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Abstract. The Hawking effect amplifies fluctuations in the vicinity of horizons, both in black holes and
in analogue platforms. Here, we consider a polariton simulator and numerically examine the stimulated
Hawking effect using a coherent probe incident on the horizon from the exterior. We implement an
experimentally realistic effective spacetime that supports a quasinormal mode (QNM) in the vicinity of
the horizon. We find that the stimulated Hawking effect manifests as transmission into a negative-energy
Bogoliubov channel inside the horizon, consistent with pseudo-unitary Bogoliubov scattering. Moreover,
transmission across the horizon peaks at the QNM frequency. The computed spectral signatures provide a
practical guide for future experimental investigations of the Hawking effect and its interplay with QNMs, an
open question in quantum field theory in curved spacetime.

Résumé. Leffet Hawking amplifie les fluctuations au voisinage des horizons, aussi bien dans les trous noirs
astrophysiques que dans leurs plateformes analogues. Nous considérons ici un simulateur polaritonique
et examinons numériquement 'effet de Hawking stimulé par une sonde cohérente incidente sur I'’horizon
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depuis I'extérieur. Nous considérons un espace-temps effectif expérimentalement réaliste qui supporte
un mode quasinormal (QNM) au voisinage de I'horizon. Nous montrons que l'effet Hawking stimulé se
manifeste par une transmission vers un canal de Bogolioubov d’énergie négative a I'intérieur de 'horizon,
conformément a une diffusion de Bogolioubov pseudo-unitaire. De plus, la transmission a travers I’horizon
présente un maximum a la fréquence du QNM. Les signatures spectrales calculées fournissent un guide
pratique pour de futures investigations expérimentales de 'effet Hawking et de son interaction avec les
QNMs, question encore ouverte dans le cadre de la théorie quantique des champs en espace-temps courbe.

Keywords. Hawking radiation, analogue gravity, quantum fluids of light, quasinormal modes, numerical
simulations.
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Introduction

In recent years, analogue-gravity systems have provided a compelling platform for studying
quantum-field dynamics in curved spacetimes [1-3]. Such experiments have brought within
laboratory reach phenomena traditionally confined to astrophysical scales, most notably the
Hawking effect [4-9]. Although early theoretical work focused on the scattering of vacuum
fluctuations in both conservative and driven-dissipative quantum fluids [10-30], experiments
have also probed these systems with externally injected fields to stimulate the Hawking process
and to obtain frequency-resolved insights into the underlying physics [4-7,31].

In this work, we study the stimulated Hawking process at a horizon in a polaritonic quantum
fluid of light by injecting a weak monochromatic field. We numerically model a pump-probe
configuration in which a downstream support field maintains an approximately constant density,
a regime previously identified as favourable for spontaneous emission. In contrast to earlier
work dominated by vacuum radiation, the probe provides a frequency-resolved read-out of
scattering in the asymptotic modes. We find a crossover from two-port unitary scattering (no
negative-norm channel available) at @ > wnax to pseudo-unitary scattering with negative-norm
participation at @ < wmax, With wmax determined by the transcritical flow [32]. Here, wmax denotes
the upper frequency bound for which mixed-norm scattering channels exist asymptotically;
above wax only positive-norm channels remain, and Hawking-type amplification is unavailable.
Moreover, transmission into the supercritical region exhibits a pronounced resonance at the
quasinormal-mode frequency wqnm > Wmax, i.€. outside the Hawking-emission window [33]. This
enables a direct comparison between horizon and horizonless emission — expected to display
distinct correlation structures [34] — and recasts the QNM as an active mediator of stimulated
scattering rather than a passive geometric fingerprint.

1. The polaritonic simulator
Exciton-polaritons (polaritons) arise in planar semiconductor microcavities from the strong cou-

pling between quantum-well excitons and cavity photons. Their hybrid light-matter character
yields a small effective mass and sizeable nonlinearity, enabling collective phenomena akin to
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those in atomic Bose-Einstein condensates, but within optical platforms. Under coherent driv-
ing and dissipation, the dynamics of the polariton field v (x, t) is governed by a driven-dissipative
Gross—Pitaevskii equation (GPE) [35]

itio =|n hz 2 2 lh'}f —iwpt
ihory = wo—%ax+V(x)+hg|1//| e Y+hF(x)e R 1)

with effective mass m*, interaction constant g > 0 (defined so that the interaction-induced
blueshift is 2g|w|?), loss rate y, lower-polariton frequency wy at zero in-plane wave-vector, and a
structured pump envelope F(x) of frequency w,. We approximate the lower-polariton dispersion
as wrp(k) = wo + Hk2/2m*).
For a plane-wave pump F(x) = Fpeikpx of constant amplitude Fj, (stationary in the rotating
frame), the steady flow wg = /7 ¢! %»*~r? yields the equation of state
2
no| (gno=6(v0))” + I | = IFyl2. )

