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Although the temperature of a thermodynamic system is usually believed to be a positive quantity, under
particular conditions, negative-temperature equilibrium states are also possible. Negative-temperature
equilibriums have been observed with spin systems, cold atoms in optical lattices, and two-dimensional
quantum superfluids. Here we report the observation of Rayleigh-Jeans thermalization of light waves to
negative-temperature equilibrium states. The optical wave relaxes to the equilibrium state through its
propagation in a multimode optical fiber—i.e., in a conservative Hamiltonian system. The bounded energy
spectrum of the optical fiber enables negative-temperature equilibriums with high energy levels (high-order
fiber modes) more populated than low energy levels (low-order modes). Our experiments show that
negative-temperature speckle beams are featured, in average, by a nonmonotonic radial intensity profile.
The experimental results are in quantitative agreement with the Rayleigh-Jeans theory without free
parameters. Bringing negative temperatures to the field of optics opens the door to the investigation of
fundamental issues of negative-temperature states in a flexible experimental environment.
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Introduction.—Temperature is a central concept of stat-
istical mechanics and often reflects a measure of the amount
of disordered motion in a classical ideal gas. Although this
intuitive notion is correct for many physical systems, one
should keep in mind that the concept of temperature is by far
more subtle. A detailed analysis of the concept of temper-
ature, and of its relationship with energy and entropy shows
that, under suitable conditions, the entropy can decrease with
the energy, thus allowing for the existence of equilibrium
states at negative temperatures (NTs). Starting from the
seminal works by Onsager [1] and Ramsey [2], who
originally conceived the physical idea and the first theoretical
approaches, during the last few decades, many works have
beendevoted to the theoretical understandingof theseunusual
equilibrium states. Despite the fact that the existence of a NT
equilibrium has created its own share of confusion in relation
with the definition of the entropy [3,4], NTs are now broadly
accepted in line with different experimental observations
[5–12]. NTs were originally observed experimentally in
nuclear spin systems [13]. More recently, NTswere observed
with cold atoms in optical lattices [14]. Furthermore, NTs
originally predicted byOnsager in the statistical descriptionof
point vortices [1] have been recently observed in 2Dquantum
superfluids [15,16].
In this Letter, we present an experimental optical setup in

which we report the observation of light thermalization to

NTequilibrium states. Our system is based on the nonlinear
propagation of speckle beams in a multimode optical fiber
(MMF). Because of the presence of a finite number of
modes supported by the MMF, the spectrum exhibits both
lower and upper bounds for the energy levels. The bounded
spectrum, combined to the nonlinear four-wave interaction,
are responsible for the process of Rayleigh-Jeans (RJ)
thermalization to NT equilibrium states [17,18]. We stress
that, at variance with other experiments where photon
thermalization is driven by a thermal heat bath [19–22],
here light thermalization takes place in a conservative
Hamiltonian system. RJ thermalization to usual positive-
temperature equilibriums has been recently demonstrated
experimentally in MMFs [23–26], on the basis of a spatial
beam-cleaning effect [27–31]. As described by the wave
turbulence theory [32–36] applied to MMFs [37–40], the
thermalization to a positive-temperature equilibrium is
characterized by a transfer of power (particle number)
toward the low-order modes of the MMF. In marked
contrast, here we report the observation of thermalization
to a NT equilibrium featured by a power transfer to high-
order modes (direct flow of particles), as well as a transfer
of energy to low-order modes (inverse flow of energy).
Consequently, the NT equilibrium is characterized by an
inverted modal population, in which high-order modes are
more populated than low-order modes.
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Our experimental optical setup can be used as a simple
and flexible testbed to explore fundamental issues related to
NT states that are discussed in conclusion—e.g., Carnot
cycles operating between temperatures of opposite signs, or
inverted turbulence cascades featured by an analogue
process of condensation at NT.
Experimental system.—The experiment is based on the

single-pass propagation of speckle beams through a MMF.
The subnanosecond pulses delivered by a Nd∶YAG laser
(λ ¼ 1.06 μm) are transmitted through a spiral phase plate
and then through a diffuser before injection of the
speckle beam into a 12 m–long graded-index MMF (i.e.,
parabolic-shaped trapping potential), which guidesM ¼ 45
modes—i.e., nine groups of degenerate modes. The energy
levels (fiber eigenvalues) are well approximated by those of
a harmonic potential βp ¼ β0ðpx þ py þ 1Þ, where fpg
labels the two integers ðpx; pyÞ that specify a mode [41].
We denote by japj2 the power in the mode p, with the total
power N ¼ P

