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BACKGROUND: Customizing how a system re-
sponds to external stimuli is essential for a
wide range of wave-based technologies, such
as photonics, acoustics, elastodynamics, radio-
frequency engineering, and quantum optics.
This response involves the intricate dynamics
of wave interactions with matter, leading to
reflection, absorption, diffraction, and scatter-
ing of waves, altering their momentum and
energy flow. In turn, these principles underpin
a multitude of wave phenomena and technol-
ogies, from the reflection of light and the echo
of sound to the intricate behavior observed in
photonic systems. In most settings, these phe-
nomena are limited by fundamental system
properties such as passivity, linearity, and time-
reversal symmetry, imposing constraints on
bandwidth, efficiency, and other performance
metrics. Recent efforts to overcome these
limitations involve the use of material gain;
tailored responses in systems characterized by
nonconservative interactions with their envi-
ronment; time modulation, amplification,
and lasing; and nonreciprocal materials.
Although these strategies show promise, they
often introduce unwanted challenges, such as
increased complexity, reduced ease of integra-
tion, high costs, and footprint requirements.

ADVANCES: In recent years, excitations that
oscillate at complex-valued frequency have tran-
sitioned from being merely analytical and
numerical tools to model photonic systems
to becoming a viable route to experimentally
access exotic wave responses. By utilizing ex-
citation signals with tailored waveforms whose
amplitudes grow or decay exponentially in
time, researchers have been able to effectively
mimic the effect of gain and loss in passive
systems without modifying their material
properties. This advancement has led to ex-
perimental demonstrations of phenomena
previously thought unattainable in passive
systems. Notable examples include compen-
sating losses in metamaterials, enhanced
sensing, parity-time symmetry transitions
without the need for active elements, and
generation of optical pulling forces without
specially designed spatial field gradients. These
breakthroughs have also unlocked new capa-
bilities, such as the manipulation of light for
super-resolution imaging and real-time control
over light-matter interactions and critical cou-
pling of optical cavities, as well as phenomena
that mimic the presence of material gain in
passive systems. By bridging theoretical con-
cepts with experimental implementations, these

advances demonstrate the feasibility of access-
ing non-Hermitian responses in passive lin-
ear systems. This enables new possibilities
for wave-based technologies without the
need for complex materials and the down-
sides of active elements.

OUTLOOK: The recent progress in the use of
complex frequencies and their associatedwave-
matter interactions offers metamaterials and
wave control new opportunities, particularly
in the context of non-Hermitian wave phe-
nomena. In optics and photonics, these tools
offer opportunities to dramatically alter how
light interacts with matter in a highly dy-
namic and tunable fashion, enabling enhanced
control over light emission and transport. This
paves the way for observing non-Hermitian
and topological wave phenomena without
relying on complex non-Hermitian materials,
which are challenging to realize. By applying
this excitation approach to well-established
platforms, it becomes possible to exploit the
interplay of effective gain and loss encoded
in the temporal waveform of the excitation
to create new functionalities and enhance the
performance of modern technologies. For
instance, in optical communications, sensing,
and computing, the ability tomanipulatewaves
by using complex-frequency excitations may
lead to more efficient and adaptable systems.
Future research directions include develop-

ing more efficient methods for generating
complex-frequency excitations, integrating
these techniques into existing technologies,
and exploring their applications across various
fields. Emergingplatforms such asmetasurfaces,
polaritonic materials, optomechanical systems,
and topological insulators provide unexplored
opportunities to investigate theeffects of complex-
frequency excitations in systemswith inherently
largenonlinearities, naturally strong light-matter
interactions, and intrinsic robustness. Tailored
effective gain and loss driven by the excitation
waveform in these systems opens the potential
for a substantial shift in the study, application,
and control of wave-matter interactions across
manyphysical domains. By bridging theoretical
advancements with practical implementations,
we anticipate that complex-frequency excitations
may become crucial for future technological
innovations, impacting fields beyond photonics
andwave physics, such as quantum computing,
biomedical engineering and sensing, imaging,
and energy harvesting.▪
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Complex-frequency excitations in various wave physics settings. Exotic wave phenomena available
across optics, radiofrequency (RF), elastodynamics, mid-infrared (mid-IR), acoustics, and quantum wave
systems, leveraging complex-frequency excitations to enhance modern technologies.
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Closed, lossless optical cavities are characterized by a Hamiltonian that obeys Hermiticity,
resulting in strictly real-valued resonance frequencies. By contrast, non-Hermitian wave systems
are characterized by Hamiltonians with poles and zeros at complex frequencies, whose control
through precise engineering of material loss and gain can lead to exotic scattering phenomena.
Notably, excitation signals that oscillate at complex-valued frequencies can mimic the
emergence of gain and loss, facilitating access to these non-Hermitian responses without material
modifications. These findings have been advancing the fundamental understanding of wave-
matter interactions and are enabling breakthroughs in metamaterials, imaging, sensing,
and computing. This Review examines theoretical advances and experimental discoveries in
this emerging field, demonstrating how tailored time-domain excitations offer new opportunities
for wave manipulation and control.

