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Non-Hermitian physics and PT symmetry

Ramy El-Ganainy', Konstantinos G. Makris?, Mercedeh Khajavikhan3, Ziad H. Musslimani?,

Stefan Rotter® and Demetrios N. Christodoulides3*

In recent years, notions drawn from non-Hermitian physics and parity-time (PT) symmetry have attracted considerable
attention. In particular, the realization that the interplay between gain and loss can lead to entirely new and unexpected
features has initiated an intense research effort to explore non-Hermitian systems both theoretically and experimentally.
Here we review recent progress in this emerging field, and provide an outlook to future directions and developments.

our understanding of physical reality. In quantum physics,

this requirement demands that a closed system exhibits real
eigenenergies—naturally leading to theoretical formulations based
on Hermitian Hamiltonians. In many situations, however, one is not
interested in the system as a whole, but only in a limited subspace
of it. In this case, energy can be exchanged between this specific
quantum subsystem and its environment. One of the pioneering
studies on the behaviour of such open quantum systems was that
of George Gamow on alpha decay', where he showed that a particle
may escape the nucleus via tunnelling at a rate that can be effectively
described through a complex energy eigenvalue. In doing so, he
found that the real and imaginary parts of these eigenvalues are
related to the experimentally observed energy levels and widths
of the corresponding nuclear resonances. In a subsequent work,
complex (non-Hermitian) potentials were introduced by Feshbach,
Porter and Weisskopf, to model scattering interactions between
neutrons and nuclei’. In this case, the imaginary part of the
potential was responsible for neutron absorption and the formation
of compound nuclei.

C onservation of energy is a fundamental concept that shapes

From microscopic to macroscopic non-Hermiticity

Whereas in these early attempts the use of non-Hermiticity was to a
great extent phenomenological, much work was thereafter invested
in providing a more formal basis for describing the dynamics of open
quantum systems like, for example, the Lindblad formalism®. These
more rigorous approaches indicate that when a quantum system
couples to a surrounding environment or bath, the dynamics of
the subsystem itself becomes non-Hermitian and features quantum
jumps. In this respect, accounting for the noise induced by these
jumps is necessary to keep the quantum mechanical commutation
relations intact'. Whereas for microscopic systems such a quantum
description is crucial, macroscopic settings can be well described by
semi-classical approaches in which the noise terms are neglected.
At this mean-field level, the process of quantum dissipation can be
encapsulated in a non-Hermitian ‘effective Hamiltonian™™'. This
strategy provides valuable insight into new classes of phenomena
that are by nature difficult to address utilizing standard Hermitian
representations. In fact, adding a non-Hermitian component to a

Hamiltonian does significantly more than merely broadening its
resonances and allowing its eigenstates to decay. In particular, it was
realized that eigenmodes could merge with each other at so-called
‘exceptional points’ (also known as branch-point singularities)”*'".
What is remarkable about these degeneracies is that, not only
the eigenvalues coalesce at these points (in both their real and
imaginary parts), but also their corresponding eigenvectors become
completely parallel.

An important milestone in the physics of non-Hermitian systems
was the discovery, by Carl Bender and Stefan Boettcher, that a large
class of non-conservative Hamiltonians can exhibit entirely real
spectra as long as they commute with the parity-time (PT) oper-
ator (see Box 1)'"”. To some extent, this counterintuitive result goes
against the commonly held view that real eigenvalues are associated
only with Hermitian observables. Starting from the aforementioned
premise, one can show that a necessary (but not sufficient) condition
for PT symmetry to hold is that the complex potential involved
should satisfy V(r) = V*(—r)", where r is the position vector.
In such pseudo-Hermitian configurations the eigenfunctions are
no longer orthogonal—that is, (m|n) # §,,,—and hence the vector
space is skewed. Even more intriguing is the possibility of a sharp
symmetry-breaking transition once the non-Hermiticity parameter
exceeds a certain critical value. In this latter regime, the Hamiltonian
and the PT operator no longer display the same set of eigenfunc-
tions (even though they commute). As a result, the eigenvalues of
the system cease to be real. This PT-symmetry-broken phase is
associated with the appearance of exceptional points".

PT symmetry meets optics

Whereas the implications of these mathematical developments have
been a matter of theoretical debate'”"® for many years, it has been
recently recognized that optics can provide a fertile ground where
PT symmetric concepts can be fruitfully exploited*™. In optical
systems, PT symmetry can be readily established by judiciously
incorporating gain and loss—that is, the refractive index profile now
plays the role of the complex potential (see Box 1 and Fig. 1). This
paradigm shift subsequently led to a flurry of similar research activ-
ities in other physical settings, such as electronics*, microwaves™
mechanics®, acoustics™, and atomic systems™, to mention a few.
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Box 1| Exceptional points in various settings.

Non-Hermitian phenomena are ubiquitous in nature—they
appear even in low-dimensional settings. An analytically tractable
example is that of a two-level system describing the physics of
two coupled sites with gain and loss. In this case, the Hamiltonian
operator is given by:
A= ( 8 —ig «
K ig)
where « is the coupling constant, § is a detuning parameter,
and g, g, describe the amount of dissipation/amplification per
site. When g, = g, = 0, the eigenvalues are real and the energy
is conserved during time evolution. On the other hand, if the
complex diagonal terms (g;,,) are non-zero, the matrix is non-
Hermitian, and therefore the resulting eigenvalues (E,) can in
general be complex, leading to a time evolution with amplification
or dissipation. In this case, the corresponding right eigenvectors
are no longer orthogonal. The left eigenvectors can, in turn,
be obtained from the adjoint problem H'|¢,,) = E},|$12). The
orthogonality between the right and left modes is expressed by the
bi-orthogonality relation ({(¢,,|¢,,) =0). An interesting scenario
arises at the so-called exceptional point, occurring at § =0 and
k = |gi + &|/2. At this parameter point, not only are the two
eigenvalues identical (see Fig. B1), but also the two eigenvectors
become completely parallel.

b
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Figure B1| Riemann surfaces of the complex eigenvalues of the matrix A
versus the (8, k)-parameters. Real (a) and imaginary (b) part of
the eigenvalues.
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For the special case of two fully tuned (§ =0) coupled sites having
equal gain and loss (g, =g, = ¢), the Hamiltonian H from equa-
tion (1) becomes parity—time (PT) symmetric. This unique class
of non-Hermitian Hamiltonians, discovered in 1998, is capable of
exhibiting entirely real spectra. More specifically, when g/k <1,
the two eigenvalues are real and are given by E,, =%« cos6,
where 0 = sin"'(g/k), and the biorthogonal eigenvectors are
|p1,) =[1 Fe*]". In this regime, better known as a ‘PT exact
phase; the two eigenmodes are distributed over both sites and
neither of them experiences a net gain or loss—that is, they

remain neutral (see Fig. B2). On the other hand, the character-
istics of the supermodes drastically change as soon as g/k > 1,
beyond which the system enters the ‘PT-broken phase’. In this
regime, the eigenvalues are expressed by E, , = ik sinh(6), where
0 = cosh™'(g/k), and their corresponding non-orthogonal eigen-
vectors turn out to be [¢,,) =[1 ie*”]". The symmetry of each
mode is broken such that one of them resides mostly in the
gain cavity (and hence enjoys amplification) while the other one
inhabits the lossy resonator (experiences attenuation), as Fig. B2
graphically depicts.
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Figure B2 | Plot of the imaginary part of both eigenvalues of H versus
g/k when §=0.