* 02
Here 6(vg) = wp —wo — mz 0 js the effective detuning, and the hydrodynamic velocity is vy =

o p/m* = hky,/m*, where ¢(x) is the phase of the stationary field v (for a plane wave, ¢ = kpx).
When 6/y > v/3/2, the input-output curve is bistable (S-shaped) with a stable upper branch (see
Figure 1(a)), used below as the high-density state.

We study collective excitations by linearising around a stationary background with the ansatz

wix, 1) = "B D[ /no(x) + Sy (x, D e 2], Sy =ulx) e @+ vt (x) et 3)

In a spatially inhomogeneous system (spatially varying vp(x) and cg(x)), the Bogoliubov spinor
(%) obeys [32]

&B(”):hw(u), P —hé(vg) +2higng+ D hgny .
—hgnp —[-hé(vo) +2hgng + D)

(4)
with the differential operator D = — zifj* ai —ihvy(x)0y — i% 04 Vg(x), where the last term is local
and purely imaginary; it vanishes in homogeneous regions and is appreciable only where v (x)
varies significantly (e.g. near the horizon) [36]. In what follows, we employ a local-density
approximation (LDA) to obtain analytic laboratory-frame dispersions; within the LDA we neglect
0y vp and treat ng, vy as piecewise constant when deriving the dispersion relation.

We identify a Killing horizon at the position where |vg| = cg. In a slowly varying inhomoge-
neous flow, applying the LDA to (4) yields the laboratory-frame dispersion relation

2

2 m2 (x)
%] +c5(x) k% + 3 (x)

det
2’
where the Bogoliubov light-cone velocity cg sets the causal bound [0w/dk| < cg(x) and the mass
parameter mgqet encodes the local mass gap [32]:

h[2gng(x) —6(vo(x) « V18no—01[3gng — 0]
cB(x)z\/ [28m — Lot = m \/gnozgn sl ®)
0=

wg(k; xX)=vo(x) k+ \/ 5)

The effective geometry is captured by the Painlevé-Gullstrand line element [37]
ds? = [c3(x) - v (x)] d£* =2 vp(x) dxdt — dx?. (7)

As in all analogue simulators, the presence of a horizon is signalled by the excitation of negative-
norm modes w® at positive frequencies, i.e. negative-energy waves [32].

Notation. We denote the outside positive-norm channel by u, and the inside channels by d.
(positive) and d_ (negative).
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Figure 1. Polariton mean-field. Mean-field profile with downstream density support.
(a) Bistability loop for kyp = 0.27 pm’l (green) and kqown = 0.539 pm’l (turquoise). (b) Bo-
goliubov sound speed cp (blue) and background fluid velocity vy (red). Dispersion of Bo-
goliubov excitations. (c)-(d) The colour map shows the normalised spectral density T'(k, w)
of the fluctuation field, revealing the numerical dispersion relation; dashed lines show the
LDA prediction (5); (c) upstream; (d) downstream. (e)—(f) LDA dispersion. Blue: positive-
norm modes wE; orange: negative-norm modes w®. Brown dots: in modes in (upstream),
p and d (downstream); green dots: out modes HR (upstream), down and dn (downstream).
We stimulate the Hawking effect by injecting a finite-amplitude continuous-wave (CW)
probe into the input mode in.

2. Numerical simulation of the mean-field and Bogoliubov spectrum

We now simulate polariton dynamics in a one-dimensional (1D) sample (e.g. a wire or effective
1D propagation). We use Julia to integrate the (1+1)D GPE with a split-step scheme on a 2048-
point grid (cavity length 800 um), with absorbing boundary conditions. As in [28,33], we take
m* =5x1073%kg, hwo = 1473.36 meV, iy = 47peV and fig = 3 x 10" *meVum. V(x) is an attractive
Gaussian potential (height —0.85meV, width 0.75um) centred at x4 = 400pum. We refer to it as
“the defect”.