W
ave-matter interactions form the cor-
nerstone of wave control across vari-
ous domains, including photonics,
acoustics, elasticity, radiofrequency
(RF) engineering, and quantumoptics.

They enable control over wave properties such
as direction, energy, and momentum, and en-
compass a broad spectrum of natural phe-
nomena and technological applications, from
light reflection and sound echoes to the dy-
namics of complex photonic and quantum sys-
tems. Because of this broad relevance, wave
scattering has been a deeply studied topic
throughout all aspects of wave physics, in-
cluding optics, acoustics, and elastic waves
(1–4). In photonics, the study of light-matter
interactions has evolved from canonical pro-
cesses, such as reflection, refraction, and ab-
sorption, to sophisticated responses facilitated
by the advent of metamaterials and nano-
photonics (5, 6), uncovering remarkable phe-
nomena that include super-resolution (7–10),
nonreciprocal responses (11–15), and cloaking
(16–20). Acoustic and elastic metamaterials
have enabled unprecedented control over
sound waves, offering capabilities such as
negative effective mass and modulus (21, 22),
acoustic and elastic cloaking (23–25), and
subwavelength focusing (26, 27), with a po-
tential impact on ultrasound imaging, archi-
tectural acoustics, and sonar systems (28). In
RF engineering, reconfigurable metamaterials
have been enhancing communication and

radar systems by enabling exotic wave-matter
interactions (29–31). Quantum optics also be-
nefits from stronger wave-particle interactions,
impacting crucial quantum technologies such
as quantum communication and computing
(32, 33).
Recent theoretical advances in these areas

of wave physics have revealed exotic wave
phenomena emerging from carefully designed
structures. Examples include bound states in
the continuum (BICs) (34–36)—where local-
ized states persist despite lying within a
continuum of radiation modes—and parity-
time (PT) symmetric phases in non-Hermitian
systems (37–39). Non-Hermiticity requires non-
conservative exchanges of energy with the
environment, and when gain and loss are
balanced, such systems can support PT-
symmetric responses, leading to real-valued
eigenvalues and phase transitions (37, 40).
These fascinating properties can be found
across many classical wave platforms, includ-
ing optics (41), RF circuits (42), mechanics
(43), and acoustics (44).
In linear systems, the wave interactions can

be efficiently analyzed through the poles and
zeros of the scattering matrix at complex fre-
quencies. The scattering matrix captures how
incident waves are transformed into outgoing
waves, with poles and zeros representing re-
sonances and antiresonances, respectively
(39). The scattering matrix approach can be
rigorously derived from the corresponding
field equations, e.g., Maxwell’s equations in
electrodynamics (39). One can realize extreme
scattering responses by tailoring the position
of these singularities in the complex plane.
However, intrinsic limitations such as passivity
(inability to generate energy), causality (cause
precedes effect), and energy conservation con-

strain the degree towhich these poles and zeros
can bemanipulated, ultimately restricting device
performance. Introducing tailorednon-Hermitian
elements, such as adding gain or loss, allows
for greater manipulation of poles and zeros,
potentially aligning them with real frequen-
cies and overcoming these intrinsic barriers.
Remarkably, recent research has shown that

one can access non-Hermitian wave pheno-
mena not just through structural or material
modifications but through carefully designed
temporal excitations. By using complex-
frequency excitations—whose real-frequency
oscillation is accompanied by exponential
growth or decay—one can emulate gain or loss
without altering the material properties. This
strategy unlocks new opportunities to control
wave-matter interactions, as evidencedby recent
discoveries of various wave phenomena.
As foundational examples, we start by dis-

cussing how virtual loss and virtual gain can
be accessed in a linear system by exciting
it around a zero or a pole of its scattering
matrix in the complex-frequency plane. We
assume an e�iwt time convention throughout
the text. Virtual loss is manifested when the
signal waveform matches the complex fre-
quency of a scattering zero (Fig. 1A, upper
half-plane). Such a signal, with an exponen-
tially growing amplitude, mimics absorption
even though no actual loss mechanism exists.
In a lossless open system, because zeros and
poles appear as complex conjugates, the re-
quired signal is the time-reversed version of
one of its eigenmodes (45, 46), and the energy
is stored in the cavity as long as the excitation
continues to grow. Conversely, virtual gain
arises when an exponentially decaying signal
(Fig. 1A, lower half-plane) matches a complex
pole, replicating the self-oscillatory behavior of
a resonantmode that would otherwise require
actual material gain. This pole-based effect is
linked to quasi-normal modes (QNMs) (47, 48),
which are the natural resonances of open
systems.
By synthesizing gain and loss in lossless