More generally, a continuous Hamiltonian H is PT symmetric
provided that its complex potential satisfies V(x, y) =
V*(—x, —y). An intriguing aspect of such Hamiltonians is the
sharp symmetry-breaking transition taking place at an exceptional
point. In the broken regime, the Hamiltonian and the PT operator
no longer display the same set of eigenfunctions even though they
still commute, a direct outcome of the antilinear nature of the time
reversal operator. As a result the eigenvalues of the system cease
to be real; instead they appear as complex conjugate pairs.

A prototypical system that exhibits the above characteristics
is that of a PT-symmetric lattice. An example of a spatial
two-dimensional periodic PT potential is given by V(x, y) =
cos’ x + cos’ y 4 iV, sin (2x) sin (2y), with the corresponding
PT-symmetric Hamiltonian H = —V? — V' (see Fig. B3a).

Here, because of PT symmetry, the band gaps can entirely close
and the two first bands can merge, forming a closed surface
exhibiting complex conjugate pairs in the overlapping regions and
real eigenvalues in the areas in between (see Fig. B3b,c).

¢

Figure B3| a, PT lattice. b,c, Real and imaginary parts, respectively, of the first two bands in the broken PT phase.
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Figure 1| Schematic presentation of a PT-coupled system and first
experimental observations of spontaneous PT symmetry breaking.

a, A coupled arrangement of two identical waveguide elements having an
equal amount of gain and loss. b, Loss-induced transparency observed in
passive PT-symmetric coupled waveguide channels. In the PT-broken
phase, an increase in loss enhances the overall transmission. ¢, Optical
wave propagation when the coupled system in a is excited at either
channel, above and below the PT-symmetry transition threshold. Adapted
from ref. 19, APS (b); and ref. 20, Macmillan Publishers Ltd (c).

To summarize some of the important aspects of non-Hermitian
physics and PT symmetry in this review article, we primarily

focus on the interplay between conservative and non-conservative
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processes in photonics. Historically, moulding the flow of light
largely relied on our ability to shape the refractive index distribution,
an endeavour that started with the first lenses in antiquity and by
now has reached such a level of perfection that artificial structures
as diverse as optical fibres, photonic crystals, and metamaterials
have become possible*® ', After the invention of the laser, optical
amplification or gain has in turn enabled numerous applications
in many areas of science and technology. Gain is unquestionably a
valuable commodity in optics, typically used to mitigate losses and
to boost the level of a signal. On the other hand, loss, unlike the
other two components, is still perceived to be a foe—an undesirable
attribute that should be avoided or compensated at all costs. It is
in this context that the introduction of PT symmetry (see Box 1)
and, in general, non-Hermitian notions in optics, has drastically
changed our views on the role of amplification and attenuation in
light transport.

Unidirectional invisibility and PT-symmetric metamaterials
The most common methodologies for designing optical metama-
terials are those that rely on altering or sometimes even reversing
the sign of the constitutive permittivity and permeability parameters
¢, u—something that typically comes at the price of adding unde-
sired losses™'. In this respect, approaches based on PT symmetry and
non-Hermitian physics can introduce additional degrees of freedom
in designing metamaterials by allowing one to involve the entire
complex plane instead.

One-dimensional periodic structures provide a convenient plat-
form to study the ramifications of PT symmetry on light trans-
port. In their Hermitian embodiment, these arrangements display a
sequence of allowed bands and forbidden gaps, where the reflection
and transmission remains invariant whether the light enters the
structure from the left or right. However, if every unit cell in such
a lattice is anti-symmetrically impregnated with gain and loss, the
direction that light enters the system can influence its reflection
properties. This effect is most pronounced at an exceptional point,
where the potential becomes entirely reflectionless from one side.
Using a periodic PT grating, one can match this effect with perfect
transmission (unity in magnitude, and a phase that is identical to the
one in the absence of the grating). In this way, a ‘uni-directionally
invisible’ Bragg grating can be realized, having a response that
crucially depends on the way the gain-loss dipoles are oriented
(see Fig. 2a). When the direction of the incoming wave or the
dipole orientation is flipped, the reflection can even exceed unity*.
Of course, in linear settings, the transmission coefficients from
port to port remain invariant, and hence the reciprocity theorem
still holds.

Extensions of these ideas have recently been focused on
PT-symmetric gain-loss gratings for ‘cloaking’ objects”**. The
underlying idea is to fabricate gain-loss structures around an object,
where the loss part absorbs an incoming wave and the gain part
re-emits it. In this respect, a balanced gain-loss distribution can
provide relaxed constraints with regard to the size of the concealed
object, and enables broadband invisibility. Using such schemes, not
only can the scattering amplitudes in the far field be engineered, but
also the near-field features can be effectively suppressed through
‘constant-intensity waves’ that exist even in inhomogeneous scat-
tering landscapes™**—a feature that is inaccessible in Hermitian
environments. Negative refraction due to the non-orthogonality
of modes and the possibility for aberration-free imaging using
PT metasurfaces are relevant topics that could be of significance
in nanophotonics™*.