We employ a structured pump: high constant intensity for x < x4 — 7um and low constant
intensity for x > xq — 7um. The pump frequency is hw, = 1473.85meV, while its wave-vector is
structured as kyp = kp(x < x4 —7pm) = 0.27um™" and kgown = kp(x > x4 — 7pm) = 0.539pm™!
(this specific value of kgown Was chosen to match the phase across the horizon and to produce an
approximately flat downstream density; see the appendix of [28] for details).

Figure 1(a) shows optical bistability for effective detunings 76 (vyp) = 0.39meV (green) and
16 (Wgown) = 0.12meV (cyan). Upstream, the pump intensity Fj, up is set 0.08% above the turning
point (green dot) to stabilise a steady state. Downstream, in the supported case, Fj, (x > xq—7um)
is 16% above the turning point (cyan dot). These percentages are not directly comparable: 0.08%
is an input-intensity offset on the upstream S-curve, whereas 16% corresponds to an effective-
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detuning offset in the downstream supported region; because the S-curve slopes differ by & (10?)
across the horizon, a small upstream fractional shift maps to a much larger downstream relative
offset.

Figure 1(b) shows vy (red) and cp (blue). As the fluid flows from left to right with increasing
velocity, by analogy with a waterfall we refer to the high-density region as upstream and the low-
density region as downstream. Downstream, Uqown reaches a constant value of 2.07umps™! set
by kgown and exceeds cp, which is supported at a constant value of 0.81umps~'. The attractive
defect causes a dip in the sound speed (equivalently, in the density) at x4, accompanied by a
spike in the fluid velocity under quasi-conservation of the current (see the inset in Figure 1(b)).
Section 4 discusses the impact of these narrow features on the emission spectrum.

We probe the Bogoliubov dispersion by adding a weak complex Gaussian white-noise term
(uncorrelated in space and time) at each time step of the GPE evolution, which excites lin-
ear fluctuations without altering the mean-field profile. After discarding transients, we com-
pute the spatiotemporal Fourier transform of the fluctuation field oy (x, t) = w(x, t) — wo(x, 1)
in a given asymptotic region r € {up,down} using a Hann spatial window w;(x): A,(k,0) =
fdtfdx wr(x) 6w (x, 1) el @=kx) The colour maps in Figure 1(c)-(d) show the normalised spec-
tral density T; (k,w) = | A, (k, w) 2/ maxg. | Ar (k, w)|? (s0 0 < T, <1). We restrict the spatial Fourier
transform to obtain local spectra in the upstream (Figure 1(c)) and downstream (Figure 1(d)) re-
gions. As the integration time is arbitrary, we normalise the spectral intensity to its maximum,
enabling qualitative comparison only. Upstream (Figure 1(c)), the spectrum is slightly gapped, as
expected for a pump intensity near but not at the bistability turning point. A comparable gap is
visible downstream when the fluid density is supported by a finite pump (Figure 1(d)).

Assuming piecewise-homogeneous density and flow in each spatial region, the LDA gives the
real part of the spectrum (5). We see in Figure 1(c) that the LDA captures the spectrum well
when the density is high. When the density is low (Figure 1(d)), the LDA slightly overestimates
the Mach number, yet the agreement with numerical data remains good (in line with spectral
measurements in inhomogeneous media in [32,36]). In what follows, we base our discussion on
the LDA spectrum in Figure 1(e)—(f).

Because of the Doppler effect, the downstream transcritical flow shifts w® solutions (orange)
to positive frequencies up to wmax. Within wmin < @ < wmax (bounded below by the upstream gap
®min), there are three input modes (brown): in (0%) propagating towards the horizon upstream,
and p (0®) and d (w®) propagating against the supercritical flow downstream. There are also
three output modes (green): HR (0®) propagating away from the horizon upstream, and down
(wE) and dn (wB) propagating inside the horizon downstream. Thus, over wpmin < ® < Wmax,
positive- and negative-norm modes coexist at positive frequencies. This signals the formation
of a Killing horizon for the Bogoliubov modes [32].