systems through properly crafted excitations,
we can broaden the response of linear systems
across various scattering platforms and access
complex non-Hermitian wave phenomena.
Because the scattering parameters—reflection,
absorption, transmission, and extinction—are
analytically extendable in the complex-frequency
plane, we can directly engage their poles and
zeros at complex frequencies (49–51). In this
Review, we explore the potential of such time-
domain complex-frequency excitations in wave
physics, examining how these methods can
enable fundamental science and application
breakthroughs. We begin by examining phe-
nomena associated with scattering systems,
such as virtual critical coupling and virtual
perfect absorption (52, 53) (Fig. 1, B and C).
We then discuss how virtual gain enables the
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manipulation of scattering and extinction cross
sections beyond passive limits (54, 55) (Fig. 1D).
Next we explore how virtual gain can compen-
sate loss in resonant systems, enabling super-
resolution imaging (56, 57) (Fig. 1E). We then
investigate the excitation of complex zeros and
poles to induce non-Hermitianwave phenomena,
such as PT symmetry (58) and the temporal non-
Hermitian skin effect (59) (Fig. 1F). By bridging
theoretical concepts with practical implemen-
tations, we highlight the transformative poten-
tial of complex-frequency excitations in wave
physics. Lastly, we highlight emerging direc-
tions and future advances in this rapidly expand-
ing field of research.

Theoretical background
Scattering phenomena in linear systems

Wave phenomena across different physical do-
mains share a unifying mathematical founda-
tion, captured by the wave equation. In closed,
lossless (Hermitian) systems—such as a one-
dimensional (1D) cavity with perfectly reflect-
ingboundaries—wavesremainconfined, resulting
in discrete, real-valued resonance frequencies that
correspond to standing wave patterns with no
energy loss. By contrast, an open system, where
at least one boundary allows outward radia-
tion, creates a pathway for excitation and
allows measuring the response to such excita-
tion. In such open configurations, reflection
poles typically lie below the real frequency

axis, while reflection zeros reside above it. For
lossless media, these poles and zeros appear in
complex-conjugate pairs, shifting closer to the
real axis as the open boundary gradually be-
comes a perfect reflector (Fig. 2A).
By introducing loss or gain into this picture,

the complex-conjugate symmetry between re-
flection zeros and poles is broken, allowing
them to move in the complex frequency plane
(Fig. 2, B and C). A zero moves to the real axis
when the radiation rate equals the absorption
rate in the cavity, leading to perfect absorp-
tion. In single-port systems,where the scattering
matrix consists of a scalar complex reflection
coefficient,rðwÞ, the condition of zero reflection
indicates critical coupling, achievable with real-
frequency excitations (60, 61). Similarly, a pole
moves to the real axis in the presence of gain,
whose rate perfectly compensates radiation,
corresponding to the lasing threshold (39).
The following discussion extends beyond

this single-channel scenario to systems with
multiple resonances and multiple ports (Fig.
2D). In multiport settings, perfect absorption
can be accompanied by coherent control,
leading to coherent perfect absorption (CPA)
(49, 62–64) and reflectionless scattering modes
(RSMs) (65). Coherent perfect absorption ex-
ploits interference within the resonator among
multiple excitation channels to fully absorb
incidentwaves, providing dynamic control over
absorption and scattering. This platform can

also lead to intriguing wave phenomena, such
as BICs and exceptional points (EPs). BICs occur
when a pole and its corresponding zero con-
verge onto the real-frequency axis (66), result-
ing in states that remain perfectly localized
despite existing within the continuum of ra-
diation modes, with applications in sensing,
lasing, and energy harvesting (34, 67–69). By
contrast, EPs are singularities where eigen-
values and eigenvectors coalesce, resulting
in drastic phase transitions. These features
promise opportunities for enhanced sensing
and robust mode switching (38, 70).
Although finding complex zeros and poles

in realistic systems can be difficult because
of the challenges in accurate modeling and
measurements, recent advances in numerical
and experimental techniques have been enabling
the efficient computation of these singularities
(71–73). These advances highlight the practical
application of complex-frequency inputs, expand-
ing the toolkit for wave manipulation and
control. For example, methods such as time-
domain spectroscopy and complex-frequency
modal analysis have been developed to iden-
tify and engage these singularities.

Complex-frequency excitations

Complex-frequency analysis has long served as
a powerful tool for modeling wave-based sys-
tems (39, 73–75). More recently, it has been
discovered that complex frequencies can be

Fig. 1. Overview of complex-frequency excita-
tions. (A) Virtual loss and virtual gain. By exciting a
linear system with a complex frequency around a
zero in the complex plane, the excitation energy can
be temporarily stored in the system, mimicking
absorption. In a similar way, virtual gain emerges
when the amplitude of the scattered signal is larger
than the incident one because the excitation maps
the temporal waveform of a natural resonant mode.
(B) Singularities in the reflection coefficient under
complex-frequency excitations, including virtual
critical coupling and virtual perfect absorption.
(C) Singularities of the scattering matrix, such as
coherent virtual absorption. (D) Extreme scattering
responses associated with complex-frequency
excitations. (E) Super-resolution with complex
frequencies. (F) Engaging zeros and poles, as in
virtual PT symmetry and temporal non-Hermitian
skin effect.
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incorporated into time-domain excitation sig-
nals themselves, allowing direct interactionwith
the poles and zeros of a system to realize virtual
gain or loss. The exotic wave phenomena dis-
cussed in the previous section are associated
with zeros and poles of the scattering operators.
Traditionally, these singularities have been stud-
ied in non-Hermitian systems at real frequen-
cies. Crafting excitation signals at complex
frequencies makes these singularities accessible
in the complex-frequency plane, considerably
broadening the landscape of achievable scatter-
ing effects, even inHermitianor passive systems.
Complex-frequency excitations enable experi-