Periodic chains of ‘PT-atoms’ can exhibit a number of other
exotic features that have no analogue in Hermitian lattices. These
include, for example, band-merging effects and exceptional lines
in higher dimensions, as well as phase dislocations and power
oscillations'®**'. Other properties of optical PT lattices have been
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Figure 2 | Unidirectional invisibility and PT-symmetric arrays. a, A PT-symmetric grating can display unidirectional invisibility and a reflectivity exceeding
unity. b, A gain/loss fibre loop mesh network used to demonstrate unidirectional invisibility. ¢, Bloch oscillations in a passive (left) and PT-symmetric
(right) mesh loop system. d, A two-dimensional photonic crystal (left) exhibiting rings of exceptional points and the measured reflectivity spectra (right)
near such points in the bandstructure. Adapted from ref. 32, APS (a); ref. 45, Macmillan Publishers Ltd (b,c); and ref. 49, Macmillan Publishers Ltd (d).

investigated in several theoretical works. These include optical PT
graphene arrangements®’, Talbot revivals®, and Anderson localiza-
tion*. Even though, at first glance, a PT-symmetric lattice with a
balanced gain/loss profile may seem to be isotropic, its diffraction
patterns resulting from broadband excitation conditions resemble
more those expected in anisotropic media. This type of double
refraction is a direct outcome of the non-orthogonality of the as-
sociated Floquet-Bloch modes'®.

PT synthetic photonic lattices were experimentally realized for
the first time in 2012 using coupled fibre loops with balanced
gain and loss profiles” (Fig. 2b). In this same physical set-up,
Bloch oscillations, self-trapped states (Fig. 2¢), and defects were also
observed, along with double refraction effects, superluminal energy
transport, abrupt eigenvalue phase transitions and unidirectional
invisibility*>**. Similar behaviour was also reported in passive
silicon periodic nanowires”, and subsequently in multilayer Si/SiO,
unidirectional reflectors®™. Another relevant development in this
area was the demonstration of rings of exceptional points in
photonic crystal slabs* (Fig. 2d).

Symmetry breaking and exceptional points in laser systems
Lasers provide perhaps the ultimate non-Hermitian playground
where gain and loss are simultaneously engaged. In general, gain is
induced through external pumping, whereas loss is already present
due to the intended out-coupling mechanisms and unavoidable
scattering/dissipation in the cavity. The significance of non-
Hermiticity in designing and predicting the performance metrics of
lasers was long acknowledged by the laser community. For example,
an important property associated with a laser device is the emission
linewidth. Although to a first-order approximation the laser
linewidth can be predicted by the Schawlow-Townes formula®, in
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more complex settings, where the eigenmodes are strongly non-
orthogonal, a significant departure from this fundamental limit has
been predicted® and experimentally observed®. To a great extent,
this linewidth enhancement can be attributed to the loss-induced
coupling between modes, which translates into excess noise by the
gain mechanism and the cavity feedback®. Closely spaced complex
eigenvalues were also found to lead to fast self-pulsations in coupled
laser oscillators™, as well as to improved coherent beam combining
schemes™. Even though some of these aspects have already been
partially explored, much insight can still be gained by studying laser
systems operating near exceptional points™.

The peculiar behaviour of complex eigenvalues around an
exceptional point manifests itself in the threshold and spectral
response of lasing systems®**. When operating a PT-symmetric
‘photonic molecule’ (Fig. 3a) as a laser, the exceptional points lead to
an unexpected pump-induced suppression and revival of lasing™ -
an effect that was experimentally demonstrated in coupled quantum
cascade lasers as well as in a pair of silica microcavities with Raman
gain®®'. Exceptional points were also found to promote single-
mode behaviour in another class of oscillators—the so-called dark
state lasers®™®.

In other developments, intrinsically single-mode lasing action
was demonstrated in PT-symmetric microcavity arrangements®*
(Fig. 3b). Whereas, at a first glance, intentionally introducing addi-
tional losses in a resonator may appear to be only detrimental, it is,
in fact, common practice to insert lossy apertures in laser cavities
to suppress higher-order spatial modes. Once we appreciate the fact
that loss can indeed enhance the performance of a laser, the next
question naturally is: what is the best strategy to exploit attenuation
in a laser cavity to suppress unwanted modes without adversely
affecting the fundamental mode? Along these lines, in ref. 65, the
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Figure 3 | PT-symmetric lasing systems and exceptional point encirclement. a, Schematic of PT-symmetric coupled resonators. b, A PT-symmetric dual
microring laser arrangement supporting stable single-mode operation. ¢, The time reverse of a laser with gain (top panel) is a structure with loss (bottom
panel) that can perfectly absorb incoming light provided it has the right frequency and phase relationship between the two input beams on the left and
right. d, Self-intersecting Riemann sheets in complex parameter space with an exceptional point at the centre. Encircling the exceptional point dynamically
(curved arrows) faithfully leads to the same final state—depending only on the direction of encirclement. The two plots on the left (right) display the
results of a dynamical exceptional point encirclement for a anticlockwise (clockwise) contour. The implementation of this chiral behaviour in a waveguide
with a suitably designed boundary and absorber leads to the dominant transmission of a specific mode only (irrespective of the input). Adapted from

ref. 65, AAAS (b); ref. 73, APS (c); and ref. 96, Macmillan Publishers Ltd (d).

selective breaking of PT symmetry in a coupled microresonator
system was exploited to realize a new family of inherently single-
mode lasers with unique self-adapting properties (Fig. 3b). In these
micro-scale arrangements, mode selection is accomplished without
incorporating dispersive elements as previously done for example
in vertical cavity surface emitting lasers (VCSELs) and distributed
feedback (DFB) lasers. Without any penalty in terms of slope
efficiency or threshold pump intensity, such coupled PT-symmetric
lasers can become a viable source of coherent radiation in integrated
photonic circuits where single-growth processing and in-plane out-
put coupling are preferred. In a parallel development, thresholdless
symmetry breaking was observed in a ring structure involving a PT
grating, which in turn led to stable single-mode operation for the
desired whispering-gallery mode order®.

There are several possible future developments. One would be to
consider the properties of multiple and individually tunable coupled
cavities. Such configurations can exhibit higher-order exceptional
points® that may in turn be useful in developing high-performance
active sensors™”'. Exceptional points also play an increasingly
prominent role in generating beams with orbital angular momenta’.
Another possibility is the realization of a PT-symmetric laser-
absorber””* that can simultaneously lase and perfectly absorb
light at the same frequency (Fig. 3c). Related concepts, such as
phonon lasing, are meanwhile being considered in conjunction with
PT symmetry”.

