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Non-Hermitian sensing near exceptional points can exhibit a sublinear response to perturbations and thus promises sensitivity beyond
conventional Hermitian sensors operating at diabolic points (DPs). Recent studies have further shown that the square-root readout can
be attained near transmission peak degeneracy (TPD), where the splitting of spectral extrema, not the eigenvalues, is observed. However,
in non-Hermitian platforms, the available sensitivity enhancement is fundamentally constrained by the divergent Petermann factor
because of non-Hermitian eigenvector degeneracy and practically limited by the system complexity. Here, we experimentally demon-
strate TPD-enhanced sensing of refractive-index change in a simple chiral Hermitian cavity. We show that the Hermitian transmission
spectrum can also exhibit TPD-induced square-root splitting of spectral extrema while preserving eigenvector orthogonality. As a resuilt,
this Hermitian TPD-based sensor retains the response enhancement characteristic of non-Hermitian TPD sensing yet remains free from
the Petermann-factor limit intrinsic to non-Hermitian systems, thereby enabling enhanced sensitivity. This work establishes a Hermitian
route toward ultrasensitive sensing that surpasses the conventional DP sensor and provides a sensitivity advantage over non-Hermitian
implementations when Petermann-factor-amplified noise is relevant.

Introduction

Exceptional-point-based sensors have attracted considerable inter-
est because their sublinear response to perturbations offers a route be-
yond the linear-response limit of conventional Hermitian sensors op-
erating near diabolic points (DPs). By exploiting the parity—time
(PT") symmetric phase transition, non-Hermitian sensors near excep-
tional points (EPs), where eigenvalues and eigenvectors simultaneous-
ly coalesce [1—6], have shown the essential advantages in response
[7-24] and sensitivity [25—28] over a conventional Hermitian coun-
terpart. Interplay of non-Hermitian physics and topology physics has
further revealed EP-related topological structures [29—34] and also
promises extremely high sensitivity [35]. Despite great advancements,
the sensitivity of non-Hermitian sensors is technically constrained by
the complexity of experimental implementation and fundamentally
limited by the Petermann factor (PF), which originates from eigenvec-
tor nonorthogonality. It diverges near non-Hermitian degeneracies
such as EPs [36—38] and amplifies noise in the sensing readout. This
noise-amplification mechanism therefore raises a central question:
whether one can retain the square-root response while avoiding eigen-
vector nonorthogonality.

Recent studies have addressed this question by exploring square-
root readout at transmission peak degeneracy (TPD), where the split-
ting of spectral extrema serves as the sensing observable. This TPD
regime has been theoretically analyzed [39] and subsequently real-
ized in a landmark non-Hermitian accelerometer experiment [27], rep-
resenting an important advance from EP-based response enhance-
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ment toward practical sensitivity improvement. At the same time, in
those platforms, shifting the operating point from the EP to the TPD
reduces, but dose not completely eliminate, the noise amplification as-
sociated with eigenvector nonorthogonality. Here we demonstrate that
TPD-enhanced sensing can be implemented in a purely Hermitian
cavity, where the eigenmodes remain strictly orthogonal. This Hermi-
tian realization preserves the square-root spectral extremum readout
of TPD sensing while circumventing both the experimental complexi-
ty of gain—loss engineering and the PF divergence intrinsic to non-
Hermitian TPD sensors. It thus extends the scope of TPD-based sens-
ing beyond non-Hermitian platforms.