mental access to complex poles and zeros of the
scattering matrix, unattainable with mono-
chromatic real-frequency excitations. The
imaginary frequencies of poles are related to
the resonance quality factor, Q ¼ Re wð Þ=Im wð Þ,
whereas the imaginary parts of zeros vary on
the basis of system losses (Fig. 2B). Here, Re(w)
and Im(w) represent the real and imaginary
frequencies, respectively. Generally, resonant
scattering phenomena under complex-frequency
excitations can be efficiently modeled using
coupled-mode theory (CMT), a versatile frame-
work that describes multiple resonances and
channels in the weak-coupling regime (76, 77).
For a single-port system (Fig. 2A), CMT predicts
that for a monochromatic excitation at fre-
quency wr, the reflection coefficient measured
at theport is givenbyr ¼ gex�ginð Þ�i w0�wrð Þ

gexþginð Þþi w0�wrð Þ, where
gex is the external coupling rate,gin is the internal
loss rate, andw0 is the resonant frequency of the
system (76, 78, 79). By analytically extending this
expression into the complex-frequency domain,

we can investigate the system response at
complex frequencies. We replace wr with the
complex quantity wr þ iwi, leading to Eq. 1
described in (52):

rqs ¼ gex � ginð Þ � wi � i w0 � wrð Þ
gex þ ginð Þ þ wi þ i w0 � wrð Þ ð1Þ

A positive imaginary part of the complex
frequency wi > 0ð Þ corresponds to a reflection
coefficient that experiences an effective addi-
tional loss. Conversely, a negative imaginary
part wi < 0ð Þ implies that the system reflects
as if gain were introduced (Fig. 3A). In lossless
systems gin ¼ 0ð Þ , for instance, input waves
can experience zero reflection when wi ¼ gex
because of virtual loss, enabling critical cou-
pling at the input port. Here,gin,gex,w0,wr, and
wi are real-valued.
Although extending the system response to

the complex-frequency domain offers insights
into the wave behavior (76, 78), under certain
conditions these responses can be accessed by
using time-domain waveforms that oscillate at
a complex frequency.However, generating such
signals poses practical challengesbecausemono-
chromatic signals with a complex frequency are
unrealizable; this is because they are un-
bounded. Specifically, a temporal signal of
the forme�iðwrþiwiÞt ¼ ewi t e�iwr t grows or decays
exponentially, making it inherently transient. For
wi > 0, the signal grows exponentially with time
(t→þ ∞) and decays exponentially as t→� ∞;
for wi < 0, the signal decays as t→þ ∞ and

grows as t→� ∞. Thus, these excitationsmust
be truncated in time to remain physically re-
alizable. Moreover, because complex exponen-
tials do not constitute an orthogonal basis,
a systemdriven by a complex frequencymay not
necessarily respond solely at that frequency.
We can define a temporal reflection co-

efficient for a complex-frequency signal as the
ratio of the output field to the input field at
any instant in time (80):

r tð Þ ¼ rqs þ rts tð Þ ð2Þ

Here, rðtÞ consists of two parts: the quasi-
steady-state term rqs , given by Eq. 1, which
oscillates at the same complex frequency as
the input, and the transient response rtsðtÞ,
which varies over time. The transient term can
be expressed as rtsðtÞ ¼ �e�ZðwÞt2gex=ZðwÞ,
where ZðwÞ ¼ ðgex þ ginÞ þ wi þ iðw0 � wrÞ .
In contrast to real-frequency excitations, in
which the transient necessarily vanishes over
time for passive systems and the response
settles into its steady state, complex-frequency
excitations may produce a dominant or even
diverging transient that may mask the quasi-
steady-state response oscillating at the same
complex frequency as the excitation. However,
by properly tuning the system parameters and
the excitation waveform, one can ensure that
the quasi-steady-state response dominates and
thus experimentally access the non-Hermitian
features associated with complex-frequency
phenomena.
As illustrated in Fig. 3B, the temporal re-

sponse of the reflection RðtÞ ¼ rðtÞj j2 under
complex-frequency excitation reveals perfect
absorption or critical coupling in an over-
coupled resonator (which ordinarily reflects
some power at real frequencies). By driving
the resonator at the complex zero of its scat-
tering response, the reflection approaches
zero after a transient period on the order of the
inverse total loss rate, t > 1, where t ≡ tðg=2pÞ.
This demonstrates how virtual loss intro-
duced by shaping the excitation in time can
enable impedancematching and efficient exci-
tation of the resonance. Furthermore, Fig. 3C
shows that the corresponding spectrum con-
verges to the spectrum of a critically coupled
resonator, even if the port is not matched. In
the same vein, virtual gain can offset intrinsic
resonator losses (gin ), assisting in achiev-
ing critical coupling for overdamped systems
(56, 57, 81).
Equation 2 underscores the potential of

