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Complex-frequency excitation controls non-Hermitian light-matter interac-
tions by temporally shaping signals to bypass inherent material gain or loss

constraints. While virtual loss has enabled coherent perfect absorption,

its time-reversed counterpart: virtual gain, remains less explored in optical
systems. Here, we theoretically and experimentally demonstrate lasing-like
dynamics in a passive whispering-gallery-mode microcavity using complex-
frequency excitations. Virtual gain counteracts intrinsic material and radiation
losses, producing an instantaneous transmittance that exceeds unity and
saturates at a quasi-steady value. Beyond a critical threshold-like point, the
system enters a regime of divergent, exponentially growing response,
mimicking the transient buildup of a real laser without requiring population
inversion or active media. This linear effect allows for the robust coexistence
of lasing-like behavior and perfect absorption, with transitions controlled

by virtual gain tuning. These results establish a versatile framework for
manipulating non-Hermitian interactions in passive platforms, offering
remarkable potential for applications in sensing, optical communications,

and energy storage.

Lasers use light amplification by stimulated emission of radiation to
emit intense and coherent beams of light. This property makes them
indispensable in various applications. Conventionally, the amplifi-
cation of a laser is enabled by a gain medium, in which excited atoms
or molecules by external pumping, provide sufficient gain to over-
come losses to achieve lasing™. The required level of gain is
material-dependent and limited by the physical gain medium.
Alternatively, complex-frequency excitations (CFEs)*® enable virtual
gain or loss in a linear system by tailoring the incoming excitation
signal in time, circumventing the limitations of material gain or loss.
This approach offers an interesting playground for various appli-
cations in optics®®, acoustics'®”, electronics”™, microwave
radiation”", metasurfaces™, and integrated photonics'?°. Broadly,
CFEs enable tailorable non-Hermitian responses, which can support
coherent virtual absorption (CVA), virtual critical coupling®®™">23,
virtual parity-time symmetry>"**%, optical pulling forces*, and

exotic light scattering”. Recent works have demonstrated that such
CFEs can compensate for material losses in superlenses® ™, offering
an interesting framework for multidisciplinary engineering solu-
tions to overcome material constraints.

While coherent perfect absorption enabled by CFEs has been
demonstrated through virtual loss, its time-reversed counterpart***%,
alasing-like scattering regime enabled by virtual gain, has remained for
the most part unexplored”. These two dual scenarios correspond
respectively to the excitation of complex zeros and poles of the
S-matrix of a linear system’. Under an e~ convention, the poles of a
passive system are always located in the lower half of the complex
frequency plane, corresponding to exponentially divergent response
in time, while zeros lie in the upper half-plane in the Hermitian limit,
corresponding to exponential attenuation. By adding a specific
amount of material loss, it is possible to push one of these zeros to the
real axis, enabling coherent perfect absorption*. Virtual loss, enabled
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by tailored CFEs, can replace the material loss and support similar CVA
through CFEs>*"">2%, The dual of this phenomenon, based on virtual
gain, has been proposed to counteract losses in plasmonic and pho-
nonic materials, enabling super-resolution imaging®®', long-range
propagation®, slow light***, ultrasensitive molecular sensing,
superscattering”, and virtual parity-time symmetry'>****, The con-
cept has also been extended to acoustic systems to access and tailor
non-Hermitian sound interactions with materials'®". However, the
experimental demonstration of lasing-like dynamics utilizing virtual
gain has remained elusive.