Non-Hermitian nonlinear systems

The interplay between non-Hermiticity and nonlinear processes
poses a number of intriguing and fundamental questions. For exam-
ple, one of the key features of PT-symmetric systems is the abrupt
transition of their corresponding eigenvalue spectra from the real

NATURE PHYSICS | VOL 14 | JANUARY 2018 | www.nature.com/naturephysics

to the complex domain. In view of the fact that light by itself can
locally modify its index surroundings via nonlinearities, it is reason-
able to ask whether the rules governing this behaviour can change
at higher power levels. Indeed, it was theoretically predicted that
nonlinear Kerr effects can induce a transition in a PT-symmetric
lattice from a broken to an unbroken phase, and vice versa™. In
other words, in sharp contrast with linear PT-symmetric configu-
rations, nonlinear processes are capable of reversing the order in
which the symmetry breaking occurs. This feature was successfully
observed in semiconductor-based PT-symmetric dual microring
laser resonators as a result of gain saturation””®. Yet, even in the
nonlinear regime, the resulting non-Hermitian states were found to
retain the structural form of the corresponding linear eigenvectors.
Such nonlinear PT-symmetric systems can have far-reaching impli-
cations. For example, in a recent study, it has been demonstrated
that PT-symmetric circuits incorporating nonlinear gain saturation
elements can provide robust wireless power transfer”.

Nonlinear optical transport in periodic lattices endowed with PT
symmetry is another topic of interest'**. In this regard, coherent
structures in the form of discrete or lattice solitons were identified
in quasi-transparent PT periodic optical potentials®*’. Contrary
to Ginzburg-Landau dissipative systems, where self-trapped waves
are known to exist as points in phase space, here, entire families of
solutions can emerge as if the PT photonic crystal was conserva-
tive®. This unusual class of optical solitons was recently observed
for the first time in nonlinear mesh lattices, with global and local
PT symmetry*. Modulation instability in nonlinear non-Hermitian
inhomogeneous media was also investigated by employing gen-
eralized plane wave solutions®. The possibility of simultaneously
engaging non-Hermiticity and nonlinearity as a means to imple-
ment all-dielectric unidirectional devices was also suggested®™™.
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Figure 4 | Future directions in PT-symmetric optics. a, A photonic topological PT-symmetric network using laser-written waveguide structures.

b, Aperiodic ring resonator topological insulator array where the spatial shift of the link resonators establishes a synthetic magnetic field. ¢, A plasmonic
nanolaser based on a subwavelength coaxial design where gain overcomes metal losses. d, A possible implementation of a coupled optomechanical
system for realizing mechanical PT symmetry. Adapted from ref. 105, Macmillan Publishers Ltd (a); ref. 101, Macmillan Publishers Ltd (b); ref. 110,

Macmillan Publishers Ltd (€); and ref. 115, APS (d).

Non-Hermiticity can also provide an alternative route to phase
matching in three- and four-wave mixing processes”*. This, in
turn, opens new opportunities for utilizing semiconductor materials
with large nonlinear coefficients for implementing on-chip optical
components such as parametric amplifiers and oscillators. Addi-
tionally, non-Hermitian systems exhibiting nonlinearities due to the
coupling between light and mechanical vibrations have also been
recently explored™¥.

Encircling exceptional points
A fascinating aspect of exceptional points is related to the geometry
of the self-intersecting Riemann sheets on which the complex eigen-
values unfold (see Fig. 3d and Box 1). This led to several studies as
to what ensues when an exceptional point is encircled along a closed
loop in parameter space. Theoretical predictions pointed out that
in the quasi-static regime, the system does not return to its initial
state upon encirclement, but to a different state on another Riemann
sheet—requiring a second encirclement to return to the initial
state (apart from a geometric Berry phase of 7 (ref. 90)). Initial
experiments in microwave arrangements’', optical cavities”, and
polariton condensates” confirmed this interesting behaviour. Yet,
subsequent studies showed that the gain and loss needed to produce
an exceptional point also destroy the adiabatic evolution around
the exceptional point™®. In a fully dynamical picture, additional
non-adiabatic transitions emerge, which give rise to a fascinating
chiral behaviour through which the direction of encirclement alone
determines the final state of the system (see trajectories in Fig. 3d).
These latter predictions were confirmed in two experiments, in
the microwave domain and in optomechanics®**. In the first exper-
iment™ (see Fig. 3d), the dynamical encirclement of an exceptional
point was mapped onto the spatial propagation in a two-mode
waveguide featuring suitably engineered boundary modulations
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and internal losses. Since the polarity of the exceptional point
encirclement is dictated by the propagation direction, the chiral
behaviour manifests itself in unique transmission characteristics.
Irrespective of the input state, the waveguide transmits predomi-
nantly into one mode depending on the direction of propagation. In
the second experiment”, a mechanical membrane was placed inside
an optical resonator and an external laser was used to implement the
above chiral state transfer. Finally, the possibility of an integrated
optical omni-polarizer has been suggested. This component can
faithfully produce a specific polarization state regardless of the
input—something that is impossible using single channel schemes™.

Outlook and future directions

Topological phenomena in non-Hermitian optical systems. The
past decade has seen a surge of interest in topological insulators:
materials that allow extremely robust and uninterrupted flow of
current, akin to quantum Hall phenomena. This naturally raised
the exciting possibility of investigating topological systems in
photonics, where the physics can be studied in great detail and
under controlled conditions. Lately, photonic systems have allowed
these topological phenomena to be probed directly in ways that
would have been inconceivable in the solid state” ' (see Fig. 4a,b
for two examples). Given that optics offers an ideal ground where
gain and/or loss can be physically implemented, a promising future
direction is to explore light dynamics in non-Hermitian topological
systems. For example, an open question in this field pertains to the
existence of topological insulators in PT-symmetric non-Hermitian
arrangements'®. The connection between topological physics and
non-Hermiticity has just recently come to be appreciated. In
particular, the insight provided by the Rudner-Levitov model,
demonstrating that topological phase transitions can take place in
one-dimensional non-Hermitian quantum walks'”, paves the way
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for the experimental realization of topologically protected edge
states in optical PT-symmetric lattices, and for examining possible
relations between topological Chern numbers and exceptional
points. Another important question, still to be addressed, is how
chiral aspects in encircling an exceptional point (see previous
section) could be used for topological state protection. These
intriguing topics could serve as a bridge between the fields of
topological photonics and PT-symmetric optics.

A PT-symmetric perspective in active plasmonics. The field of
plasmonics provides a route towards confining and manipulating
light at the nanoscale. This type of sub-diffraction localization is
enabled by electromagnetic excitations coupled to electron charge
density waves on a metal-dielectric interface, better known as
surface plasmon polaritons. Unfortunately, this energy recycling
between photons and charge oscillations is subject to apprecia-
ble metal dissipation losses. Research efforts in the field of active
nanoplasmonics are meant to address this challenge by introducing
gain materials in the vicinity of metals'® """ (see Fig. 4c for an
example). Given that active plasmonics and PT optics share com-
mon ground, by merging ideas from these two areas one can perhaps
devise methodologies to effectively scale down light generation,
transport, and detection into subwavelength dimensions using both
metals and gain media.