3. The stimulated Hawking effect

The Hawking effect arises from the scattering of incoming waves at the horizon, which mixes
o® and w® solutions of Eq. (5) via the scattering matrix S. A key feature is its pseudo-unitarity,
dictated by conservation of the Bogoliubov scalar product,

(p11¢p2) =fdx(ui‘ Up = vy V), ®)
which is indefinite and classifies modes into positive- and negative-norm branches, »® and w®,

respectively [38]. We now outline how dispersion controls scattering at the horizon and, in turn,
how Hawking-type amplification arises.
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The dispersion in Figure 1(e)—(f) implies that the properties of S depend on frequency:

* 0 < Wpin: only downstream channels propagate; p and d are incoming, while down and
dn are outgoing; Eq. (8) leads to anomalous mixing described by a 2 x 2 matrix obeying
S" diag(1,~1)S = diag(1,-1);

® Wmnin < W < Wmax: there are three input modes (in, p, d) and three output modes (HR,
down, dn). HR is the unique upstream outgoing channel (Hawking radiation); pseudo-
unitarity reads st diag(1,1,-1)S = diag(1,1,-1);

* 0 > wpax: only positive-norm channels remain, and scattering reduces to a two-port
unitary process.

For w < wmayx, pseudo-unitarity entails mixing of creation and annihilation operators. For
example, when wmin < ® < Wmax,

aHR ain

adown =S bvac,p . 9
=T 7t

adn bvac,d

In the language of Gaussian quantum optics, this mixing is a concatenation of two symplectic
operations: (i) a two-mode squeezer, responsible for pair creation across the horizon; (ii) a beam
splitter, describing partial transmission through the effective potential barrier.

The probe cannot be injected from upstream for @ < wmpin. For @ > wpin, a coherent
monochromatic probe [nin) can be injected from upstream. Considering that all other positive-
and negative-norm input modes are in the vacuum state, the input state is [ in) = [7in) ®|0p) ®|04).
For wmin < @ < wmax, Eq. (9) shows that the incoming excitation is scattered into the reflected
upstream mode (HR) and into two transmitted downstream modes (down, dn). Crucially,
conservation of the Bogoliubov scalar product implies that population of dn is necessarily
accompanied by a net increase of the energy flux in co-propagating positive-norm channels, i.e.
amplification. For o > wpgy, unitarity of the 2x2 S-matrix forbids amplification, and the interface
acts as a simple beam splitter.

Although the simulations use classical waves, the gain originates from mixing between
positive- and negative-norm channels — the classical counterpart of parametric (squeezing) pro-
cesses. In particular, the gain is frequency-dependent and, in our configuration, peaks near the
near-horizon resonance frequency Qqnm (see Figure 2(e)). However, like other superradiant pro-
cesses [39], although w is conserved, k is not.

4. Quasinormal modes and resonant transmission

Quasinormal modes (QNM) are the natural resonances of open-wave systems: they solve lin-
earised equations with purely outgoing boundary conditions and have complex frequencies
®gnm = Qgnm — I ['qnm/2 [40,41]. They enter our problem as poles of the horizon scattering matrix
and control the long-lived response of the driven-dissipative polariton fluid.

In the present configuration, the attractive defect generates a narrow density dip and a
companion spike in the flow velocity just inside the horizon (Figure 1(b), inset). This forms a
short, leaky resonator bounded by higher-density “shoulders”: impedance mismatches on either
side partially reflect Bogoliubov waves while allowing leakage into the upstream and downstream
asymptotic regions. The QNMs are the resonant standing-wave solutions located in this region
and radiating outward [33]: here, the QNMs are zero-norm modes composed of a localized
negative-norm mode coupled to propagating positive-norm modes on either side of the horizon.
Semiclassically, they satisfy a lossy round-trip condition, which fixes a complex eigenfrequency;
equivalently, they appear as simple poles of the relevant scattering amplitudes. In practice,
Qqnm lies slightly above the upper edge wmax of the Hawking window. This is not accidental:
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the strong velocity spike inside the horizon Doppler-shifts the negative-norm branch to positive
laboratory frequencies above wnx, enabling a localised negative-norm component even though
the asymptotic dn channel is closed for @ > wmax. The linewidth I'qnm contains contributions
from both intrinsic polariton losses and radiative leakage through the shoulders; for the present
parameters they are comparable, so I'qnm is of order y [33].

Consider a weak monochromatic probe injected in the upstream input mode in. For v >
wmax the interface reduces to a two-port unitary scatterer between the incoming set {in, p}
and the outgoing set {HR,down} (no negative-norm channel is available), so there is no net
amplification, only redistribution between reflection and transmission. In the single-sided drive
used here, only in is populated; the internal incidence channel p is left in vacuum. In this
regime, the complex transmission coefficient in down acquires a Breit-Wigner contribution [41],
tin—down () = fpg (@) + m, with a -phase slip across Qqnm and a peak height/width
governed by Q = Qqum/I'qnm. The corresponding intensity exhibits a narrow maximum at w =
Qqnm, i.e. a frequency-resolved spectroscopy line outside the spontaneous-emission band. This
mechanism differs from ordinary tunnelling: it is mediated by a long-lived intermediate state set
by the near-horizon geometry.