In this work, we demonstrate lasing-like dynamics through CFEs in
an ultra-high quality (Q) factor whispering-gallery-mode optical
microcavity. In line with previous virtual critical coupling
implementations®**°, our approach employs an exponentially decay-
ing excitation signal that induces virtual gain, thereby enabling
dynamic modulation of the transmission features at the transmission/
drop port. We investigate lasing-like responses and identify a
threshold-like transition point—defined as the condition where the
engineered virtual gain exactly balances the total system loss and
accesses the complex pole of the system. Before reaching this
threshold, the instantaneous amplitude transmittance after a transient
saturates at a quasi-steady level that can far exceed unity, indicating
that the scattered optical field can be stably amplified in a manner
analogous to an active device. As the virtual gain approaches the
threshold level, the system never reaches a quasi-steady state, and
exactly at the threshold, as in a laser, the transmission grows linearly.
Past threshold, the system response diverges, similar to a laser past
threshold before nonlinearities kick in, with a pronounced amplifica-
tion reminiscent of the transient buildup phase in a real laser. Since our
system is based on a fully linear response, our lasing-like dynamics
remain fundamentally distinct from conventional lasing in that they do
not experience gain saturation or other nonlinear dynamics. Thus, the
divergent regime past the threshold still obeys energy conservation
and can be accessed within a stable response. The same platform also
enables coherent virtual absorption (CVA) in the under-coupled cavity
regime. As the virtual gain increases, the system undergoes successive
coupling-state transitions: initially under-coupled, then critically cou-
pled (CVA), and then over-coupled, ultimately entering a lasing-like
state when the gain exceeds the threshold point. Our work provides
key advances in the context of complex frequency applications, with
implications both for fundamental physics and for practical applica-
tions. These findings demonstrate an exciting pathway to access
lasing-like regimes in a tunable fashion without relying on active
media, enhancing and controlling light-matter interactions beyond the
limits imposed by material passivity, and paving the way for various
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Fig. 1| Conceptual illustration of a system exhibiting lasing-like dynamics.

a Schematic diagram of a microcavity with intrinsic loss k; coupled to two fibers
with coupling rates k; and k,, respectively. An exponentially decaying pulse with a
decay rate w,, is launched through the input port to excite the resonator. The

applications such as noninvasive sensing, energy storage, and nanos-
cale light manipulation.

Results

Theoretical analysis of lasing-like dynamics

The schematic illustration of our lasing-like system is depicted in Fig. 1.
A centimeter-sized microcavity with an ultra-high quality factor is
coupled to two optical fibers on both sides, forming an add-drop
configuration. The system is excited with temporally shaped expo-
nentially decaying pulses, and the output signal at the drop port is
measured and analyzed, as shown in Fig. 1a. k; is the intrinsic loss rate
of the microcavity, while k;, k, denote the coupling rate to the input
and drop port fibers, respectively. The amplitude of the incoming
pulse is a;, and the outcoupled signal at the drop port is a,,. The time
evolution of the signal can be effectively described using temporal
coupled mode theory (TCMT). The equation of motion for the intra-
cavity field a can be written as®>***

—— = — (k+iwg)a(t) + /2K age” @t @

where k =k; + k; + k, is the total loss rate, w, is the resonant frequency,
w, is the laser frequency.

We assume that the excitation signal oscillates at a complex fre-
quency a;,(t)=age~“it, where w; = @, + iw;,. The imaginary part w,,
indicates the growth or decay rates of the signal amplitude modula-
tion. In our experiment, we consider w;,, <0 and g= — w;,, represents
the virtual gain. The amplitude of the output signal at the drop port is
Aoy (t) = \/2K,a(t). We can solve Eq. (1) and get an analytical solution
for a,,,. The ratio between the amplitude of output and input signals,
which is referred to as the amplitude transmittance, can be written as

- aout(t) — ZV K1k _ p— (Kt w, +id)t
T(t) ain(t) K+ W + 7 (1 ¢ ) (2)

Hered=w, — w,, is the frequency detuning of the mode. The
transmittance exhibits generally time-dependent dynamics, governed
by the eigenfrequency position in the complex plane. For real-
frequency excitations in passive systems, the amplitude transmit-
tance T(t) converges to a quasi-steady state as ¢ — oo, since the
transient phenomena all decay in time. By considering CFEs with
exponentially decaying input pulses, we can introduce virtual gain in
the system. This enables accessing complex poles in the lower com-
plex half plane. We can therefore expect to access quasi-steady state
regimes described by Eq. (2) with values far exceeding unity, and even
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output signal is measured at the drop port. b Complex-frequency analysis of the
drop-port transmittance, showing the scattering pole initially located in the lower
half-plane. Introducing virtual gain through complex-frequency excitations shifts
the poles towards the real axis, enabling lasing-like dynamics.
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Fig. 2 | Theoretical analysis of lasing-like dynamics in a microcavity.

a lllustration of input (blue) and output (red) pulses at 4 =0 under various exci-
tation scenarios. The total loss rate of the system is set to be x =1MHz. The below-
threshold scenario is demonstrated at —w;,, = 0.4MH?z, the threshold-like transition
is demonstrated at —w,,, = 1MHz, and the above-threshold scenario is demon-
strated at —w;,, =1.2MHz. b Simulated amplitude transmission T(¢) plotted as a
function of time for different levels of virtual gain. For moderate values of virtual

gain, the transmission coefficient reaches a quasi-steady state, with larger levels for
larger gain. When the virtual gain reaches the threshold-like transition, 7(¢) exhibits
linear growth, and for larger gain values, it exponentially grows, indicating the
breakdown of the quasi-steady state and the onset of lasing-like effects. ¢ Slope of
amplitude transmission 7(¢) at4=0 and t= — 5.3/w,,, plotted as a function of
virtual gain. A transition point can be observed, analogous to a conventional laser.

regimes for indefinite growth of the instantaneous transmission over
time, despite the absence of physical gain media.