Several theoretical studies have so far examined such interesting
possibilities by considering PT surface waves, PT long-range plas-
mon polaritons, exceptional points in plasmonic waveguides, as well
as PT-symmetry breaking at a metallic interface'"'. PT plasmonics
brings up many interesting and fundamental issues. For example, at
the subwavelength domain, amplification and attenuation need to
be revisited from a quantum perspective. In addition, at this point it
is not clear how the local density of states and the Purcell factor will
be modified when a PT plasmonic phase transition occurs.

Non-Hermiticity in the quantum regime

Thus far, the application of PT symmetry to optical systems has
largely relied on effective medium theories, where processes such as
stochastic quantum jumps can be neglected (see introduction). Nat-
urally, a new direction could be the study of non-Hermitian effects
in small-scale devices as well as in atomic and molecular systems,
where quantum processes are known to play a significant role. These
include, for instance, driven atomic condensates in cavities''?, artifi-
cial atoms or hybrid quantum systems in cavity quantum electrody-
namics'>'"* as well as coupled optomechanical resonators with gain
and loss, where effects such as phonon lasing'® near exceptional
points could be explored (Fig. 4d). Initial theoretical studies in this
direction show that the presence of quantum noise leads to signif-
icantly different physics as compared to that expected from semi-
classical approaches. Novel phases with preserved or ‘weakly’ broken
PT symmetry appear, as well as unconventional transitions from
high-noise thermal emission to a coherent lasing state''®. Such inter-
actions could in principle also appear in other contexts of quantum
optics, such as the prototypical case of an atom interacting with the
mode of alight field in an open system. The widely studied crossover
between weak and strong light-matter interaction is mediated
through an exceptional point'”. Indeed, results along these lines
have been reported in systems having a single quantum dot embed-
ded in a semiconductor microcavity'"*. Similar dynamics also takes
place during radiofrequency transitions between metastable states
in atomic hydrogen'”. Of interest will be to theoretically identify a
broader class of quantum dynamical scenarios where transitions can
be engineered via controlled dephasing interactions.

Other platforms for non-Hermitian physics

As pointed out in the introduction of this review, by now non-
Hermitian concepts have penetrated a number of sub-disciplines
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in physics, from nuclear and quantum, to optical, microwave, elec-
tronic and mechanical systems. One rapidly expanding area is that of
acoustics, where exceptional points can be readily accessed'*'"” and
used for the realization of invisible sensors®. In the quantum realm,
PT symmetry can be observed in a number of platforms. These
include, for example, Bose-Einstein condensates''?, ferromagnetic
superfluids'®, exciton-polariton condensates”, and flying atoms”.
Most recently, the discovery of a hidden PT symmetry in the quan-
tum amplification by superradiant emission of radiation (QASER)
was reported which employs a parametric resonance to achieve an
exponential generation of X-rays'>'. Whereas a variety of different
topics have already been reinvigorated within the framework of non-
Hermitian physics, the subject is still in its infancy, with many of its
possibilities as yet undiscovered.

Received 12 February 2017; accepted 27 October 2017;
published online 5 January 2017

References

1. Gamow, G. Zur Quantentheorie des Atomkernes. Z. Fiir Phys. 51,
204-212 (1928).

2. Feshbach, H., Porter, C. E. & Weisskopf, V. E Model for nuclear reactions with
neutrons. Phys. Rev. 96, 448-464 (1954).

3. Lindblad, G. On the generators of quantum dynamical semigroups. Commun.
Math. Phys. 48, 119-130 (1976).

4. Carmichael, H. An Open Systems Approach to Quantum Optics: Lectures
Presented at the Université libre de Bruxelles (Springer, 1993).

5. Feshbach, H. Unified theory of nuclear reactions. Ann. Phys. 5,
357-390 (1958).

6. Mahaux, C. & Weidenmiiller, H. A. Shell-Model Approach to Nuclear Reactions
(North-Holland, 1969).

7. Heiss, W. D. Exceptional points of non-Hermitian operators. J. Phys. Math.
Gen. 37, 2455-2464 (2004).

8. Berry, M. V. Physics of nonhermitian degeneracies. Czechoslov. J. Phys. 54,
1039-1047 (2004).

9. Bender, C. M. Making sense of non-Hermitian Hamiltonians. Rep. Prog. Phys.
70, 947-1018 (2007).

10. Rotter, I. A non-Hermitian Hamilton operator and the physics of open
quantum systems. J. Phys. Math. Theor. 42, 153001 (2009).

11. Moiseyev, N. Non-Hermitian Quantum Mechanics (Cambridge Univ.
Press, 2011).

12. Bender, C. M. & Boettcher, S. Real spectra in non-Hermitian Hamiltonians
having PT symmetry. Phys. Rev. Lett. 80, 5243-5246 (1998).

13. Bender, C. M,, Boettcher, S. & Meisinger, P. N. PT-symmetric quantum
mechanics. J. Math. Phys. 40, 2201-2229 (1999).

14. Bender, C. M., Brody, D. C. & Jones, H. E Complex extension of quantum
mechanics. Phys. Rev. Lett. 89, 270401 (2002).

15. Lévai, G. & Znojil, M. Systematic search for P77 -symmetric potentials with
real energy spectra. J. Phys. Math. Gen. 33, 7165-7180 (2000).

16. Makris, K. G., El-Ganainy, R., Christodoulides, D. N. & Musslimani, Z. H.
Beam dynamics in PT symmetric optical lattices. Phys. Rev. Lett. 100,
103904 (2008).

17. El-Ganainy, R., Makris, K. G., Christodoulides, D. N. & Musslimani, Z. H.
Theory of coupled optical PT-symmetric structures. Opt. Lett. 32,
2632-2634 (2007).

18. Musslimani, Z. H., Makris, K. G., El-Ganainy, R. & Christodoulides, D. N.
Optical solitons in PT periodic potentials. Phys. Rev. Lett. 100, 30402 (2008).

19. Guo, A. et al. Observation of PT-symmetry breaking in complex optical
potentials. Phys. Rev. Lett. 103, 093902 (2009).

20. Riiter, C. E. et al. Observation of parity-time symmetry in optics. Nat. Phys. 6,
192-195 (2010).

21. Schindler, J., Li, A., Zheng, M. C,, Ellis, E M. & Kottos, T. Experimental study
of active LRC circuits with PT symmetries. Phys. Rev. A 84, 040101 (2011).