In momentum-resolved measurements, this appears as a sharp, frequency-selected enhance-
ment along the upstream and downstream ® loci, without concomitant growth of dn at the
same w (the latter being kinematically closed).! This separation in (k,w) mirrors the outgoing-
channel mapping discussed earlier and provides a practical diagnostic for experiments.

The QNM therefore plays a dual role: sets a privileged frequency just above wmax at which
probe transmission and reflection are resonantly enhanced and rotate in phase, and provides
a geometric handle on the near-horizon structure (through Qqnm and I'gnm). We now extract
Wgnm from the linear problem and verify the predicted peak and phase behaviour of fn_.qown (@)
numerically.

5. Numerical simulation of scattering at the horizon

We now discuss the scattering of a low-amplitude continuous-wave (CW) probe sent towards the
horizon from upstream, i.e. in mode in. The probe amplitude is set to |Fp;| = 0.1% | Fp up| S0 as to
minimally perturb the mean field. The probe is a 12um Gaussian centred on Xxp; = x4 — 100 pm.
Bogoliubov excitations created by the probe propagate toward the horizon with group velocity
Vg(kpr) = ?3_{;6)

The simulation proceeds as follows: we first integrate the GPE with the source term Fy, p only,
until a steady state is reached. For each kpr, wpr, we then add a second source term Fp,; with
wpr = w(kpr), and allow the system to relax to a new steady state. We then continue the time
evolution and perform space-time Fourier transforms of ¢ — 9 to obtain amplitudes A(k,w) in
the up- and downstream regions, retrieved by windowed spatial Fourier analysis (Hann window).

This procedure effectively simulates the scattering of in amplitude into the outgoing modes
HR, dn and down, as in an experiment. This procedure provides the experimentally accessible
spectral weight of the physical field 6w, but it does not directly yield the flux-normalised Bo-
goliubov scattering amplitudes: extracting the S-matrix would require projecting onto incom-
ing/outgoing BdG eigenvectors and normalising by the conserved current.

1For completeness, we summarise the frequency-dependent availability of asymptotic channels and the role of
the local Doppler shift of the @B branch near the horizon. For w < wpj, only downstream channels propagate; for
Wmin < ® < Wmax, Mixed-norm scattering is possible with one upstream outgoing channel (HR) and two downstream
outgoing channels (down, dn); for @ > wmax only positive-norm channels persist asymptotically. Locally, the Doppler
spike can bring parts of w® to positive laboratory frequency, enabling norm-mixing inside the near-horizon resonator;
asymptotically, however, dn closes above wmax, and scattering reduces to a two-port unitary process.
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Figure 2. Numerical simulation of scattering. Amplitude is injected in mode in at kpy, wp;
and allowed to scatter at the horizon. Amplitudes are normalised to the probe amplitude.
All wp; slices are collated to form the spectra in each region. (a) Amplitude upstream
(linear scale). (b) Amplitude downstream (log scale). (c) Amplitude downstream (linear
scale). Dashed lines: LDA dispersion (5). Spectral properties of the quasinormal mode.
(d) Spectrum of Bogoliubov excitations. Red: negative-norm; black: positive-norm; blue:
zero-norm. Zero-norm modes at low frequency are spurious artefacts of the numerical
boundaries and are localised outside the near-horizon region. The response near wqnm is a
damped QNM response of the Bogoliubov field. (e) Amplitude in mode down.

Figure 2 shows the simulation results. The amplitude is normalised to the input amplitude.
Gaps in the spectra reflect cases where the resonance search fails at a given kyy, wpy, in which
case the run is omitted. Dashed lines show the LDA dispersion. Reflected amplitudes broadly
follow the LDA prediction. In the downstream window, two branches can lie close in (k,);
because the windowed spatial Fourier transform has finite k-resolution (spectral leakage), their
contributions overlap and add coherently at the level of the complex amplitude, A(k,w) ~
Ay W(k—ky)+ A, W(k—ky), where W is the Fourier transform of the spatial window. The resulting
cross term in |AJ? produces an asymmetric (Fano-like) modulation and can slightly bias the
apparent peak position along k. A similar effect may occur in experimental data; however, the
integrated transmission spectrum versus o is unaffected and remains a robust observable of the

underlying physics.