A conceptual comparison of the conventional Hermitian DP-based
sensor, the non-Hermitian sensors, and our Hermitian TPD-based sen-
sor is illustrated in Fig. 1. These sensors involve two coupled modes.
The figure depicts the measured frequency separation as a system re-
sponse y in the 6 —n parameter space (inset surfaces), where ¢ is half
of the frequency detuning between the two modes, the perturbation-
induced coupling strength 7 is proportional to the normalized pertur-
bation € (€ < 1), the dynamic response R (blue curves), defined as
the derivative of the response with respect to perturbation, i.e.,
R = dy/0¢e. The PF (red dashed curves) is also presented for four sen-
sors for comparison. A coupled two-mode system, as a general model
of a sensor, can measure a perturbation at a bias €, as the induced fre-
quency separation of observable. Conventionally, a Hermitian two-
mode sensor with a vanishing gain/loss contrast, Ak =0, operates at
the DP where 6 = 0 and ¢, = 0. For any perturbation, its eigenfrequen-
cy splitting follows an e-dependence, Av =Re[v,]—Re[v_]x e, as
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Fig. 1. Conceptual illustrations comparing sublinear response enhanced sensing in Hermitian and non-Hermitian systems. (a)-(d) Comparison of dynamic re-
sponse R (solid blue curves) and PF (dashed red curves) for (a) the non-Hermitian EP-based sensor, (b) the Hermitian DP-based sensor, (¢) the non-Hermitian
TPD-based sensor, and (d) our Hermitian TPD-based sensor. The observable is the eigenfrequency splitting in the EP- and DP-based sensors, whereas it is the
spectral-extremum splitting in the non-Hermitian and Hermitian TPD-based sensors. Insets in (a) and (b) show the real parts of the system eigenvalues of the non-
Hermitian and Hermitian sensors in the n— & parameter space, respectively. Insets in (c) and (d) depict the spectral extremum values with respect to their average
value in the — ¢ parameter space as (a) and (b). The black vertical dashed lines indicate the positions of the EP and the TPD, respectively. (¢) Diagram compar-
ing non-Hermitian EP-based sensor and our Hermitian TPD-based sensor. Left: an EP-based sensor with a panel illustrating nonorthogonal eigenvectors; the eigen-
mode transmission spectra are shown. Right: a Hermitian TPD-based sensor with a panel illustrating orthogonal eigenvectors; the overall transmission spectra are

presented.

shown by the real parts Re[v.] of the two complex eigenfrequencies
in Fig. 1(b). This linear response implies a constant dynamic re-
sponse, Rpp = 0Av/de = const., and sets a fundamental limitation to
the available sensitivity in the DP regime of a Hermitian sensor. By
exploring the abrupt response at the EP associated with the P7 -sym-
metric phase transitions, a non-Hermitian sensor can tackle this e-de-
pendence limitation, see Fig. 1(a). Typically, it measures the eigenfre-
quency splitting, as shown in the left panel in Fig. 1(e). Below the EP,
the transmission spectra of the two eigenmodes are located at the

same frequency [Fig. 1(e)], implying vanishing eigenfrequency split-
ting; see Fig. 1(a). Slightly beyond the EP, 1(&,) = ngp, the eigenfre-
quency splitting Av follows a +/e-dependence for the on-resonance
case 6 = 0; see Fig. 1(e) and the inset in Fig. 1(a). Therefore, the dy-
namic response (blue curve) is enhanced by a divergent factor
o 1/ 4/e compared to a conventional Hermitian sensor, as shown in
Fig. 1(a). Well above the EP, the splitting is large, approaching a lin-
ear dependence on the perturbation. Because of this remarkably en-
hanced dynamic response, non-Hermitian sensors have the potential
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to achieve unprecedented sensitivity overwhelming the conventional
Hermitian counterpart [7,8]. Despite of some debates [40,41], this
fundamental advantage of non-Hermitian sensors in sensitivity has
been predicted by beautiful theories [7,8,42—44].

The sensitivity is more critical than the response for a sensor. It is
crucially dependent on both the dynamic response and the noise in
measurements [45,46]. The enhanced dynamic response has been
successfully demonstrated in the gain—loss non-Hermitian sensors
[10—13]. In these active systems, one mode is amplified to balance the
loss of the other. Inevitably, the strong gain adds the dominant noise
to the system. Because of the eigenvector coalescence, as indicated in
Fig. 1(e), noise in a non-Hermitian sensor can be amplified to the
same extent as its dynamic response by a divergent PF at the EP; see
the red dashed curve in Fig. 1(a). This large PF imposes constraints on
real sensitivity enhancement and can compensate the sensitivity im-
provement in the worst case [36,37]; see the red dashed curve. This
PF problem of a non-Hermitian sensor is partly tackled by measuring
the frequency splitting near the TPD, where the spectrum starts to
splits to a doublet-peak profile [27,39]; see Fig. 1(c). The inset of Fig.
1(c) shows the peak positions p. of the transmittance spectra of a
gain—loss non-Hermitian sensor. Intriguingly, the +/e-dependence re-
sponse is obtained near the TPD. Because the TPD slightly shifts
away from the EP [27,39], the dynamic response is enhanced by a
larger factor than the noise near the TPD. The PF-amplified noise is
thus partly suppressed and a threefold enhancement is achieved for
the sensitivity. A passive non-Hermitian sensor exhibits an important
advantage over its active counterpart because it completely avoids the
strong gain-induced noise; it achieves faithful sensitivity enhance-
ment [25,26]. Nevertheless, the PF problem remains to be overcome
and thus severely limits the available sensitivity enhancement be-
cause the intrinsic non-Hermitian degeneracy persists. Despite being
highly demanded, it remains an outstanding challenge to develop a
new sensing scheme that attains EP-like sensitivity enhancement
without the PF limit.