22. Bittner, S. et al. PT symmetry and spontaneous symmetry breaking in a
microwave billiard. Phys. Rev. Lett. 108, 024101 (2012).

23. Bender, C. M., Berntson, B. K., Parker, D. & Samuel, E. Observation of PT
phase transition in a simple mechanical system. Am. J. Phys. 81,
173-179 (2013).

24. Fleury, R, Sounas, D. & Alli, A. An invisible acoustic sensor based on
parity-time symmetry. Nat. Commun. 6, 5905 (2015).

25. Hang, C., Huang, G. & Konotop, V. V. PT symmetry with a system of
three-level atoms. Phys. Rev. Lett. 110, 083604 (2013).

26. Zhang, Z. et al. Observation of parity-time symmetry in optically induced
atomic lattices. Phys. Rev. Lett. 117, 123601 (2016).

17

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nphys4323
www.nature.com/naturephysics

REVIEW ARTICLES NATURE PHYSICS poi: 10.1038/NPHYS4323

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

18

Peng, P. et al. Anti-parity—time symmetry with flying atoms. Nat. Phys. 12,
1139-1145 (2016).

Yablonovitch, E. Inhibited spontaneous emission in solid-state physics and
electronics. Phys. Rev. Lett. 58, 2059 (1987).

John, S. Strong localization of photons in certain disordered dielectric
superlattices. Phys. Rev. Lett. 58, 2486 (1987).

Knight, J. C,, Broeng, J., Birks, T. A. & Russell, P. S. J. Photonic band gap
guidance in optical fibers. Science 282, 1476-1478 (1998).

Shalaev, V. M. Optical negative-index metamaterials. Nat. Photon. 1,

41-48 (2007).

Lin, Z. et al. Unidirectional invisibility induced by PT-symmetric periodic
structures. Phys. Rev. Lett. 106, 213901 (2011).

Zhu, X., Feng, L., Zhang, P, Yin, X. & Zhang, X. One-way invisible cloak using
parity-time symmetric transformation optics. Opt. Lett. 38, 2821-2824 (2013).
Sounas, D. L., Fleury, R. & Alu, A. Unidirectional cloaking based on
metasurfaces with balanced loss and gain. Phys. Rev. Appl. 4, 014005 (2015).
Makris, K. G., Musslimani, Z. H., Christodoulides, D. N. & Rotter, S.
Constant-intensity waves and their modulation instability in non-Hermitian
potentials. Nat. Commun. 6, 8257 (2015).

Makris, K. G., Brandstotter, A., Ambichl, P, Musslimani, Z. H. & Rotter, S.
Wave propagation through disordered media without backscattering and
intensity variations. Light Sci. Appl. 6, €17035 (2017).

Lazarides, N. & Tsironis, G. P. Gain-driven discrete breathers in
PT-symmetric nonlinear metamaterials. Phys. Rev. Lett. 110, 053901 (2013).
Monticone, E, Valagiannopoulos, C. A. & Alu, A. Aberration-free imaging
based on parity-time symmetric nonlocal metasurfaces. Phys. Rev. X 6,
041018 (2016).

Kulishov, M., Jones, H. F. & Kress, B. Analysis of unidirectional non-paraxial
invisibility of purely reflective PT-symmetric volume gratings. Opt. Exp. 23,
18694-18711 (2015).

Longhi, S. Bloch oscillations in complex crystals with PT symmetry. Phys. Rev.
Lett. 103, 123601 (2009).

Bendix, O., Fleischmann, R., Kottos, T. & Shapiro, B. Exponentially fragile PT
symmetry in lattices with localized eigenmodes. Phys. Rev. Lett. 103,

030402 (2009).

Szameit, A., Rechtsman, M. C., Bahat-Treidel, O. & Segev, M. PT-symmetry in
honeycomb photonic lattices. Phys. Rev. A 84, 021806 (2011).

Ramezani, H., Christodoulides, D. N., Kovanis, V., Vitebskiy, I. & Kottos, T.
PT-symmetric Talbot effects. Phys. Rev. Lett. 109, 033902 (2012).

Jovié, D. M., Denz, C. & Beli¢, M. R. Anderson localization of light in
PT-symmetric optical lattices. Opt. Lett. 37, 4455-4457 (2012).
Regensburger, A. et al. Parity-time synthetic photonic lattices. Nature 488,
167-171 (2012).

Wimmer, M., Miri, M.-A., Christodoulides, D. & Peschel, U. Observation of
Bloch oscillations in complex PT-symmetric photonic lattices. Sci. Rep. 5,
17760 (2015).

Feng, L. et al. Experimental demonstration of a unidirectional reflectionless
parity-time metamaterial at optical frequencies. Nat. Mater. 12,

108-113 (2013).

Feng, L. et al. Demonstration of a large-scale optical exceptional point
structure. Opt. Exp. 22, 1760-1767 (2014).

Zhen, B. et al. Spawning rings of exceptional points out of Dirac cones. Nature
525, 354-358 (2015).

Schawlow, A. L. & Townes, C. H. Infrared and optical masers. Phys. Rev. 112,
1940-1949 (1958).

Petermann, K. Calculated spontaneous emission factor for
double-heterostructure injection lasers with gain-induced waveguiding.
IEEE J. Quantum Electron. 15, 566-570 (1979).

Hamel, W. A. & Woerdman, J. P. Observation of enhanced fundamental
linewidth of a laser due to nonorthogonality of its longitudinal eigenmodes.
Phys. Rev. Lett. 64, 1506 (1990).

Grangier, P. & Poizat, J.-P. A simple quantum picture for the Petermann excess
noise factor. Eur. Phys. J. 1, 97-104 (1998).

Wenzel, H., Bandelow, U., Wunsche, H.-J. & Rehberg, J. Mechanisms of fast
self pulsations in two-section DFB lasers. IEEE J. Quantum Electron. 32,
69-78 (1996).

Wan, C. & Leger, J. R. Experimental measurements of path length sensitivity
in coherent beam combining by spatial filtering. IEEE J. Quantum Electron.
48, 1045-1051 (2012).

Yoo, G., Sim, H.-S. & Schomerus, H. Quantum noise and mode
nonorthogonality in non-Hermitian PT-symmetric optical resonators.

Phys. Rev. A 84, 063833 (2011).

Peng, B. et al. Parity-time-symmetric whispering-gallery microcavities.

Nat. Phys. 10, 394-398 (2014).

Chang, L. et al. Parity-time symmetry and variable optical isolation in
active-passive-coupled microresonators. Nat. Photon. 8, 524-529 (2014).