In a conventional laser, lasing can be accessed by engaging a pole
of the scattering matrix in the complex-frequency plane. As the gain
approaches its threshold value, this pole moves toward the real fre-
quency axis, implying the onset of self-sustained oscillations. Similarly,
the use of complex frequency excitations with a decaying exponential
amplitude allows us to access the natural resonances of our passive
system, whose self-oscillations decay in time due to the natural
material and radiation loss. By exciting the system with a similar
complex frequency, we can observe phenomena analogous to self-
oscillations, driven by the stored energy introduced in the system
during the transient, and we observe clear lasing-like temporal
dynamics. As illustrated in Fig. 1b, the divergent response of the
instantaneous transmission in our system corresponds to accessing a
pole in the complex-frequency plane, analogous to a laser. While
material gain shifts the poles of a passive system towards the real axis,
a similar effect can be achieved using complex-frequency excitations if
the virtual gain compensates the cavity loss, leading to a transition
from convergent to divergent response in the transmittance T(t). This
is a lasing-like effect which mimics material gain, and the transition
point between quasi-steady state response and divergent response
follows the same linear dynamics of a laser at threshold, with a linearly
growing evolution of the instantaneous transmission.

By setting 4=0 in Eq. (2), which corresponds to resonant excita-
tion at the zero-detuning condition, we simulate the temporal
dynamics of the input pulse and drop-port output as we vary the virtual
gain. We can define three scenarios (Supplementary Note 1): below the
threshold point (virtual gain is less than total loss), at the threshold
(virtual gain equals total loss), and above the threshold point (virtual

gain exceeds total loss). Under the condition that ¢>0, the transmis-
sion coefficient exhibits distinct behaviors for these three scenarios,
and Eq. (2) can be explicitly rewritten as

2 /KK,
K+ Wiy
2. /KKyt

_ 2K o= (K + i)t

K+a)im

—;,, <K (below threshold point)

T(t) — —W;, =K (at threshold point) 3)

—w;, > K (above threshold point)

As evident from Eq. (3), the tailored pulse is amplified instanta-
neously in the presence of virtual gain, while T(¢) shows different
dynamics in the three scenarios. The simulation results for the geo-
metry of Fig. 1 are presented in Fig. 2a, showing the time-domain
waveforms of input and output pulses at zero detuning for these three
gain regimes. Their instantaneous ratio—the time evolution of the
zero-detuning amplitude transmission coefficient 7(¢)—is plotted in
Fig. 2b, and it is consistent with Eq. (3). The total loss rate is set to
1MHz, with parameters k; = 0.4MHz,k; = 0.3MHz,k, = 0.3MHz. As illu-
strated above, the threshold point is at—w;,, =k =1MHz. These sce-
narios are illustrated at —w;,=0.4MHz,—w;,=1MHz and
—w;,, =1.2MHz, respectively. When virtual gain remains below the
threshold, T(¢) grows rapidly in time and eventually stabilizes at a
steady value. This steady value increases as the virtual gain grows, and
it can far exceed unity, indicating that the scattered optical field
becomes substantially stronger than the incident field at the same
instant in the quasi-steady state. The underlying mechanism for this
gain-like response involves the resonant mode of the cavity, which
temporarily stores energy during the transient phase and subse-
quently releases it in the quasi-steady state. Through appropriate tai-
loring of the input waveform, this release can enhance the resonant
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response. This behavior closely mirrors the transient amplification
followed by gain saturation observed in conventional lasers below
threshold as they reach steady-state emission, yet it occurs in a fully
passive system driven by virtual gain. When the threshold point is
reached, the decay rate of the excitation meets and then exceeds the
energy release rate of the resonant mode. As the excitation weakens,
the cavity continues to release the stored energy at a slower rate,
preventing the system from reaching equilibrium. Consequently, the
transmittance grows linearly in time at threshold, and then exponen-
tially. Indeed, with further increase in virtual gain, balancing becomes
even less attainable, and the transmittance grows exponentially,
reflecting extremely strong dynamic amplification of the input pulse.
This divergent amplification originates from a mismatch between the
input decay rate and the cavity decay rate, resembling the transient
buildup in a real laser but lacking nonlinear saturation. In conventional
lasers, such a condition would lead to instabilities that are compen-
sated by nonlinearities. In our system, however, the absence of actual
gain and the exponentially decaying excitation ensure that unlimited
amplification does not cause instabilities or nonlinearities.