The concept of our Hermitian TPD-enhanced sensor is depicted in
Fig. 1(d) and is experimentally demonstrated in this work. The two
modes equally decay with the same rate. Unlike the DP-based sensor
observing the eigenfrequency splitting, our Hermitian TPD-based sen-
sor measures the extremum separation of transmittance spectrum, Ay
see the right panel in Fig. 1(e). Below a bias level that 7(&,) < nrep,
the transmission is a single peak. At nrpp, the transmission shows a
plateau profile. Slightly biased above this point, the spectral-ex-
tremum splitting (SES) increases rapidly with the perturbation. The
inset in Fig. 1(d) shows the positions of two peaks of the transmis-
sion, u., versus the detuning and the perturbation. The two peaks
locate at opposite sides of a spectral dip. The SES, defined as
Ap =, —pu_, displays a transition from a linear dependence to a
square-root dependence on the perturbation at 7pp. Comparing to the
DP-based sensor, the dynamic response is enhanced by a factor of /e
near the TPD. In stark contrast to EP-based sensors and non-Hermi-
tian TPD-based sensors, the eigenvectors of this Hermitian TPD-
based sensor are intrinsically orthogonal [see the right panel of
Fig. 1(e)], and therefore the PF remains unity under varying perturba-
tion [see the red dashed line in Fig. 1(d)], thoroughly overcoming the
divergent-PF problem. Generally, EP-based sensors, non-Hermitian
TPD-based sensors, and our Hermitian TPD-based sensors are en-
abled by their respective singularities.

Experimental Setup

The experimental setup of this TPD-enhanced Hermitian sensor is
illustrated in Fig. 2(a) [see Section 1 and Fig. S1 in the Supplemen-
tary Materials (SM) for details of this setup]. Basically, the sensor is a
chiral Fabry—Pérot cavity embedded with a magneto-optical (MO)
crystal. The cavity is made from two mirrors with equal reflectivity of
99.5%. The effective length of the cavity is L. = 80 mm. The MO
medium is a (111)-cut cylindrical terbium gallium garnet (TGG) crys-
tal, made by the company (Model TGG-D3.5-20, Zhizhuo Optoelec-

tronics Technology Co., Ltd., China). The refractive index of the
TGG crystal is ng~ 1.95, corresponding to a relative dielectric
constant of & =n? ~ 3.8. The length of the crystal is Lyo =20 mm
and its diameter is 3 mm, yielding a medium duty ratio of &=
Lyio/[Le + (e, —1)Lyo] # 14.7%. An anti-reflection dielectric film
with equal transmittance of 99.7% is coated on each end facet of the
TGG crystal to reduce cavity-mode loss. An electric coil surrounding
the MO crystal is used to provide the external magnetic field B. Due
to the MO effect, B induces different refractive indices for right cir-
cularly polarized (RCP) and left circularly polarized (LCP) light. Ac-
cording to our measurement in Ref. [25], the Verdet constant of the
TGG crystal is C, = 78.82 rad/T-m.

A continuous-wave probe field with frequency v from a laser
(Toptica 795 nm) is input into the cavity via the left mirror. It is
linearly polarized and the polarization is controlled by a polarizer.
The polarization is along the direction at an angle 6 with the horizon-
tal plane. We can tune the driving to the horizontally polarized (HP)
and vertically polarized (VP) modes by adjusting the polarization ori-
entation 6.