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Liertzer, M. et al. Pump-induced exceptional points in lasers. Phys. Rev. Lett.
108, 173901 (2012).

Brandstetter, M. ef al. Reversing the pump dependence of a laser at an
exceptional point. Nat. Commun. 5, 4034 (2014).

Peng, B. et al. Chiral modes and directional lasing at exceptional points.
Proc. Natl Acad. Sci. USA 113, 6845-6850 (2016).

Gentry, C. M. & Popovié, M. A. Dark state lasers. Opt. Lett. 39,

4136-4139 (2014).

Hodaei, H. et al. Dark-state lasers: mode management using exceptional
points. Opt. Lett. 41, 3049-3052 (2016).

Miri, M.-A., LiKamWa, P. & Christodoulides, D. N. Large area single-mode
parity-time-symmetric laser amplifiers. Opt. Lett. 37, 764-766 (2012).
Hodaei, H., Miri, M.-A., Heinrich, M., Christodoulides, D. N. &
Khajavikhan, M. Parity-time-symmetric microring lasers. Science 346,
975-978 (2014).

Feng, L., Wong, Z. ]., Ma, R.-M., Wang, Y. & Zhang, X. Single-mode laser by
parity-time symmetry breaking. Science 346, 972-975 (2014).

Hodaei, H. et al. Single mode lasing in transversely multi-moded
PT-symmetric microring resonators. Laser Photon. Rev. 10, 494-499 (2016).
Demange, G. & Graefe, E.-M. Signatures of three coalescing eigenfunctions.
J. Phys. Math. Theor. 45, 25303 (2012).

Wiersig, J. Enhancing the sensitivity of frequency and energy splitting
detection by using exceptional points: application to microcavity sensors for
single-particle detection. Phys. Rev. Lett. 112, 203901 (2014).

Hodaei, H. et al. Enhanced sensitivity at higher-order exceptional points.
Nature 548, 187-191 (2017).

Chen, W,, Ozdemir, S. K., Zhao, G., Wiersig, ]. & Yang, L. Exceptional

points enhanced sensing in an optical microcavity. Nature 548,

192-196 (2017).

Miao, P. et al. Orbital angular momentum microlaser. Science 353,

464-467 (2016).

Longhi, S. PT-symmetric laser absorber. Phys. Rev. A 82, 031801 (2010).
Wong, Z.]. et al. Lasing and anti-lasing in a single cavity. Nat. Photon. 10,
796-801 (2016).

Jing, H. et al. PT-symmetric phonon laser. Phys. Rev. Lett. 113, 053604 (2014).
Lumer, Y., Plotnik, Y., Rechtsman, M. C. & Segev, M. Nonlinearly induced PT
transition in photonic systems. Phys. Rev. Lett. 111, 263901 (2013).

Hassan, A. U., Hodaei, H., Miri, M.-A., Khajavikhan, M. &

Christodoulides, D. N. Nonlinear reversal of the PT-symmetric phase
transition in a system of coupled semiconductor microring resonators.

Phys. Rev. A 92, 063807 (2015).

Ge, L. & El-Ganainy, R. Nonlinear modal interactions in parity-time (PT)
symmetric lasers. Sci. Rep. 6, 24889 (2016).

Assawaworrarit, S., Yu, X. & Fan, S. Robust wireless power transfer using a
nonlinear parity-time-symmetric circuit. Nature 546, 387-390 (2017).
Ablowitz, M. J. & Musslimani, Z. H. Integrable nonlocal nonlinear
Schrédinger equation. Phys. Rev. Lett. 110, 064105 (2013).

Alexeeva, N. V., Barashenkov, I. V., Sukhorukov, A. A. & Kivshar, Y. S. Optical
solitons in PT-symmetric nonlinear couplers with gain and loss. Phys. Rev. A
85, 063837 (2012).

Kartashov, Y. V., Malomed, B. A. & Torner, L. Unbreakable PT symmetry of
solitons supported by inhomogeneous defocusing nonlinearity. Opt. Lett. 39,
5641-5644 (2014).

Konotop, V. V., Yang, J. & Zezyulin, D. A. Nonlinear waves in PT -symmetric
systems. Rev. Mod. Phys. 88, 035002 (2016).

Wimmer, M. et al. Observation of optical solitons in PT-symmetric lattices.
Nat. Commun. 6, 7782 (2015).

Ramezani, H., Kottos, T., El-Ganainy, R. & Christodoulides, D. N.
Unidirectional nonlinear PT-symmetric optical structures. Phys. Rev. A 82,
043803 (2010).

Aleahmad, P, Khajavikhan, M., Christodoulides, D. N. & LiKamWa, P.
Integrated multi-port circulators for unidirectional optical information
transport. Sci. Rep. 7, 2129 (2017).

Wasak, T., Szarikowski, P., Konotop, V. V. & Trippenbach, M. Four-wave
mixing in a parity-time (PT)-symmetric coupler. Opt. Lett. 40,

5291-5294 (2015).

El-Ganainy, R., Dadap, J. I. & Osgood, R. M. Optical parametric amplification
via non-Hermitian phase matching. Opt. Lett. 40, 5086-5089 (2015).

Jing, H. et al. Optomechanically-induced transparency in
parity-time-symmetric microresonators. Sci. Rep. 5, 9663 (2015).

Mailybaev, A. A., Kirillov, O. N. & Seyranian, A. P. Geometric phase around
exceptional points. Phys. Rev. A 72, 014104 (2005).

Dembowski, C. et al. Experimental observation of the topological structure of
exceptional points. Phys. Rev. Lett. 86, 787-790 (2001).

Lee, S.-B. et al. Observation of an exceptional point in a chaotic optical
microcavity. Phys. Rev. Lett. 103, 134101 (2009).

NATURE PHYSICS | VOL 14 | JANUARY 2018 | www.nature.com/naturephysics

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nphys4323
www.nature.com/naturephysics

NATURE PHYSICS po!: 10.1038/NPHYS4323 REVIEW ARTICLES

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Gao, T. et al. Observation of non-Hermitian degeneracies in a chaotic
exciton-polariton billiard. Nature 526, 554-558 (2015).

Uzdin, R., Mailybaev, A. & Moiseyev, N. On the observability and asymmetry
of adiabatic state flips generated by exceptional points. J. Phys. Math. Theor.
44, 435302 (2011).

Milburn, T. J. et al. General description of quasiadiabatic dynamical
phenomena near exceptional points. Phys. Rev. A 92, 052124 (2015).
Doppler, J. et al. Dynamically encircling an exceptional point for asymmetric
mode switching. Nature 537, 76-79 (2016).