The apparent growth of T(t) may appear to violate energy con-
servation. It is important to clarify that 7(¢) is a normalized instanta-
neous ratio, not a direct measure of total energy radiated by the
resonator over time. Its increase reflects a temporal reshaping of
power, where the output decays more slowly than the input, rather
than energy creation. Because |a;,(¢)| itself is decaying exponentially in
time, the absolute instantaneous output power |a,,,()|* remains small
and continues to decay over time even when T(¢)>1. In fact, the total
pulse energiesE;, andE,,,, defined as the time integrals of instanta-
neous power across the entire duration of the excitation, indeed obey
energy conservation. Since w;,, <0 and k =k; + k; + k,, we obtain

Eou _ /& 180ue(DI*dt __Maky k) 4Kk
En  [SlanO)Pdt — KK— @)~ K7 (G +K,)

<1 @

Thus, the output energy remains finite and never exceeds the
input energy, confirming that the system is passive, linear, and fully
consistent with energy conservation (Supplementary Note 6).

Besides the absolute value of the transmission coefficient, we
were also interested in studying its time evolution, which can be illu-
strated by the slope of the curves in Fig. 2b. The time derivative of the
transmission T(t) reveals the system'’s effective amplification and
degree of divergence. A natural approach is to study the time deriva-
tive of the transmission at a fixed time as a function of virtual gain
(Supplementary Note 3). However, an ideal exponential decay signal
cannot be generated experimentally, due to practical limitations. Our
actual input signal is a pulse with finite duration, which decays to a
specific value before transitioning into the next pulse period (decaying
to approximately 0.5% of its peak amplitude in our experiment).
Measuring the slope of T(¢) at a fixed time is impractical because this
time may exceed the pulse period. Consequently, we analyzed the
transmittance at t= — 5.3/w,,, the time when the input amplitude
decays to 0.5% of its peak value. In Fig. 2c, we plot the slope of T(¢) at
A =0 asafunction of virtual gain. It is evident that the time derivative is
zero for small virtual gains, corresponding to the quasi-steady state.
When the virtual gain exceeds the threshold —w;,, =k, the time deri-
vative increases rapidly, indicating a substantial enhancement in the
amplification factor and a more pronounced divergence trend as the
virtual gain increases. This behavior resembles that of a traditional
laser, where stimulated radiation begins at the lasing threshold,
changing the temporal dynamics of the system response.

Experimental demonstration

In our experiment, a CaF, microcavity with a diameter of 1 millimeter
and an ultra-high Q-factor of 108 ~ 10° was fabricated through precise
polishing. This microcavity was then coupled to two tapered fibers,

which were fabricated from standard single-mode fibers in the telecom
band, forming an add-drop microcavity system. The entire device was
placed inside a vacuum-sealed metal box to ensure environmental
stability. We performed both ring-down measurements and fre-
quency-domain linewidth characterizations to determine the Q factor.
The agreement between the two independent methods ensures mea-
surement accuracy and guards against potential disturbances such as
thermal effects that could otherwise distort the modal linewidth. We
first characterized the cavity using cavity ring-down measurements. A
square wave pulse with a sharp falling edge was launched into the
cavity, allowing us to extract the cavity lifetime from the decaying
optical fields using an oscilloscope, as shown in Fig. 3a. Additionally,
we launched a monochromatic continuous wave into the cavity to
record its transmission spectrum under real-frequency excitations.
The power transmission spectrum at the drop port is shown in Fig. 3b,
while the spectrum at the through port is shown in the inset of Fig. 3b.
These measurements fully characterize the optical response of the
add-drop system, providing both the intrinsic loss rate and coupling
rate. The measured cavity lifetime 7=1/x =0.522ps allows us to esti-
mate the total loss to be x =1.92MHz. Since the selected mode reso-
nates near a wavelength of 1560 nm, we estimate the loaded quality (Q)
factor to be approximately Q=w/(2k)=3.17 x108, which can also be
derived from the measured full wave half maximum
(Aw =2m x 0.61MHz) in Fig. 3b. Given the measured transmittances of
0.27 and 0.23 at the drop and through ports, respectively, we can
estimate the intrinsic loss and external coupling rates to be
k;=0.92MHz, k; = 0.5MHz, k, = 0.5MHz.