Unlike the DP-based sensor, which detects eigenmode transmis-
sions, we measure transmissions in the all-polarization (AP), HP, and
VP spaces as interference between the RCP and LCP components.
Based on the same Hermitian TPD configuration, the AP, HP, and VP
channels provide experimentally accessible alternatives. Among them,
the AP measurement is directly available without additional polariza-
tion selection. In contrast, the VP and HP measurements only require
simple polarization projection. The transmitted light is first split into
two paths by a beam splitter. A polarizing beam splitter is used again
to divide the light in one path into the HP and VP modes. Light in the
other path after the beam splitter is directly detected as the AP mode.
The HP, VP, and AP transmitted fields are measured by three photo-
electric detectors. Note that all of three fields compose of the RCP
and LCP components associated with different phases and amplitudes.
By sweeping the frequency v of the probe field around the central
wavelength A~ 795 nm, we can obtain the transmission spectra for
measuring the perturbation. The SES is determined directly by the
two maxima of the measured spectrum without any fitting function.

As conceptually depicted in Fig. 1, our Hermitian TPD-based sen-
sor circumvents the PF amplification of noise, compared to a non-
Hermitian sensor. To validate this concept, we examine the response
and sensitivity enhancement by artificially adding intensity noise to
both the probe field and the output field. We artificially add a strong
intensity noise with a zero mean value to the probe field by randomly
modulating the probe field via an acousto-optic modulator (AOM). In
practice, the photoelectric detectors also causes background noise due
to the imperfect quantum efficiency and dark electric currents. Simu-
lations of this type of noise is performed by adding a noise field ran-
domly modulated in its amplitude into the output fields via a beam
splitter [47] (see details in the SM).

Theory

The Fabry—Pérot cavity supports two optical modes: the HP and
VP modes, denoted as ay and ay. We use vy and vy to denote their
resonance frequencies, respectively. The left and right mirrors cause
external decay rates «ff and «{' for the HP and VP modes, respective-
ly. Here, the external decays via the input and output mirrors are as-
sumed to be equal for simplicity such that «;; = «{ = . Considering
the intrinsic losses i and i, we respectively denote the total losses
of the HP and VP modes as «y = 2™+« and ky = 2« + &I . These
HP and VP eigenmodes are linearly polarized and degenerate in reso-
nance frequency (such that vy = vy = ;) and in dissipation (such that
Ky = ky = k), leading to vanishing detuning § =0 and gain/loss con-
trast Ak = 0.

A magnetic field B along the axis of TGG crystal can induce
an interaction between the modes ay and ay with a strength
g =&&Cv ks [25], where kg is the wavenumber of light in the MO
medium that k, =2nng/A, and B is the amplitude of the magnetic
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field. We assume g to be real, as its imaginary part is at least two or-
ders of magnitude smaller [25]. Then, the system is governed by the
Hamiltonian:

H= : ()
-igB  vy—ik

vo—ik  igB ]

Thus, this MO-induced chiral Fabry—Pérot cavity is a Hermitian two-
mode sensor. It allows the DP- and TPD-based measurements and
thus facilitates comparison.

The MO-induced interaction converts the eigenmodes from linear
polarization to circularly polarization such that &, = (ay +idy)/ V2
and a_ = (ag—iay)/ V2. The refractive index of the MO medium
changes to ng =ny(1+C,B/2k;) for the RCP eigenmode a, and
ny =ny(1—-C,B/2k,) for the LCP one a_, yielding a difference of
An = n,C,B/k; = gB/n¢v,. This refractive-index difference causes the
eigenfrequency splitting of the RCP and LCP eigenmodes, given by
Av =2gB =2nvoAn. In the RCP and LCP basis, a, and a_, the Her-
mitian becomes H' = [v, + gB—ix,0;0,vy — gB —ik].

The probe field drives the HP and VP modes with relative
strengths cos6 and sinf. A DP-based sensor measures the splitting of
the two eigenmode transmissions and yields a response Av =2gB and
a dynamic response Rpp = 2g. This work focuses on the response and
sensitivity enhancement of the Hermitian TPD-based sensor. We can
find the position of the peaks, namely the spectral extremum, by cal-
culating the zeros of the derivative of the transmission 7' with respect
to the probe frequency. When 6 = z/4, the SES in the VP, AP, and
HP spaces, as a response, are respectively given by

Re|2 \/~(k—gBY +2gB /i + (k- $BY | inthe VP space,

u={ Re[24/(c+gB)+ 2B /i + g?B] in the AP space,

Re [2 \/—(K+gB)2 +2gB /K> + (K+gB)2] in the HP space.