Xu, H., Mason, D,, Jiang, L. & Harris, J. G. E. Topological energy transfer in an
optomechanical system with exceptional points. Nature 537, 80-83 (2016).
Hassan, A. U,, Zhen, B., Soljaci¢, M., Khajavikhan, M. &

Christodoulides, D. N. Dynamically encircling exceptional points:

exact evolution and polarization state conversion. Phys. Rev. Lett.

118, 093002 (2017).

Wang, Z., Chong, Y., Joannopoulos, J. D. & Soljaci¢, M. Observation of
unidirectional backscattering-immune topological electromagnetic states.
Nature 461, 772-775 (2009).

Rechtsman, M. C. et al. Photonic Floquet topological insulators. Nature 496,
196-200 (2013).

. Hafezi, M., Mittal, S., Fan, J., Migdall, A. & Taylor, ]. M. Imaging topological

edge states in silicon photonics. Nat. Photon. 7, 1001-1005 (2013).
Khanikaev, A. B. et al. Photonic topological insulators. Nat. Mater. 12,
233-239 (2013).

Chen, W.-J et al. Experimental realization of photonic topologicalinsulator in
a uniaxial metacrystal waveguide. Nat. Commun. 5, 5782 (2014).

Schine, N., Ryou, A., Gromov, A., Sommer, A. & Simon, J. Synthetic Landau
levels for photons. Nature 534, 671-675 (2016).

Weimann, S. et al. Topologically protected bound states in photonic
parity-time-symmetric crystals. Nat. Mater. 16, 433-438 (2017).

Hu, Y. C. & Hughes, T. L. Absence of topological insulator phases in
non-Hermitian PT-symmetric Hamiltonians. Phys. Rev. B 84, 153101 (2011).
Rudner, M. S. & Levitov, L. S. Topological transition in a non-Hermitian
quantum walk. Phys. Rev. Lett. 102, 065703 (2009).

Noginov, M. A. et al. Demonstration of a spaser-based nanolaser. Nature 460,
1110-1112 (2009).

Oulton, R. E et al. Plasmon lasers at deep subwavelength scale. Nature 461,
629-632 (2009).

Khajavikhan, M. et al. Thresholdless nanoscale coaxial lasers. Nature 482,
204-207 (2012).

Lupu, A., Benisty, H. & Degiron, A. Switching using PT symmetry in
plasmonic systems: positive role of the losses. Opt. Exp. 21,

21651-21668 (2013).

Kreibich, M., Main, J., Cartarius, H. & Wunner, G. Realizing PT-symmetric
non-Hermiticity with ultracold atoms and Hermitian multiwell potentials.
Phys. Rev. A 90, 033630 (2014).

NATURE PHYSICS | VOL 14 | JANUARY 2018 | www.nature.com/naturephysics

113. Andreani, L. C., Panzarini, G. & Gérard, J.-M. Strong-coupling regime for
quantum boxes in pillar microcavities: theory. Phys. Rev. B 60,
13276-13279 (1999).

. Reithmaier, J. P. et al. Strong coupling in a single quantum dot-semiconductor

microcavity system. Nature 432, 197-200 (2004).

Xu, X.-W,, Liu, Y,, Sun, C.-P. & Li, Y. Mechanical PT symmetry in coupled

optomechanical systems. Phys. Rev. A 92, 13852 (2015).

Kepesidis, K. V. et al. PT-symmetry breaking in the steady state of

microscopic gain-loss systems. New J. Phys. 18, 95003 (2016).

Lamb, W. E,, Schlicher, R. R. & Scully, M. O. Matter-field interaction in atomic

physics and quantum optics. Phys. Rev. A 36, 2763-2772 (1987).

Shi, C. et al. Accessing the exceptional points of parity-time symmetric

acoustics. Nat. Commun. 7, 11110 (2016).

Aurégan, Y. & Pagneux, V. P T-symmetric scattering in flow duct acoustics.

Phys. Rev. Lett. 118, 174301 (2017).

Vanderbruggen, T., Alvarez, S. P, Coop, S., Martinez de Escobar, N. &

Mitchell, M. W. Spontaneous PT symmetry breaking of a ferromagnetic

superfluid in a gradient field. Europhys. Lett. 111, 66001 (2015).

. Zhang, L., Agarwal, G. S., Schleich, W. P. & Scully, M. O. Hidden PT
Symmetry and quantization of a coupled-oscillators model of quantum
amplification by superradiant emission of radiation. Phys. Rev. A 96,
013827 (2017).

115.

116.

117.

118.

119.

120.

12

—

Acknowledgements

The authors gratefully acknowledge the financial support from NSF CAREER Award
(ECCS-1454531), NSF (ECCS-1545804, DMR-1420620, EECS-1757025), AFOSR
(FA9550-14-1-0037), ARO (W911NF-16-1-0013, W911NF-17-1-0481), and ONR
(N00014-16-1-2640). K.G.M. and S.R. were funded by the European Commission under
projects NOLACOME (PIOF 303228), NHQWAVE (MSCA-RISE 691209), and by the
Austrian Science Fund (FWF) through Projects No. F25 (SFB IR-ON), No. F49 (SFB
NextLite), No. 11142-N27 (GePartWave). K.G.M. was also supported by the European
Union Seventh Framework Program (FP7-REGPOT-2012-2013-1) under grant
agreement 316165.

Author contributions
All authors contributed equally.

Additional information

Reprints and permissions information is available online at www.nature.com/reprints.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations. Correspondence should be addressed to
D.N.C.

Competing financial interests
The authors declare no competing financial interests.

19

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nphys4323
http://www.nature.com/reprints
www.nature.com/naturephysics

	Non-Hermitian physics and PT symmetry
	From microscopic to macroscopic non-Hermiticity
	PT symmetry meets optics
	Unidirectional invisibility and PT-symmetric metamaterials
	Symmetry breaking and exceptional points in laser systems
	Non-Hermitian nonlinear systems
	Encircling exceptional points
	Outlook and future directions
	Topological phenomena in non-Hermitian optical systems.
	A PT-symmetric perspective in active plasmonics.

	Non-Hermiticity in the quantum regime
	Other platforms for non-Hermitian physics
	Figure 1 Schematic presentation of a PT-coupled system and first experimental observations of spontaneous PT symmetry breaking.
	Figure 2 Unidirectional invisibility and PT-symmetric arrays.
	Figure 3 PT-symmetric lasing systems and exceptional point encirclement.
	Figure 4 Future directions in PT-symmetric optics.
	Box 1 Exceptional points in various settings.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests



