dynamics, as observed in g(2)(t), be-
come very sensitive to changes in �n and may
qualitatively change abruptly.We attribute the
exceptional point asmarking a non-Hermitian
phase transition, separating two dynamical
condensate phases. The phase transitionmech-
anism draws analogies with that of quantum
phase transitions in closed systems, where typ-
ically two energy eigenvalues cross; see also (26)
for a proposal of a dissipative phase transi-
tion more closely resembling that of (usual)
Hermitian systems. For our system, deep in
one of the two condensate phases, the eigen-
values of the fluctuationmatrix Að�nÞ are gapped
in the complex plane, andwe have Re(l1− l2)≠
0 or Im(l1 − l2) ≠ 0 on different sides the
transition respectively (Re, real; Im, imag-
inary; see Fig. 1C, bottompanel). The gap closes
(l1 = l2) at the exceptional point. Notably,
critical fluctuations known from equilibrium
phase transitions are here replaced by an
enhanced sensitivity in the correlation dynam-
ics to changes of the control parameter at the
phase boundary. No spontaneous symmetry
breaking occurs, which is a property shared
with, for example, the fermionicMott-Hubbard

transition. Thermal, reservoir-induced fluctua-
tions of the photon condensate are crucial for
the emergence of the described non-Hermitian
phase transition.
To experimentally determine the second-

order coherence of the photon condensate
around the exceptional point, the microcavity
emission passes a mode filter to separate the
condensate mode from the higher transverse
modes. The transmitted light is polarized and
directed onto a fast photomultiplier, whose
electronic output allows for correlation analy-
sis. Typical obtained traces of the second-
order correlations are shown for a cutoff
wavelength lc ≅ 571.3 nm (Fig. 1C). Whereas
for the larger condensate photon number of
�n ≅ 14,000 the second-order coherence is
oscillatory (Fig. 1C, top right panel), for the
smaller photon number of �n ≅ 2100 it
exhibits biexponential behavior (Fig. 1C, top
left panel), in good agreement with theory.
The difference of damping constant and un-
damped oscillation frequency, as determined
from the fits, is (d − w0)/2p = −99(7) MHz and
19(2) MHz for the two datasets, and conse-
quently the data can be assumed to be in the
oscillatory phase for the former and in the
biexponential condensate phase for the latter
dataset. The presence of both the thermal
cloud and the condensate peak in the ob-
served spectra (Fig. 1B), which are a conse-
quence of Bose-Einstein (quantum) statistics,

are attributed as evidence for the quantum
many-body character of the phases.
Figure 2A schematically shows the hierarchy

of phases for fixed values of the average pho-
ton and molecule number, and Fig. 2B gives
a three-dimensional plot of the full expected
phase diagram. The indicated crossover be-
tween lasing and condensation occurs when
for k ≫ �MgBabs the loss rate becomes so large
that photons leak from the cavity before ther-
malizing via reabsorption (27, 28). The phase
transition between the intermediate oscilla-
tory and the biexponential phases for d = w0

occurs at
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBem�n

p
≃ 1

2Bemð �Me=�nþ �nÞ and fea-
tures a grand canonical ð �Me ≫ �n2Þ and a canon-
ical branch ð �Me ≪ �n2Þ of the phase boundary,
corresponding to the first or second term in the
sum being dominant. Here, the first (grand
canonical) term, understood to arise from re-
trapping of spontaneous emission, is absent
in usual laser theory. Experimentally, with
k=ð �MgBabsÞ ≅ 1:1� 10�3 photon thermaliza-
tion dominates over photon loss,meaning that
the exceptional point resides well inside the
Bose-Einstein condensed regime.
To explore the phase transition between the

two different condensate phases, we have re-
corded the photon number correlations at dif-
ferent average photon numbers. Figure 3A
shows the variation of d − w0, as determined
from the fits of the correlation data. While for
condensate sizes above �nEP ≅ 2800, the second-
order coherence shows a damped oscillation,
for smaller photon numbers, the data exhib-
its a biexponential decay of the correlations.
Figure 3, B and C, shows the obtained decay
times and, for the case of the oscillatory phase,
the oscillation frequency depending on the
condensate size. Both datasets give evidence
for the photon condensate undergoing a non-
Hermitian phase transition to the biexponen-
tial phase at a critical condensate occupation
�nEP. The deviation of the observed decay times
from the prediction for short times is attri-
buted to the 500-ps resolution of the detection
system. Notably, when approaching the phase
transition from below, the two characteristic
decay times merge toward a single one, and
when approaching the transition from above,
the oscillation frequency converges to zero.
This is in good agreement with the expecta-
tion that at the exceptional point, a (single)
exponential decay of the second-order coher-
ence occurs owing to the coalescence of the
two eigenvalues, l1 = l2 = d. The revealed phase
transition is visible in the temporal correlations
but not in the average values.
Next, we recorded data at different cavity

low-frequency cutoffs and dye concentrations,
to explore the phase diagram beyond a single
control parameter. The resulting change of the
wavelength of condensate photons modifies
both the loss as well as the Einstein coefficient.
Because of the shape of the phase boundary at
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Fig. 4. Exploring the
phase diagram. (A) The
phase boundary between
the two regimes (black
line) is mapped out
by recording different
datasets with different
cutoff wavelengths and
dye concentrations.
From the corresponding
coherence functions (as in
Fig. 3), we identify a
condensate in the
biexponential (blue points)
or oscillatory (red points)
phase, respectively.
(B) Variation of the
normalized decay times
(left) and oscillation
frequency (right) with loss
for a scaled photon

number �n=
ffiffiffiffiffiffi
�Me

p
¼ 0:27ð2Þ

[gray shaded area in (A)],
showing the transition
into the biexponential
phase when reducing
losses, in good agreement
with theory (solid lines).
Error bars are calculated
from the uncertainties of the fit parameters.
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d = w0, upon rescaling the photon number as
�n=

ffiffiffiffiffiffiffi
�Me

p
and the loss rate as k=Bem

ffiffiffiffiffiffiffi
�Me

p
, the

phase diagram in Fig. 2B collapses to a two-
dimensional one (25). Corresponding data are
summarized in Fig. 4A. To obtain k and the
molecule number M, curves similar to those
of a single dataset shown in Fig. 3 were fitted
to all data. Our experimental data maps out
the non-Hermitian phase transition between
the oscillatory and biexponential phase with-
in the investigated parameter range, in good
agreement with expectations (black line). The
variation of the normalized decay times and
oscillation frequency versus the scaled loss rate
in Fig. 4B for a fixed value of n=

ffiffiffiffiffiffiffi
�Me

p
≃ 0:27

demonstrate the branching of the eigenvalues
when reducing the loss toward the idealized
case of a perfect photon box.
The state of a macroscopic quantum system

on different sides of an exceptional point can
be in two distinct regimes. We have observed
the associated dissipative phase transition
from an oscillatory to a biexponential dynam-
ical phase of a dye microcavity photon Bose-
Einstein condensate and mapped out the
corresponding phase diagram. This reveals a
state of the light field, which, contrary to the
usual picture of Bose-Einstein condensation,

is separated by a phase transition from the
phenomenon of lasing.
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complex dynamics and phase transitions occurring in dissipative quantum systems.
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a quantum condensate of light by trapping photons in an optical cavity, a system that is naturally dissipative. By altering 
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environment. However, an emerging focus is understanding how many-body quantum systems behave when interacting 
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