2

Note that this expression becomes imaginary for B < Brpp, indicating
the absence of two distinct spectral extrema in the single-peak regime.
In this region, the measured SES is zero. The two peaks locate at
u: =voxAu/2. The SES exhibits a square-root dependence on the
magnetic field B. This square-root response originates from a symme-
try-protected bifurcation of the spectral lineshape. Near the resonance
center, the transmission is locally symmetric with respect to the de-
tuning 4 = v —v,, such that its local expansion contains only even-or-
der terms,

TU) ~ Ty +a(B)A* — b(B)A* + O(A°). 3)

Here b(B) >0, and O(4°) denotes higher-order even terms starting
from the sixth order in 4. The coefficient a(B) characterizes the cur-
vature of the central spectral feature. At B = Brpp, a(B) =0, such that
the single peak becomes locally flat. Beyond this point, the sign
change of a(B) drives the emergence of two symmetric extrema. From
the extremum condition 07 /04 = 0, one obtains 4, ~ + va(B)/2b(B).
Since a(B) « B— Brpp to leading order near the TPD, the extremum
splitting follows Ap oc VB— Brpp. This local symmetry also implies
that uniform amplitude fluctuations do not shift the spectral-ex-
tremum positions to first order and therefore leave the SES un-
changed. Practical perturbations, such as residual detuning and multi-
mode coupling effects, may shift the TPD position, but the local
square-root bifurcation structure remains preserved (see Sections S7.1
and S7.2 in SM for details).

This symmetry-protected bifurcation can also be understood from
the interplay between linear eigenfrequency splitting and finite
Lorentzian linewidth broadening. The MO interaction induces a lin-
ear splitting of the two eigenfrequencies, while the finite linewidth
causes the corresponding resonances to overlap in the measured trans-
mission spectrum. When the eigenfrequency splitting becomes com-
parable to the linewidth, the curvature of the central transmission peak

changes sign, leading to the emergence of two spectral extrema
through a bifurcation process. This physical picture provides an intu-
itive understanding of the origin of the square-root SES near the TPD.
The possibility of higher-order TPD responses and the extension of
this mechanism to non-Lorentzian spectra are further discussed in
Sections S7.3 and S7.4 of the SM.

The observed sublinear splitting of the spectral extrema is distinct
from the enhanced response achieved in other Hermitian resonant
sensing schemes. Fano-resonance-based sensors exploit interference-
induced asymmetric lineshapes with large spectral slopes. Bound-
state-in-the-continuum (BIC) sensors rely on quasi-BIC resonances
with large quality factors and enhanced light-matter interactions
[48—57]. These schemes enhance sensitivity mainly by sharpening the
resonance feature, equivalently increasing the quality factor. However,
their sensing signal is typically extracted from the spectral shift of a
resonance peak. This shift is linearly dependent on the perturbation to
first order. By contrast, our Hermitian TPD mechanism uses the split-
ting of spectral extrema in the projected transmission as the sensing
observable. The splitting follows a square-root scaling near the TPD.
This sublinear response, combined with the absence of the PF penalty,
defines a distinct Hermitian sensing mechanism that complements
Fano- and BIC-based resonant sensors.

The dynamic responses, defined as Rrpp = 0Au/dB, show discon-
tinuous transition in all three measurement scenarios. Below the TPD,
the response Ay is null. At Brpp, the splittings display an abrupt tran-
sition from null to a square-root dependence on the magnetic pertur-
bation for B > Bypp, and thus on the refractive-index difference An, as
conceptually illustrated in Fig. 1(d). By setting Au =0, we find the
TPD at gBrpp =~ 0.23« in the VP measurement, gBrpp = V3k/3 in the
AP measurement, and gBrpp = 0.77k in the HP measurement.