complex-frequency excitations for a single-port
resonator, serving as a simple yet illustrative
example. These features can be extended to
systems with multiple modes and ports by
using the language of quasi-normal mode ex-
pansion (47, 48). Poles and zeros featuring
large imaginary parts (high wij j) are difficult
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to engage in practice because the required
waveforms grow or decay too rapidly. Con-
sequently, complex-frequency excitations are
most practical when wij j ≪ wr , as indicated
outside the gray region in Fig. 3A.
Figure 3D illustrates a finite pulse exponen-

tially growing at ratewi, starting fromnegative
time to t ¼ 0 and then ramped down—a typi-
cal waveform to access virtual loss. Similarly,
Fig. 3E shows a pulse oscillating at a complex
frequency with wi < 0 for t > 0, enabling
virtual gain. These waveforms can be readily
produced and applied to resonant systems in
acoustics, mechanics, and radio frequencies.
In these settings, arbitrary waveform gener-
ators (AWGs) can generate pulses with an
imaginary frequency (growth or decaying
rates) up to a few hundred megahertz. At
higher frequencies, as in the mid-infrared or
visible ranges, temporal pulse shaping be-
comes more challenging owing to physical

limitations, including the time-bandwidth prod-
uct (TBP), and to practical limitations in laser
sources.
Even so, integrated photonic platforms can

achieve fine pulse shaping by using electro-
optic modulators with bandwidths reaching
~100 GHz at near-infrared and visible wave-
lengths (80). In free space, mode-locked lasers
can generate pulses with spectral widths up to
a few terahertz, albeit fundamentally limited
by TBP and gain bandwidth (82). As the fre-
quency increases and the poles and zeros of
resonant systems move further from the real
axis, the rapid amplitudemodulation required
for generating these signals becomes increas-
ingly impractical. This limitation is particu-
larly pronounced for lowQ-factor resonators
in nanophotonics and other high-frequency
systems. For resonators with multiple, closely
spaced singularities in the complex-frequency
plane, the required excitation waveforms can

be more intricate. Perfect absorption in such
scenarios demands carefully devised analytical
(83) or experimental techniques (53, 84).
An alternative strategy to access complex-

frequency excitations is to synthesize them by
superimposingmonochromatic components in
the Fourier domain (57, 81). For instance, the
temporal waveform in Fig. 3E has a Fourier
spectrum (Fig. 3F). By sampling this spectrum
at discrete real frequencies (Fig. 3F, red dashed
lines) and combining them with appropriate
complex weights, one can reconstruct the de-
sired complex-frequency excitation. Figure 3G
shows the reconstructed pulse generated by
summing 101 harmonic waves sampled over
the frequency range shown in Fig. 3F. The
response to each frequency is measured at
the output port, and the resulting outputs
are combined with proper complex weights
to reconstruct the desired response (Fig. 3H).
Thismethod leverages the linearity of the system
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but requires precise control and extensive
postprocessing. This approach becomes par-
ticularly cumbersome in high-frequency set-
tings, where measuring relative phases over a
broad frequency range is challenging. Addition-
ally, this technique is not applicable to nonlinear
systems, inwhich complex-frequency excitations
may offer other interesting opportunities.

Exciting complex-frequency zeros

Early studies on harnessing complex-frequency
excitations for boosting coupling to optical and
quantum resonators date back to the early
2010s. Researchers showed that using the time-
reversed signal of the spontaneous decay of a
quantum system enables strong photon-matter
interactions, achieving high coupling efficien-
cies and coherent control over absorption and
emission in the quantum regime. By tailoring
temporal waveforms, one can effectively direct
energy into optical and quantum resonators,
paving the way for advanced control andmani-
pulation of both classical and quantum wave
transport (85). Other related works explored
wave-chaotic sensing techniques in which
time-reversed signals were used to detect
small perturbations. In lossy environments,
these methods use exponential amplifica-
tion to compensate for dissipation, effective-
ly leveraging complex-frequency excitations
(86, 87).
Recent work has underscored that these

insights can be applied across multiple photo-
nic and wave platforms to enhance mode
coupling (39, 88). This understanding has
led to enhanced control over wave interactions
with resonators. Perfect absorbers are struc-
tures engineered to fully capture incident
waves, such as electromagnetic or acoustic
waves, by preventing reflections (89, 90).
Such devices enable diverse applications in
energy harvesting, stealth, enhanced wave-
matter interactions, sensing, and noise control.
Advances in this area have emphasized the
pivotal role of wave interference in creating
perfect absorption (63). For example, the
Salisbury screen achieves zero reflectance with
a resistive sheet placed a quarter wavelength
above a reflector, by using constructive inter-
ference at the absorber layer. In a similar vein,
lossy resonant cavities and impedance match-
ing strategies, often based on metamaterials,
achieve perfect absorption by carefully engi-
neering wave interference (91). These concepts
can be further extended by considering multi-
ple input waves. The introduction of coherent
perfect absorbers marked a turning point in
this research field, facilitating perfect absorp-
tion of waveforms from different angles or
phases (49, 62, 92). A generalization to multi-
port networks leads to RSMs (65, 92–95), offer-
ing powerful control over directionality and
wave manipulation. Because of this flexibility
in shaping waveforms,multiport photonic sys-