For the pulse measurements, the experimental setup is shown in
Supplementary Fig. 1. A continuous laser centered at approximately
1560 nm was modulated via an electro-optic modulator (EOM),
enabling precise shaping of the input intensity. The generated expo-
nentially decaying pulse sequence was launched into the input port,
while the output signal at the drop port was detected by a photo-
detector and recorded on an oscilloscope. Owing to the ultra-high Q
factor and ultra-long lifetime of our microcavity, neither a high-speed
modulator nor a fast oscilloscope was required. A 50:50 coupler was
employed to split the incoming pulse into two paths: one exciting the
cavity, while the other served as the reference for the input signal and
was measured on the oscilloscope. Our focus lies on the response at
the zero detuning point. However, locking the laser to the cavity
resonance is challenging due to the narrow resonant linewidth
resulting from the high Q factor and the weak thermal effect (hard-to-
use thermal locking) caused by the large size of the microcavity.
Consequently, we modulated the laser frequency using a 20 Hz trian-
gular wave to scan around the resonant mode, concentrating solely on
the pulse located at the zero detuning point. We recorded the input
and output pulse intensities for three selected example complex
excitation frequencies, as depicted in Fig. 3d-f. The region below the
transition point is demonstrated at —w;,=114MHz, the near-
threshold scenario is illustrated at —w;,, =1.99MHz, and the above-
threshold scenario is shown at —;,, =2.47MHz. Their corresponding
relative amplitude transmission 7(¢) is plotted as a function of time in
Fig. 3g-i. The time evolution of transmittance exhibits quasi-steady-
state saturated amplification, linear growth, and exponential growth in
the aforementioned three scenarios, respectively, confirming our
theoretical predictions. The time derivative of 7(¢) at 4 = 0 is presented
in Fig. 3c. Points A, B, and C correspond to the results in g-i, with point
B being near the threshold-like transition point.

In order to further establish the analogy with conventional lasing
mechanisms, inspired by the Schawlow-Townes formula* in laser
physics, which describes the linewidth of laser emission below
threshold, we investigated the relationship between the output and
linewidth in our lasing-like dynamics below the threshold-like transi-
tion point (Supplementary Note 5). This analysis further validates the
laser-like analogy of our system. We measured the amplitude
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Fig. 3 | Experimental observation of lasing-like dynamics. a Cavity ring-down
measurement, where the measured data (blue line) is fitted (red dashed line) to
determine the lifetime of the cavity. Inset in a: Schematic diagram of the lasing-like
dynamics experiment. b Measured power transmission spectrum at the drop port
at real frequencies of the resonator. Inset in b: Measured power transmission
spectrum at the through port. The intensity transmission peak at the drop port at
zero detuning is 0.27, while the intensity transmission dip at the through port is
0.23. The estimated intrinsic loss and external coupling rates are

k;=0.92MHz,k; =0.5MHz k, = 0.5MHz, respectively. ¢ Time derivative of T(¢) at
A=0and t= — 5.3/w,, plotted as a function of virtual gain. “Theory” refers to
theoretical results calculated with the above parameters. d-f Experimentally
obtained input and output pulse intensities at 4 =0 for various virtual gains cor-
responding to A, B, and C in c. g-i Time evolution of amplitude transmission
coefficient corresponding to A, B, and C. Notably, the near-threshold situation is
illustrated in e and h, and is marked in c.

transmittance in the quasi-steady state at different frequency detuning
A (in the above discussion, we only consider 4 =0 and study the time
evolution of transmittance) with different virtual gain —w;,, below the
transition point. We focus on the peak value of the amplitude trans-
mittance T ., and the full width at half maximum (FWHM) 4w, of
the power transmission spectrum. We selected a cavity mode with
k;=0.85MHz,x,; =0.48MHz,k,=0.48MHz, and the experimental
results are shown in Fig. 4. We show representative spectra for
—®;,, =0.187MHz and-w;,, =1.02MHz, respectively (Fig. 4a, b).
Thedw,,pz decreases from 3.13 MHz to 1.59 MHz as virtual gain increa-
ses, while T ., increases from 0.547 to 1.334. Plotting T e, and Aws 5
as functions of virtual gain is shown in Fig. 4c, we find that their pro-
ductremains constant as 7, Aws45 = 4./K1K,. This is analogous to the
Schawlow-Townes formula, where linewidth is inversely proportional
to output power. This confirms that below the transition point, our
system exhibits laser-like spectral characteristics, further supporting
its designation as a virtual analog of a laser operating below threshold.

Coexistence of CVA and lasing-like regime

In prior studies”"®, virtual critical coupling has been achieved in an over-
coupled microcavity excited by an exponentially growing signal, where
virtual loss compensates for the discrepancy between intrinsic loss and
the coupling rate. However, virtual critical coupling can also be realized
using virtual loss when the resonant mode is initially under-coupled,
and this phenomenon can be investigated at the through port in our
system (Supplementary Note 4). Additionally, lasing-like behavior can
also be observed at the through port. For simplicity, we employed
another microcavity coupled to only one tapered fiber to analyze the
output signal and transmission characteristics. The experimental setup
is shown in Supplementary Fig. 3. The coupling state of the cavity-fiber
system is tuned into the under-coupled regime by adjusting both the
gap between the tapered fiber and the microcavity and the coupling
position along the tapered region of the fiber. The inset of Fig. Sc dis-
plays the measured power transmission spectrum at real frequencies of
the resonator. The FWHM is 0.759 MHz, corresponding to a total loss of
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Kk =2.37MHz. We can estimate the intrinsic loss and external coupling
rate to bek; =1.79MHz, k,, = 0.58MHz.

For an initially under-coupled cavity, the virtual gain compensates
for the mismatch between intrinsic loss and coupling rate, and further
compensates for the total loss if it is sufficiently large. Consequently, as
the virtual gain increases, the system sequentially transitions through
virtual under-coupling, virtual critical coupling, and virtual over-cou-
pling, eventually reaching the lasing-like regime. We focused on the
system’s response and plotted the input and output pulses at various
levels of virtual gain. The relative power transmission as a function of
time for three selected complex excitation frequencies, corresponding
to virtual under-coupling, virtual critical coupling, and virtual over-
coupling, is shown in Fig. 5b. Additionally, the time evolution of
amplitude transmission for the lasing-like behavior was measured and
depicted in Fig. 5d. The intensity transmission in the quasi-steady state
for different exponential decay rates is illustrated in Fig. 5a, where A - C
corresponds to the three curves in b. Meanwhile, the time derivative of
amplitude transmittance at 4=0 was plotted as a function of virtual
gain in Fig. 5c, where D and E correspond to the results in d. Both
experimental results in the two scenarios are in excellent agreement
with theoretical predictions.

Discussion

In summary, we have successfully demonstrated lasing-like dynamics
in a passive system consisting of an ultra-high Q add-drop microcavity.
The instantaneous amplitude transmittance, which is defined as the
instantaneous ratio between output and input signals, displays three
distinct amplification regimes during the pulse duration: saturable,
linear, and exponential growth. The virtual gain introduced by the
exponentially decaying excitation mimics the role of material gain in a
conventional cavity, allowing access to complex frequency poles and
compensating for the intrinsic loss in the open cavity, driving the
system from a quasi-steady state to a regime of divergent response.
This phenomenon is linear, hence does not showcase nonlinear gain
saturation, yet it exhibits striking similarities to the dynamics of real
lasers as they approach threshold, including a threshold-like transition
and saturable/divergent transmittance amplification under tailored
excitations. Our results extend the scope of coherent wave control into
fully passive, dissipative systems, offering a versatile platform for
studying and utilizing non-Hermitian wave phenomena. Furthermore,
this framework enables CVA when analyzing the through port of an
under-coupled cavity. As the virtual gain varies, both CVA and lasing-
like response can be observed in the same system. These findings
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Fig. 5 | Transition from coherent virtual absorption to lasing-like response.

a Transmission of the pulse in the quasi-steady state as a function of —w,,,. Inset in a:
Schematic diagram of the CVA experiment. b Power transmission for virtual under-
coupling (green, —w;,, = 0.369MHz), virtual critical coupling (blue, —w;,, =1.18MHz),
and virtual over-coupling (red, —w;,, =1.77MHz), corresponding to A~ C in a. ¢ The
time derivative of the time evolution of amplitude transmittance at t= — 5.3 /w;,

plotted as a function of —w,,,. Inset in c: Measured power transmission spectrum at
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real frequencies of the resonator. The coupling state of the cavity-fiber system is
tuned into the under-coupled regime via adjustment of the fiber position and gap.
The estimated intrinsic loss and external coupling rate arex; =1.79MHz,

K =0.58MHz respectively. d Amplitude transmission for near transition point (blue,
—w;, =2.39MH?z) and above transition (red, —w;,,, = 2.61MHz) situations, corre-
sponding to D and E in c.

provide a simple and compact method for controlling light-matter
interaction beyond the limits imposed by passivity, advancing the
theoretical framework for the response of complex-frequency excita-
tion in microcavities. By enabling on-demand switching among dif-
ferent absorbing and amplifying responses in a single passive
microcavity, this platform provides a new route toward gain-free,
reconfigurable signal control and offers a testbed for exploring
non-Hermitian phenomena in integrated photonics, thus paving the
way for various applications such as sensing, energy storage, and
optical communication capabilities and positioning our work as a
valuable contribution to these fields.

Methods

Measurement of lasing-like dynamics

Our microcavity was coupled to two tapered fibers, forming an add-
drop microcavity system. A continuously tunable laser (NKT Photo-
nics) was used as an optical source, whose wavelength can be precisely
tuned around 1560 nm and is very stable. The laser was amplified by an
EDFA. The intensity and polarization of this branch were controlled by
a variable optical attenuator (VOA) and a polarization controller (PC),
respectively. Then the continuous laser was modulated by an EOM
(electro-optical modulator) to generate pulses with exponentially

decaying profiles. We used another polarization controller to control
the polarization of the pulse. The pulse was then divided by a 50:50
coupler. The signal at one channel was used to excite the WGM
microcavity, while the other channel was used to monitor the profile of
the input signal. Both the outcoupled signal and the monitor signal
were detected by photodetectors (PD). The spectra were observed on
an oscilloscope (OSC). We recorded the input and output pulse
intensities for different imaginary frequencies and analyzed their time
evolutions.

Ring-down measurement for evaluating Q factor

A ring-down measurement was performed to determine the Q factor
of the resonator. We launched a square wave pulse with a sharp
falling edge into the cavity, allowing us to extract the cavity lifetime
from the decaying optical fields at the falling edge of the pulse. We
monitored the transmission at zero detuning using a photodetector.
The lifetime 1 of the resonator was evaluated by fitting an expo-
nential decay function to the output signal. The loaded Q factor and
the total loss can be calculated using Q=w7/2. Here, the bandwidth
of our EOM was 40 GHz, which corresponds to 25ps. It is much
smaller than the cavity lifetime. As a result, the EOM does not
appreciably affect the measurement.
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Sample fabrication

The CaF, microcavity used in our experiment has a diameter of 1 mil-
limeter and a thickness of 0.5 millimeter. It was fabricated through
precise polishing and has an ultra-high Q-factor of 108 ~ 10°. Firstly, a
centimeter-sized CaF, wafer was affixed to a stainless-steel rod using
UV-curing glue. Then, the rod was precisely mounted onto a ball
bearing lathe and rotated by a motor with adjustable speed. Aluminum
oxide sandpapers with varying grits of 600, 1200, 1500, 2000, and
5000 were successively employed to shape the resonator until we
achieved the desired size without noticeable scratches on the sample
surface. Afterwards, the rim surface of the sample was manually
polished using polishing cloths assisted by diamond suspensions with
different particle sizes. In our fabrication procedure, 1 pm, 0.25um,
0.1pm, and 0.05pm suspensions were used subsequently to
achieve an extremely smooth rim. Each step lasted for about
20 min. The sample should be carefully cleaned with anhydrous
ethanol and deionized water after each step. Finally, a thorough
cleaning procedure with a 3-min water flow and acetone soaking was
applied. This microcavity was coupled to two tapered fibers, which
were fabricated from standard single-mode fibers in the telecom band
(G.652.D), forming an add-drop microcavity system. The entire
device was placed inside a vacuum-sealed metal box to ensure envir-
onmental stability.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are available in the main article,
Supplementary Information, and Source Data file. The data are also
available from the authors. Source data are provided with this paper.
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