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Microwave Photons Move Out of Equilibrium
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A circuit for microwave photons provides a useful test bed for nonequilibrium physics.
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Isolated systems that don’t exchange energy with the
“outside world” are the easiest to study and control.
But most real systems are decidedly not in isolation, nor
are they in equilibrium. These include turbulent waves,
earthquakes, and the rapidly cooled metal alloys and
plastics used in manufacturing. Even richer physics lies
in quantum systems that are out of equilibrium, particu-
larly those in which interactions between multiple quan-
tum objects is important. Such systems are difficult to
describe theoretically, but investigating them could shed
light on fundamental questions about how quantum sys-
tems thermalize [I] and the formation of the early Uni-
verse. Long term, studying these systems could open
new avenues of research in quantum field theory and the
quantum simulation of atomic and molecular chemistry.

James Raftery and Darius Sadri at Princeton Univer-
sity, New Jersey, and their colleagues now report a model
experimental device that provides an early step towards
understanding nonequilibrium many-body physics in a
quantum system. To this end, they study the time evolu-
tion of a small number of microwave photons moving back
and forth between two resonators with leaky ports [2].
This elegant experimental device is designed to be sim-
ple enough that it can be described with a toy model yet
complex enough to include two ingredients of interest in
nonequilibrium physics: dissipation and strong photon-
photon interactions. The researchers showed they could
use this interaction to drive photons in the circuit into
a self-trapped state—a demonstration that complements
similar observations in cold-atom and photonic devices.
Moreover, their device is designed with circuit elements
similar to those used in prototype quantum computers,
thus the findings could be relevant for future practical
applications.

The circuit designed by Raftery et al. consists of two
microwave resonators, each coupled to a quantum bit
(qubit) called a transmon (Fig. |1)). Each qubit contains
a superconducting Josephson junction whose inductance
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FIG. 1: Raftery et al. designed a circuit for microwave pho-
tons to study the behavior of interacting quantum objects
out of equilibrium. (Top: A schematic; bottom: The actual
device.) Photons oscillate back and forth between two res-
onators (indicated by the yellow cylinders), each of which is
coupled to a “transmon.” This coupling makes the device in-
herently nonlinear: the spacing between the energy levels on
the resonators (inset) varies with gN'/2, where N is the num-
ber of excitations on each site and g is a coupling constant.
(J. Raftery et al.[2])

has a nonlinear dependence on electrical current. This
nonlinear effect mediates a strong interaction between
photons: The presence of the qubit changes the energy
levels the photons can occupy from those of a harmonic
oscillator, with a fixed spacing between levels, to a non-
linear oscillator, in which the level spacing changes as
zero, one, two, etc., photons are added to the resonator
(Fig. 1, inset). Specifically, the level spacing forms an
anharmonic ladder, varying as gN/2, where N is the
number of excitations on each site and g is a coupling
constant between each resonator and its respective trans-
mon.
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The two resonators are connected by a capacitor, which
allows photons to transmit from one resonator to the
other at a rate J. Experimentally, g and J are fixed by
how the circuit is fabricated, so to control the behavior of
the device, Raftery et al. vary the number of photons on
the resonator. Dissipation—the loss of energy—occurs
because photons can leak out of the resonators.

If the photons can’t escape or be absorbed, and if they
don’t interact with each other (g = 0), the expected be-
havior of the device is simple: photons oscillate back and
forth between the two resonators. In particular, if we
start with N photons on one site, the photon popula-
tion oscillates at a rate proportional to J. The nonlin-
ear effects modify this oscillation, and at a critical value
ge = 2.8JN1/2_the period of the oscillation diverges. For
larger values of coupling, all of the photons get trapped
on one site, and the left/right symmetry is broken.

This “self-trapping” has been observed in several sys-
tems. The behavior was predicted in the 1980s for two
coupled nonlinear oscillators with quadratic nonlinearity
[3,[4]. Similar behavior was predicted for ultracold atoms
[B]. In particular, experimentalists have shown that two
coupled, trapped Bose-Einstein condensates exhibit self-
trapping by varying the initial population difference [6].
More recently, similar effects were observed for exciton-
polaritons in a semiconductor device [7].

However, there is a major difference between the self-
trapping Raftery et al. are able to observe in their
device and that observed in the quadratically nonlin-
ear systems. In their device, the energy difference be-
tween two consecutive energy levels decreases with N (re-
call, E(N +1) — E(N) = g(N 4+ 1)1/2 — gN'/2) which
means that as more photons are added to the device,
its behavior becomes more “classical.” This is in contrast
to the quadratic nonlinear systems in which the energy
spacing increases linearly with the number of excitations.
In these systems, the self-trapping occurs for a high num-
ber of excitations and classical behavior reappears for a
low number of excitations.

In order to probe the self-trapping phenomena, Raftery
et al. measure the electric field associated with the pho-
tons escaping from the resonators. If the initial num-
ber of photons is below the critical number, the photons
self-trap on one resonator—consistent with what the re-
searchers predicted in earlier work [§]. But if the initial
number of photons is above the critical number, then the
light oscillates back and forth between the resonators.
Of particular interest is that this photonic system is gen-
uinely dissipative: photons leak out of both sites. Conse-
quently, if the system is initialized with a number of pho-
tons greater than the critical number, it slowly decays,
and at some point, the total number of photons on the
two resonators falls below the critical number, and the
system evolves from a delocalized state to a self-trapped
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state. In other words, the intrinsic dissipation in the sys-
tem drives a transition from delocalized to self-trapped
states, without the need of changing any parameter ex-
ternally.

Although the presented work can be understood by a
semiclassical formalism, it paves the way for further in-
vestigations of many-body nonequilibrium physics with
microwave photons for which the semiclassical descrip-
tion is no longer valid. In particular, scaling up their
device from a dimer to many sites is a realistic approach
to study many-body nonequilibrium physics.

More generally, photons, in all frequency domains, pro-
vide an intriguing medium to study many-body physics.
Photonic systems are naturally open, and therefore their
ground state is simply the vacuum. Consequently, pho-
tonic systems have to be externally driven, as in the de-
vice studied by Raftery et al., which makes the nonequi-
librium physics immediately relevant. Of particular in-
terest would be to use the interactions between photons
on their device to cause quantum many-body phenomena
to emerge: Physicists are still looking for the best ways
to prepare many-body states of photons and the best
formalisms to describe them. For example, researchers
are interested in finding a measurable quantity, such as
incompressibility, that contains information about the
many-body aspects of a correlated systems. All these
questions make the subject of dissipative-driven many-
body physics exciting, from both a theoretical and ex-
perimental view.

This research is published inPhysical Review X.
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