Notably, the TPD position exhibits a different dependence on the
polarization orientation 6. It is independent of 6 in the AP measure-
ment, while it shows complicated dependence on 6 in the VP and HP
cases, see Fig. 2(b). At 6 =n/4, the TPD appears first in the VP, then
in the AP, and finally in the HP measurements. This channel depen-
dence follows naturally from the polarization-projection nature of the
readout. Each measurement channel projects the circularly polarized
eigenmodes onto a specific linear polarization basis. Because the pro-
jected amplitudes and their interference differ among the three chan-
nels, the curvature of the central spectral feature reaches zero at dif-
ferent magnetic field values. The AP detector receives balanced con-
tributions from both circular components, yielding a #-independent
TPD. The multiple Brpp values in the VP and HP channels arise from
the non-monotonic polarization-dependent bifurcation condition of
the projected transmission spectrum. Below, we experimentally exam-
ine the TPD-enhanced response and sensitivity at these three TPDs
(see SM for details in experimental setups).

The more important sensitivity S is defined as the ratio of mea-
surement uncertainty or noise o to the dynamic response R within the
total measurement 7, namely S = o/R+/t [58]. In a gain—loss non-
Hermitian sensor operating near the EP, the total noise basically in-
cludes five contributions arising from various sources. Its power can
be written as

_ 2 2 2 2 2 2 2
Ogp = \/PT X (o—gain + 0o T O+ RepO5igna + 070 » 4)

where the gain-induced noise o, arises from spontaneous emission
of the gain medium [38,42,59,60], and the shot noise o, originates
from quantum vacuum fields and the photon projection noise of the
probe field [61]. These contributions represent the fundamental quan-
tum noise. They are amplified by the EP-enhanced ¥, and PF > 1
near the EP. In contrast, o models the classical noise in the probe
field such as the intensity fluctuation. This noise couples into the sys-
tem through the input ports and is also likewise amplified by the PF
[38,61]. In our experiment, we directly measure the output but not via
the heterodyne detection. Both the shot noise and classical noise cause
the similar uncertainty in measurement. Therefore, by adding artifi-
cial noise in the probe intensity, we can simulate the shot noise. The
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Fig. 2. Experimental setup and characterization. (a) Schematic of the experimental setup for the Hermitian TPD-enhanced sensor. (b) TPD position (Brpp ) of the
simulated VP (orange), AP (blue), and HP (green) transmission spectra as a function of the incident polarization angle 6. The purple dashed line indicates the lin-
early polarized light incident at 6 = 45°, as marked by the orange, blue, and green asterisks, respectively. (c)—(e) Experimental transmission spectra for the (c) VP,

(d) AP, and (e) HP detections under different magnetic fields.

term O g describes the noise homologous to the signal. As a signal-
induced output, it is related to the dynamic response. For an artificial
signal, this noise can be the uncontrollable fluctuation or side-effect
of the signal, such as heating noise. For a real signal from environ-
ment, this contribution disappears. The final term o, reflects the
background noise imposed by technical constraints including the im-
perfect quantum efficiency and dark electric currents of the photoelec-
tric detectors. In an active non-Hermitian sensor, the gain-related
noise is dominant and thus compensate the sensitivity enhancement.
In contrast, the passive non-Hermitian sensor is advantaged because
the noise o, is eliminated [25].

Remarkably, our Hermitian sensor contains no gain medium. Its
eigenvectors are inherently orthogonal, completely avoiding the PF
problem because PF remains unity. As a result, the total noise in a
Hermitian sensor reduces to

_ 2 2, p2 2 2
Opp/TPD = \/a'shm + 0+ Rop/tpp 0 signa + 05 - ®)

In a non-Hermitian sensor, these two noise contributions are greatly
amplified by the divergent PF near the EP. In our Hermitian TPD-
based sensor, the noise amplification, defined as G, = o"tpp/0pp, does
not occur because the eigenmodes are orthogonal. Clearly, when the
signal-related contribution is negligible, leading to orpp ~ opp, the
sensitivity enhancement, evaluated as Gs = Spp/S1ep = Gr/G,, ap-
proaches to the response improvement Gg. This is the case for mea-
suring a real signal. Notably, compared to a non-Hermitian sensor
with a large PF and the strong gain-induced noise, our Hermitian
TPD-based sensor can exhibit a much larger sensitivity enhancement
even when two sensors display close dynamic response that
Rgp ~ Rrpp . This is a key advantage of our Hermitian TPD-based sen-
sor over a non-Hermitian sensor.

Results

The experimental transmission spectra for 6=nm/4 shown in
Figs. 2(c)-2(e) confirm the depicted concept for the Hermitian TPD-
based sensor in Fig. 1(¢). For B < Brpp, corresponding to a small An,
the VP, AP, and HP transmissions exhibit singlet-peak structures, im-
plying a null SES. This is because the eigenfrequency splitting is
smaller than the eigenmode linewidths. At the TPD of Brpp, the trans-

missions exhibit a plateau structure. As B further increases, An be-
comes bigger, causing a doublet-peak transmission. The spectral dip
always appears at vo. The Hermitian TPD is first observed in the VP
spectrum, secondly in the AP spectrum, and then in the HP spectrum,
in good agreement with the theory [see the asterisks in Fig. 2(b)]. In
Figs. 2(c) and 2(d), the transmission spectra far from TPDs show a
slight asymmetry, which is caused by a small amount of magnetic-in-
duced absorption within the cavity [25] (see details in SM).

The responses of the DP-based and our Hermitian TPD-based sen-
sors are shown in Fig. 3(a). The DP-based sensor displays a linear re-
sponse (purple), well fitted by a line. In contrast, all three responses in
the VP, AP, and HP spaces exhibit an abrupt change from null to a
square-root dependence on the magnetic field B, see the log—log plot
in the inset. Above Brpp, the experimental responses are well fitted by
the theoretical results given in Eq. (2). The fitting parameter g takes
the values of 0.90, 0.89, 0.89, and 0.90 MHz/mT for the DP sensor,
the VP, AP, and HP measurements of the Hermitian TPD sensor, re-
spectively. These close values indicate a good agreement between the
experimental observations and theoretical predictions. The average
value is g = 0.90 MHz/mT. It means that a magnetic field of | mT can
result in a refractive index difference of An ~ 8.3 x 10~°. Note that the
SES in the VP measurement can surpass the eigenfrequency splitting
in the DP-based sensor. This feature is not observed in the EP- and
non-Hermitian TPD-based sensors.

In comparison with the DP-sensor, the response enhancement is
clearly observed in the Hermitian TPD-based measurements and is
evaluated as Gr = Rypp/Rpp, see Figs. 3(b)-3(d). Figure 3(b) shows
the enhancement factors without artificially adding noise, reaching
maximal values of Gy ~9.26, 4.10, and 4.02 in the VP, AP, and HP
measurements, respectively. As shown in Fig. 3(c) for artificially
adding the intensity noise, the maximum enhancement factors in the
VP, AP, and HP spaces are 9.42, 4.07, and 4.15, respectively. In sim-
ulation of strong background noise, the responses are enhanced by
factors of 9.76 in the VP measurement, 3.96 in the AP, and 4.27 in the
HP, respectively. The experimental results are well fitted by the same
function derived from Eq. (2) in each measurement scenario (see
Methods). As indicated by the theoretical model, the experimentally
observed responses are similar in all three cases, meaning that they
are independent of the noise.

Figure 4 compares the noise and the sensitivity of the Hermitian
TPD- and DP-based sensors in three cases: no artificial noise (left
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Fig. 3. Experimental observation and theoretical fitting of the Hermitian TPD-enhanced response to a refraction perturbation. (a) Eigenfrequency and spectral-ex-
tremum splittings versus the magnetic field. The insert shows the same data in a double-logarithmic fashion. (b)—-(d) Response enhancement, Gy, of the Hermitian
TPD sensor relative to the DP sensor (b) without additional noise, (c) with added laser intensity noise, and (d) with background noise. The discrete data points and

curves represent the experimental and fitting results, respectively.

Table 1. Comparison of sensing metrics for DP, EP, non-Hermitian TPD, and Hermitian TPD sensors.

Scheme Response PF Complexity® Demonstrated Gg
DP sensor 3 1 Low 1 [45]
Second-order EP sensor NG >1 High Constrained by PF [10-13, 36-37, 62]
Non-Hermitian TPD sensor o« Ve >1 High ~3 in Ref. [27]
~4.41 without added noise
Hermitian TPD sensor NG 1 Low

~7.51 with intensity noise

~9.64 with background noise

‘Low complexity implies passive degenerate cavity modes with tunable coupling. High complexity implies gain—loss engineering or dissipation imbalance.