Mattheus Burkhard et al. 9

Consider the top row of Figure 2: (a) shows the upstream amplitude (linear scale), while (b)
(resp. (c)) shows the downstream amplitude on logarithmic (resp. linear) scale. In (a), the probe is
injected from wn;, (below which injection is not possible). Comparing (a) and (c), the amplitude
is predominantly reflected into HR up to fiw = 0.25meV; at higher frequencies, it is chiefly
transmitted into down. In (b), a finite amplitude is also transmitted into dn, the hallmark of
Hawking-type amplification.

In Figure 2(b), non-negligible amplitude appears in down* and dn* (at negative w), as
expected in Bogoliubov theory. Because dn is a negative-norm mode with |v| > |ul, the field
weight resides mainly in the conjugate component; consequently the dn* trace is generically
stronger than dn itself, a trend enhanced when downstream support separates the w, branches.

For w > wmax, reflection drops to zero and the probe amplitude is transmitted downstream into
down. As discussed in Section 3, at these frequencies the interface between sub- and supercritical
flows is no longer a horizon (no negative-norm mode is available at positive frequencies) and
acts as a simple beam splitter. Scattering is then dominated by transmission in down, with a very
small reflected amplitude (of order 103 here), and no amplification occurs.

6. Numerical observation of resonant scattering

Section 3 established that for w > wnax Scattering at the interface is unitary, and Section 5 showed
that the input amplitude is then transmitted downstream into down. Section 4 further anticipates
a QNM signature: an enhancement of transmission into down.

The spectral properties of the QNM are shown in Figure 2. In (d), we diagonalise the Bogoli-
ubov matrix and obtain its eigenmodes. Positive-norm modes are shown in black, negative-norm
modes in red, and zero-norm modes in blue. Zero-norm modes at low frequency (< 0.2meV) are
artefacts of the periodic boundary conditions in the diagonalisation. The QNM is the only zero-
norm mode at higher frequencies, just above wmax. Here, I'qnm/2 is only slightly different from
the intrinsic polariton losses. Thus, linear losses set the QNM linewidth (I'qnm) and prevent dy-
namical runaway inside the near-horizon resonator. In (b), we show the amplitude in down, re-
trieved from Figure 2(e). The amplitude is zero before wni, and then increases monotonically
with w, with a peak at Qqnm. This confirms resonant transmission.

Repeating the calculations without downstream density support yields the same qualitative
and quantitative features. Beyond the QNM line itself, all other observables (mode splitting,
channel mapping, frequency windows) are likewise robust to the presence or absence of support.
This robustness indicates that the QNM is not an artefact of boundary pumping, but a structural
feature of the effective spacetime geometry.

In summary, the spectral peak at w = Qgnm confirms that the QNM arises from the internal
geometry of the polariton fluid rather than from extrinsic gain.

7. Conclusions

We have theoretically validated the feasibility of observing stimulated Hawking radiation in a re-
alistic polariton platform using frequency-resolved probe spectroscopy. Horizon scattering in our
driven polariton fluid shows high reflectivity into HR at low frequencies, accompanied by trans-
mission into dn (the negative-norm partner), while the downstream amplitude is dominated by
the positive-norm witness mode down [22,42]. With downstream density support, the separation
of w* branches by the mass gap, and the concomitant increase in interaction energy, enhance the
visibility of dn. This support is experimentally feasible, strengthening the case for polariton plat-
forms as analogue quantum-field simulators on tailored curved spacetimes and enabling system-
atic studies of how horizon configurations imprint the Hawking spectrum [33,42-48].
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In the present transcritical geometry, a narrow near-horizon resonator supports a quasinormal
mode of the Bogoliubov field [33]. Our simulations show a pronounced frequency-resolved peak
in the stimulated transmission in down at @ = Qgnm, outside the Hawking-emission interval. This
enables diagnosis of the effective geometry by transmission spectroscopy, an analogue of black-
hole spectroscopy. The QNM thus plays a dual role: it is both a dynamical signature of the Killing
horizon and an active mediator of amplification. Its frequency sets a privileged scale at which the
near-horizon geometry becomes dynamically relevant, providing a resonant fingerprint of the
engineered curved spacetime. As the required conditions have already been demonstrated [32],
these effects should be accessible to current experiments, offering a platform for addressing open
questions in near-horizon physics [33,49-51].
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