tems benefit from precise scattering and
absorption control (63).
All these schemes rely on material losses to

convert incoming electromagnetic or acoustic
energy into alternate forms (e.g., heat and elec-
tricity). Complex-frequency excitations transcend
this paradigm by enabling perfect absorption
in systems with any level of material loss, even
zero. In a single-port resonator (Fig. 4A), an
exponentially growing signal that matches a
complex zero’s temporal profile ensures that,
in a quasi-steady state, resonator decay is
nullified by destructive interference at the
input port (52, 80). Known as “virtual cri-
tical coupling,” this effect has been applied
in microstrip line technology (96, 97) and
microcavity-based high-power plasma gen-
eration (53, 84) at radio frequencies and
was recently demonstrated at telecom wave-
lengths in silicon nitride (80). By tuning the
imaginary part of the excitation frequency
(Fig. 4D), one can seamlessly transition a
resonator between overcoupled and under-
coupled states without altering its physical
structure—an especially promising feature
for high-frequency high-Q-factor photonic
systems.
Expanding virtual critical coupling to multi-

port systems enables coherent virtual absorp-
tion, which provides enhanced control over
energy storage and release in lossless struc-
tures (39, 88, 98). By reaching complex zeros
through multiport excitations, one can man-
age electromagnetic energy storage and release
in a low-loss or lossless environment. As illus-
trated in Fig. 4B, a planar slab with refractive
indexn ¼ 3 is illuminated from both sides, and
an exponentially growing field (dashed red
line) matching the complex-frequency zero
sustains energy storage in the cavity; once the
exponential growth stops at w′t = 0, the accu-
mulated energy is released. Here, each zero is
equally spaced, with the spacing determined
by the width of the cavity L (Fig. 4B, top left).
The lower panel shows the electric field in-
tensity at that instant, highlighting the efficient
excitation of a resonant slab mode.
Coherent virtual absorption has also been

demonstrated in elastodynamic systems (99).
Tailoring the relative phases of the excitations
on both sides of a lossless elastic cavity con-
trols how stored energy is symmetrically or
asymmetrically released after the pump termi-
nates (Fig. 4C). This concept extends to 2D and
3D scattering scenarios: Recent findings (100)
show that complex-frequency waveforms can
create a “wave sink” in a lossless medium
(Fig. 4E). Unlike monochromatic signals,
which need absorbing singularities (101),
complex-frequency excitations form a sub-
diffraction sink without material loss, offering
novel ways to direct and concentrate wave
energy. This capability enhances imaging and
sensing by surpassing the resolution limits of

conventional techniques, opening new fron-
tiers in wave focusing and control.

Exciting complex-frequency poles

Targeting complex-frequency poles in a sys-
tem’s response canmimicmaterial gain through
virtual gain, much like targeting complex zeros
can mimic loss through virtual absorption. By
focusing on poles in the complex-frequency
plane, these excitations enable responses that
overcome the passivity constraints of linear
systems (55). Passivity and causality princi-
ples dictate that these poles must lie in the
lower half of the complex plane for the e�iwt

convention (102–104), imposing stringentbounds
on a system’s response. Wave scattering by small
particles provides a useful platform to analyze
these limitations and explore the opportuni-
ties afforded by virtual gain (105). Scattering
strength describes how effectively light is scat-
tered relative to the incident irradiance and is
constrained by the passivity (1, 106). These limi-
tations can be overcome by advanced photonic
designs that overlap multiple scattering chan-
nels at the same frequency (107, 108) or in-
corporatematerial gain, breaking the passivity
constraint (109). Similarly, passivity forbids
making the forward scattering too low be-
cause the total power intercepted by a passive
scatterer must be proportional to its shadow,
resulting in forward scattering (110, 111).
Complex-frequency excitations can induce

exoticwave phenomena that push the scattering
bounds set by passivity in small scatterers (55).
Figure 5A illustrates the scattering pattern from
a dielectric cylinder excited at the complex fre-
quency of a scattering pole. Notably, the scatter-
ing efficiency in the quasi-steady state surpasses
the passive limit for monochromatic excitations
by two orders of magnitude. This lasing-like
response mimics material gain, revealing clean
multipolar scattering patterns (e.g., quadrupo-
lar) typically masked under monochromatic
excitation. Furthermore, virtual gain from
complex-frequency excitations can suppress
the shadow of a passive scatterer, reducing
forward scattering to zero. Figure 5B (left)
shows the scattering pattern of small di-
electric spheres under plane wave excitation
at the complex frequency corresponding to a zero
of the forward scattering for both transverse-
electric and transverse-magnetic polarizations.
The forward scattering is fully suppressed in
the quasi-steady state (55), as further visualized
in Fig. 5B (right), which plots the normalized
forward and total scattering cross sections.
These phenomena occur because a resonant