p japj2 [45].
The experiment is realized in the weakly nonlinear

regime, where linear effects dominate over nonlinear
effects: Llin ∼ β−10 ∼ 0.1 mm ≪ Lnl ¼ 1=ðγNÞ ∼ 20 cm,
with γ being the nonlinear coefficient of the MMF.
Accordingly, we do not consider NT states associated with
nonlinear coherent structures—e.g., breathers [10,48,49].
Since Llin ≪ Lnl, we only retain the linear contribution to
the Hamiltonian, E ¼ P

p βpjapj2 [23–25]. We have veri-
fied the conservation of the power N and the energy E
through propagation in the NT region for each realization of
a speckle beam, which confirms that the coupling between
guided modes and leaky modes of the fiber can be
neglected [41].
RJ thermalization is driven by the four-wave nonlinear

interaction through the propagation in the MMF. The
speckle beam is expected to relax toward the thermo-
dynamic equilibrium state described by the RJ distribution
[17,23–25,38,39]:

nRJp ¼ T=ðβp − μÞ; ð1Þ

where T and μ are the temperature and chemical potential,
while np ¼ hjapj2i denotes the modal power averaged over
the realizations of the speckle beams. We have at equilib-
rium N ¼ T

P
pðβp − μÞ−1 and E ¼ T

P
p βp=ðβp − μÞ,

with ðT; μÞ uniquely determined by ðN;EÞ—we deal with
a microcanonic description (T is not defined by a thermo-
stat; it is in units of W · m−1) [36]. Note that the RJ
distribution refers to the classical, low-energy limit of the
Bose-Einstein distribution [32], describing highly occupied
fiber modes.
Negative temperatures.—The irreversible process

of RJ thermalization is described by the wave turbulence
theory [32–36], which provides a nonequilibrium descrip-
tion of light propagation in MMFs [37–40]. An equilibrium
thermodynamic formulation of multimode optical systems

has been recently developed [17,50]. We report in Fig. 1 the
relative entropy S ¼ P

p logðnRJp Þ as a function of the
energy for the MMF used in our experiments with g ¼ 9
groups of degenerate modes. Because the spectrum of the
fiber is bounded, β0 ≤ βp ≤ βmax ¼ gβ0, the system pos-
sesses both lower and upper energy bounds:

Emin ¼ Nβ0 ≤ E ≤ Emax ¼ Nβmax: ð2Þ

Starting at minimum energy Emin, where only the funda-
mental mode is populated, an increase in energy leads to an
occupation of a larger number of fiber modes and therefore
an increase in entropy. As the temperature approaches
infinity, all fiber modes become equally populated,
nRJp ¼ const, and the entropy reaches a maximum for
E ¼ E� ¼ Nhβpi ¼ Eminð2gþ 1Þ=3. NTequilibrium states
arise for E > E�, where the entropy decreases by increasing
the energy, 1=T ¼ ð∂S=∂EÞM;N < 0. The condition E > E�
can be achieved if high-order modes are more populated
than low-order modes. Note that NT equilibrium states
persist in the thermodynamic limit [41].
RJ thermalization to NT equilibriums.—At variance with

usual experiments of spatial beam cleaning and RJ

FIG. 1. Negative temperatures and inverted modal population.
(a) RJ equilibrium distribution nRJp for positive temperature T > 0
(E < E�), where low-order modes are more populated, and
negative temperatures T < 0 (E > E�), featured by an inverted
modal population, while for 1=T → 0 (E ¼ E�), nRJp ¼ const.
(b) Relative entropy S vs energy E, showing that 1=T ¼
ð∂S=∂EÞN;M < 0 requires E > E�. (c) Temperature T vs energy
E. Negative temperatures T < 0 occur for E > E� with
E�=Emin ≃ 6.33 (vertical dashed black line). The vertical purple
lines in (b) and (c) denote the six values of E considered in Fig. 2.
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thermalization [24–30], here we study the thermalization
for different values of the energy E, while keeping constant
the power N. Indeed, by passing the laser beam through a
diffuser before injection into the fiber, we can vary the
amount of randomness of the speckle beam by keeping
N ¼ const: the larger the randomness of the speckle beam,
the higher the energy E. Accordingly, we study RJ
thermalization over a broad range of variation of the
energy. In order to further increase the energy beyond
the threshold for NT (E > E�), we pass the beam through a
spiral phase plate before the diffuser—i.e., we generate a
speckle beam from a doughnut-like intensity distribution,
which enables the excitation of higher-order fiber modes.
The accurate measurements of the near-field and far-field