scatterer temporarily stores energy during the
transient and later releases it in the quasi-
steady state, interfering with decaying exci-
tation fields. With an appropriately tailored
wave profile, this leakage can enhance a resonant
mode (virtual lasing) or suppress forward scat-
tering (virtual zero forward scattering). Notably,
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these effects emerge naturally without engi-
neered structures because the requiredwaveform
is determinedby analyzing the transfer function’s
singularities in the complex-frequency plane.
Virtual gain also enhances the control over

wave-induced forces. Light and sound carry
momentum, exerting forces on objects (112),
but passive bodies under plane waves cannot
experience pulling forces (113). Conventional ap-
proaches involve structured beams (114), active
objects (113), or engineered scatterers (115),
adding complexity (116). Complex-frequency
excitations, however, enable pulling forces on
passive scatterers under plane wave excitation
(54) (Fig. 5C), substituting material gain with
energy release from a resonant state excited
during the transient phase.
Access to balanced gain and loss enables PT-

symmetric phenomena, including lasing-absorbing
modes and anisotropic transmission resonan-
ces (ATRs), which exhibit unity transmission

with zero reflection on one side—impossible to
achieve in passive systems (44, 117–119). Virtual
gain allows these effects in passive setups, such
as an RLC (resistor-inductor-capacitor) circuit
excited by complex-frequency signals, support-
ing ATRs and lasing-absorbing modes (58, 120)
(Fig. 5D). Here, transmission remains at unity,
but reflection is zero from one port and large
from the other, violating passivity.
Another landmark advance associated with

non-Hermiticity in wave physics is found in
the new perspectives that have been gained on
topological phases ofmatter. Thenon-Hermitian
skin effect, characterized by the anomalous
localization of eigenmodes, occurs at spatial
boundaries (121, 122) and has been demon-
strated, typically relying on active platforms
(123, 124). Material gain, however, introduces
stability and complexity issues. Virtual gain,
through complex-frequency excitations, recently
enabled the non-Hermitian skin effect in a

passive acoustic ring resonator lattice (59)
(Fig. 5E). Tailored exponentially decaying pulses
amplifywaves propagating away fromthe source
while suppressing those moving toward it,
showcasing this effect’s key features. These
findings can extend to mechanics, RF circuits,
and photonics.
Virtual gain also offers a pathway to over-

coming material losses in metamaterials.
Pendry’s 2000 proposal of a negative-index
superlens (7, 125) has demonstrated sub-
diffraction imaging (8, 9, 26, 27, 126) but suffers
from evanescent wave attenuation because of
material losses (127, 128). Although activemate-
rials can compensate for absorption (129–131),
they introduce instability, noise, nonlinearities,
and saturation issues (132–134). Recent theo-
retical work has shown that superlenses can
support enhanced resolution when excited
with pulsed or abruptly terminated harmonic
signals (135, 136). This approach is analogous
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Fig. 4. Virtual absorption and its applications. (A) Schematic of a single-port
planar resonator excited by an exponentially growing signal, leading to virtual
perfect absorption or virtual critical coupling [adapted with permission from (52).
Copyright © 2025 American Chemical Society]. (B) Coherent virtual absorption
in a planar slab under normal incidence from opposite sides, with the upper panel
showing the geometry, the center panel illustrating the predicted scattering
response to an exponentially growing field, and the lower panel displaying electric
field intensity indicating reflection suppression [adapted with permission from
(88). Copyright © 2017 Optica Publishing Group]. (C) Experimental setup for

elastodynamic wave control in a waveguide coupled to a resonator, showcasing
energy capture and release through phase adjustment of the incoming signals,
highlighting the impact of coherent virtual absorption principles for elastody-
namic wave control [adapted with permission from (99)]. (D) Realization of
CPA in an integrated photonic system [adapted with permission from (80)].
(E) Generalization of virtual perfect absorption in a 2D elastic wave
system, using complex-frequency signals, enabling subwavelength focusing
and surpassing traditional diffraction limits in imaging [adapted with
permission from (100)].
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to the physics of virtual gain, which utilizes ex-
ponentially decaying excitations. As shown in
Fig. 6A, the transfer function of a lossy superlens
in the image plane can be considerably improved
for larger wave numbers—associated with sub-
wavelength resolution—when the imaginary part
of the complex excitation frequencygmatches the
material loss ratea (56), thereby restoring the
super-resolving capabilities of the slab.
This effectwas experimentally validated using

a 3D-printed acoustic metamaterial superlens
(26, 137) (Fig. 6B). Under monochromatic exci-
tation, resolution is limited by thermoviscous

dissipation and fabrication imperfections. How-
ever, excitationwitha complex frequencymatching
the material loss rate (a ¼ 180 Hz) considerably
enhances resolution in the quasi-steady-state re-
gime (56). A similar approach was demonstrated
in the infrared regime (57) (Fig. 6C), where com-
plex frequencies were synthesized by combin-
ing multiple monochromatic images, leveraging
Fourier expansion (Fig. 3H). The reconstructed
image exhibited significantly higher resolution
than any individual monochromatic image.
Although retrieving and combining complex