intensity distributions allowed us to retrieve the modal
power distribution nexpp . To obtain the mode decomposition,
several interferometric approaches based on the use of a
reference beam have been exploited to study light thermal-
ization in MMFs [24–26]. Here, in contrast to previous
works [23–26], we use a noninterferometric numerical
mode decomposition procedure that is based on the
Gerchberg-Saxton algorithm. It allows us to retrieve the
transverse phase profile of the speckle field from the near-
field and far-field intensity distributions measured in the
experiments [46,47,51,52]. By projecting the retrieved
complex field over the fiber modes, we get the complete
modal distribution.
The RJ distribution being in essence a statistical dis-

tribution, its comparison with the experiments requires an
average over realizations of speckle beams. We have
recorded 2 × 300 realizations of the near-field and far-field
intensity distributions for the same power (N ¼ 7 kW) and
different energies E. For each individual speckle realiza-
tion, we retrieve the modal distribution jaexpp j2. We partition
the ensemble of 300 realizations of fjaexpp j2g within small
energy intervals ½E − ΔE;Eþ ΔE� with ΔE ¼ 0.125Emin.
We perform an average over the realizations of the modal
distributions for each energy interval, which provides the
averaged modal distribution nexpp ¼ hjaexpp j2i. This pro-
cedure is applied at the fiber output (L ¼ 12 m) and the
fiber input (after 20 cm of propagation). The error in the
procedure has been computed theoretically and numeri-
cally; it decreases with the number of realizations and has
been found to be remarkably small (relative standard
deviations of ≃6%) [41].
We report in Fig. 2 the averaged modal distributions nexpp

at the fiber input (blue) and output (red), for different values
of the energy E, or equivalently the temperature T [purple
lines in Figs. 1(b) and 1(c)]. The data are compared with the
theoretical RJ distribution nRJp . We stress that there are no
adjustable parameters between nexpp and nRJp : The para-
meters ðT; μÞ in nRJp are uniquely determined by N and E
measured in the experiments. We observe in Fig. 2 an
excellent agreement between nexpp (red circles) and nRJp
(green line), for both T > 0 and T < 0. Figure 2 then shows

that NT equilibriums constitute attractor states for the
random wave, whose robustness has a thermodynamic
origin—the maximum entropy state for a given pair ðN;EÞ.
Energy flows in mode space.—The conventional

thermalization to positive temperatures is characterized
by an energy flow to high-order modes [33,34,38].
Thermalization to NTs typically occurs through an inverse
energy flow to low-order modes [18]. This is illustrated in
Fig. 3, which shows that the energy distribution εexpp ¼
βpn

exp
p at low-order modes increases through propagation

in the MMF and reaches the theoretical RJ equilibrium
distribution εRJp ¼ βpnRJp .
Oscillating radial intensity distribution.—The intensity

distribution IRJðrÞ of usual positive-temperature equilibri-
ums is, in average, a monotonic decreasing function with
the radial distance jrj [23]. This is consistent with the
intuitive idea that low-order modes localized near the fiber
center are the most populated ones. In marked contrast, the
inverted modal population of NT equilibriums is charac-
terized by an oscillating behavior of the radial intensity

FIG. 2. Rayleigh-Jeans thermalization to NT equilibriums.
Experimental modal distributions averaged over realizations
nexpp ¼ hjaexpp j2i at the fiber input (blue), and at the fiber output
(red). Also shown is the corresponding RJ equilibrium distribu-
tion nRJp (green). Note the quantitative agreement between nRJp and
the experimental output distribution nexpp (red). The six panels
correspond to different values of E, or equivalently different T;
see the six vertical purple lines in Figs. 1(b) and 1(c). The modal
distribution peaked on the lowest mode for (a) T > 0 gets
inverted for (b)–(f) T < 0. An average over ≃35 realizations
of speckle beams is considered for each panel. The fiber modes
are sorted from the fundamental one (β0) to the highest-mode
group (ninefold degenerate with βmax ¼ 9β0). Degenerate modes
are equally populated at equilibrium, leading to a staircase
distribution nRJp .

PHYSICAL REVIEW LETTERS 130, 063801 (2023)

063801-3



distribution. This is illustrated in Fig. 4, which reports the
averaged radial intensity distribution IexpðrÞ (with
ΔE ¼ 0.25Emin, E=Emin ¼ 7.9). The theoretical RJ inten-
sity distribution reads

IRJðrÞ ¼
X

p

nRJp u2pðrÞ; ð3Þ

where upðrÞ denotes the fiber modes [23]. The number of
radial oscillations in Fig. 4 is given by the most oscillating
mode of the fiber—namely, the mode LP04 that exhibits
five oscillations.
Experiments by increasing power.—We have studied the

optical field at the output of the MMF, with a small power
N ¼ 0.23 kW (linear regime), and a high powerN ¼ 7 kW
(nonlinear regime). Since the MMF length is kept fixed
(L ¼ 12 m), the effective number of nonlinear interaction
lengths increases by increasing the power. Figure 5 reports
the fraction of power that populates the highest group of

degenerate modes of the MMF, ñg=N for g ¼ 9. The output
field (red) reaches the equilibrium RJ theory (green line) in
the nonlinear regime. The highest energy level gets
macroscopically populated by increasing the energy,
or equivalently by increasing the negative temperature
(see Fig. 1).
Conclusion and perspectives.—We have reported the

observation of RJ thermalization to NT equilibrium states
through light propagation in graded-index MMFs. This
nonequilibrium process of NT thermalization can be
described by a wave turbulence kinetic equation, which
is found to be in agreement with the simulations of the
nonlinear Schrödinger equation [41]. Our NT experiment
then paves the way for the study of Zakharov-Kolmogorov
turbulence cascades [32–34] that are inverted with respect
to those underlying usual positive-temperature therma-
lization (e.g., inverse energy flow in Fig. 3).
Along this line, our Letter suggests a previously unrec-

ognized process of inverted condensation at NTs: At
variance with usual condensation at positive temperature
where the lowest energy level gets macroscopically popu-
lated by decreasing the temperature (T → 0þ, or
E → Emin) [23,33–36], at NT an inverted condensation
process occurs into the highest energy level as the tempera-
ture increases to zero (T → 0−, or E → Emax). While we
provide a preliminary study of this effect through the
macroscopic population of the highest energy level (Fig. 5),
the observation of the transition to condensation requires
MMFs with a larger number of modes [41].
In our Letter, NT states are obtained directly, which is in

contrast with magnetic systems and cold atoms, where the
excitation of NT states requires first the creation of a
positive-temperature state and then its subsequent inversion
through suitable procedures (magnetic field inversion or
Feshbach resonances). This opens the possibility to study
the physics of NT in a flexible experimental environment.
For instance, the thermalization of two beams at different

FIG. 4. Oscillating radial intensity distribution at NT. Intensity
distribution IexpðrÞ averaged over the realizations and over angle
as a function of the radial distance jrj (red). Note the quantitative
agreement with the theoretical RJ intensity distribution IRJðrÞ in
Eq. (3) (dashed green). The oscillating behavior of the intensity
distribution is a signature of the NT equilibrium. Inset: corre-
sponding 2D intensity averaged over the realizations (the radius
of the circle is the fiber radius).

FIG. 5. Macroscopic population of the highest energy level.
Fraction of power ñg=N into the highest mode group g ¼ 9 vs
energy E=Emin. Experimental measurements at the fiber output:
The blue circles refer to the linear regime (small power),
and the red circles to the nonlinear regime (high power).
The green line denotes the RJ equilibrium theory. By increasing
the energy, the power goes to the highest energy level,
ñg=N → 1 as E=Emin → 9.

FIG. 3. Energy flows in mode space. Experimental energy
distributions averaged over 50 realizations εexpp ¼ βpn

exp
p , at the

fiber input (blue) and output (red). The arrow indicates the energy
flow to low-order modes. Also shown is the corresponding
RJ equilibrium distribution εRJp ¼ βpnRJp (green line), which is
in quantitative agreement with the experimental output
distribution (red).
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laser wavelengths interacting through the fiber nonlinearity
can be exploited to achieve an efficient optical refriger-
ation: A highly incoherent speckled beam at NT can be
cooled through its thermalization with a coherent beam
towards a highly coherent state without any power loss. In
contrast with usual beam cleaning at positive temperature
where the energy is conserved, here the cooling process is
featured by an energy transfer from the incoherent to the
coherent beam, which significantly improves the gain of
coherence of the incoherent beam. Following this idea, one
can explore the meaning of a thermostat at NT [10]: If the
NT incoherent beam has a power much larger than the
partially coherent beam, it will play the role of a NT
thermal reservoir for such a partially coherent beam.
The versatile optical experimental environment proposed

in this Letter also opens the possibility to study contro-
versies about NTs, such as thermodynamic engines fea-
tured by Carnot cycles operating between temperatures of
opposite signs, in relation with the generalized Kelvin-
Planck formulation of the second law of thermodynamics
stating that it is not possible to completely transform work
into heat at NT [10].
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