fields is challenging, requiring iterativemethods

and extensive postprocessing (138, 139), alterna-
tive techniques such as ptychography (140, 141)
may offer comparable benefits. This proof of
concept demonstrates the potential of virtual
gain for imaging and loss compensation inmeta-
materials. Direct complex-frequency excitations
in optical platforms (80) could further enable
super-resolution imaging in microscopy.
Virtual gain can counteract losses and enhance

quality factors in practical systems such as
polariton propagation and high-Q sensors.
Polaritons, arising from strong photon-
matter coupling, are key to condensed matter
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research and photonic applications but suffer
from intrinsic losses that material gain cannot
easily compensate (134). Figure 6D shows how
virtual gain from complex-frequency excita-
tions mitigates these losses, extending pola-
ritonic field decay lengths (81), with implications
for imaging, sensing, lithography, computing,
communications, and quantum technologies.
In another context, virtual gain has been uti-
lized to enhance the resonance of sensing
systems by effectively increasing their Q
factors, thereby amplifying sensitivity to per-
turbations. Figure 6E illustrates its effect in
an infrared resonant biosensor (139). Although
further study is needed to determine detection
limits, virtual gain clearly offers a promising
approach to loss compensation inmetamaterials.

Conclusions and outlook

Complex-frequency excitations offer a power-
ful platform for wave control by introducing

and tuning non-Hermitian phenomena through
nonmonochromatic temporalwaveforms. Extend-
ing the transfer function of linear systems into
the complex-frequency plane allows dynamic
manipulation of virtual gain and loss, over-
coming Hermitian and passive limitations.
Complex-frequency signals are temporally
bounded and nonorthogonal. This means that
a system under such excitations is not guaran-
teed to reach a quasi-steady state. However,
with proper design, we can access complex
zeros and poles, enabling effects such as vir-
tual perfect absorption (88) and lasing (55).
When combined with photonic engineering,
a plethora of non-Hermitian phenomena can be
unveiled, including CPA, RSMs, EPs (142, 143),
PT-symmetry, the non-Hermitian skin effect,
and other complex scattering phenomena. This
technique introduces high tunability, allowing
real-time control over gain and loss without
altering material properties (80).

Whereas the assumption of system linearity
enables analytical continuation into the complex-
frequency plane, nonlinear interactions present
new opportunities for complex-frequency exci-
tations (144). For instance, virtual perfect ab-
sorption in nonlinear resonators may trigger
saturation effects, decoupling the excitation and
energy storage from its release once the excita-
tion is stopped. Moreover, a pair of resonators
exhibiting single-photon nonlinearities associ-
ated with an embedded eigenstate was utilized
to demonstrate single-photon memories (145).
By leveraging virtual perfect absorption in such
nonlinear resonators, it may be possible to
efficiently store signals and trap them within
cavities after the excitation ceases. This opens
untapped opportunities to combine tailored
nonlinearities in nanophotonic systems with
complex-frequency excitations.
In addition to classical applications, complex-

frequency excitations hold promise for quantum
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enhancing the superlens resolution [adapted with permission from (56)].
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technologies (146), particularly in improving
quantummemory efficiency for single-photon
capture and release (147, 148). Although dem-
onstrated in acoustics, elastodynamics, and
low-frequency electromagnetics, scaling to op-
tical frequencies remains challenging owing to
fast temporal modulation requirements. Solu-
tions include all-optical modulation and high-Q
resonances to shift complex-frequency singular-
ities closer to the real axis (80). Alternatively,
synthesizing complex-frequency excitations
(Fig. 3H) through postprocessing (57, 81, 139)
offers an alternative—albeit measurement- and
computation-intensive—approach.
Looking forward, numerous opportunities

are emerging to push devices and function-
alities beyond the conventional limitations on
bandwidth and efficiency imposed by passivity,
for instance in the context of the Rozanov
bound for absorbers (89, 149). This fundamen-
tal principle restricts how thin an absorber
can be while still achieving large absorption
across a wide frequency range. The use of non-
Hermitian approaches has been explored to
overcome this limit; thus excitations at com-
plex frequencies may follow a more relaxed
bandwidth-thickness trade-off. Furthermore,
the concept of complex-frequency excitations
may find analogies in other research domains.
For instance, Deschamps introduced interesting
radiationwaveforms generated by sourceswhose
spatial distribution can be described by emitters
localized at a complex spatial coordinate, impact-
ing electromagnetics andmicrowave engineering
(150). This parallel suggests that complex-
frequency techniques may be extended beyond
the temporal domain and open exciting oppor-
tunities to synthesize complex-radiation sources.
Complex-frequency excitations offer a pow-

erful framework for controlling wave-matter
interactions. By integrating all-optical excita-
tion schemes, designing optimal waveforms for
quasi-steady states, and engineering resonant
structures with tailored singularities at com-
plex frequencies, these techniques can push
wave phenomena beyond traditional limits in
imaging, sensing, communications, computing,
wave transport, and energy harvesting. Their
impact spans classical and quantum technolo-
gies, redefining wavemanipulation across scien-
tific and technological domains.
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