panel), adding intensity noise (middle panel), and background noise
(right panel). The lines and data for the DP-based sensor are present-
ed for comparison. In the absence of artificial noise, the overall noise
is amplified by a factor up to G, ~ 3.7 in the VP measurement, pri-
marily attributed to the signal-related noise, RyppCigna. Correspond-
ingly, the sensitivity enhancement Gs is about 4.10 [Fig. 4(d)]. In our
experiment, the probe laser field is input to the sensor via an AOM for
the purpose of enabling a reasonable comparison. The current noise in
the AOM also causes fluctuation to the probe laser intensity. This
noise is dominant over the contribution of RyppOgna in the AP and
HP measurements. As a result, the noise is slightly enhanced by ~1.2
times. Although the response enhancement is smaller in the AP and
HP measurements, the noise level is lower than that in the VP mea-
surement. Thus, the sensitivity is improved near the Hermitian TPD
by a factor of Gs ~4.41, very close to the factor in the VP measure-
ment. Without placing the AOM after the probe laser, the influence of
the signal-related noise contribution becomes stronger. The noise am-
plification increases to about 1.60 near the Hermitian TPD in the AP

and HP measurements, although the values are still smaller than that
in the VP measurement (see SM).

We experimentally examine the prediction of the PF factor by
adding intensity noise with zero mean value to the probe field via an
AOM driven by a uniformly distributed random current (see SM for
details). In our experiment, both the DP- and Hermitian TPD-based
sensors directly measure the intensity of the transmitted fields. Thus,
the intensity noise of the probe laser field has the same effect as shot
noise and can therefore also simulate it. As shown in Fig. 4(b), when
the intensity noise dominates other contributions, the noise amplifica-
tion factors are close to unity in all three measurement scenarios,
clearly confirming that ¥ = 1. The sensitivity enhancement reaches
larger values of 7.51, 5.49, and 7.40 in the VP, AP, and HP measure-
ments, respectively.

In practice, the photoelectric detectors also add background noise
due to the imperfect quantum efficiency and dark electric currents.
To simulate background noise, we add a noisy laser field randomly
modulated in amplitude to the output field via a beam splitter, as in
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Fig. 4. Comparison of noise and sensitivity. Noise amplification (a)—(c), sensitivity enhancement (d)—(f), and sensitivity (g)—(i) of the Hermitian TPD-based sen-
sors compared to the conventional DP-based sensor in the absence of artificial noise (left panel), with added laser intensity noise (middle panel), and with back-
ground noise (right panel). Orange, blue, and green data points correspond to the VP, AP, and HP measurements, respectively. Experimental data for the sensitivi-
ty, sensitivity enhancement and the noise amplification without artificial noise are fitted (see the following Methods section for details).

Ref. [47] (see details in SM). In this simulations, the artificial back-
ground noise is dominant. The noise amplifications display almost the
same level as in the case of adding intensity noise [Fig. 4(c)]. The
sensitivity enhancements are close to the response improvement fac-
tors [Fig. 4(f)], reaching a maximum of about 9.64 in the VP measure-
ment.

To provide a quantitative comparison across different sensing
schemes, we summarize in Table 1 the key metrics of the DP, EP,
non-Hermitian TPD, and Hermitian TPD sensors. The Hermitian TPD
sensor combines the square-root response characteristic of EP-based
sensing with a PF of unity. Furthermore, its experimental complexity
is comparable to that of a conventional DP sensor. Quantitatively, our
scheme achieves a sensitivity enhancement Gg ~ 4.4 without added
noise, ~7.51 with added intensity noise, and ~9.64 with background
noise. These values substantially exceed the ~3-fold enhancement re-
ported for the non-Hermitian TPD sensor [27]. For the EP sensor, the
divergent PF is known to fundamentally limit the net sensitivity gain
[36,37,62].

Figures 4(g)—4(i) show the sensitivities. It is clear that the Hermi-
tian TPD-based sensor exhibits better sensitivities in all measurement
scenarios than the DP-based sensor. Particularly, the VP measure-
ment achieves a refraction sensitivity dramatically superior to

107"/ VHz.

Conclusions and Outlook

We have demonstrated Hermitian TPD-enhanced sensing of re-

fraction in a chiral and passive optical system. This Hermitian TPD-
based sensor exhibits a square-root response and achieves enhanced
sensitivity relative to the DP-based counterpart. Remarkably, our sen-
sor avoids the gain-induced noise and the PF amplification that can
constrain the sensitivity of non-Hermitian sensors. The underlying
mechanism can be extended to other coupled-mode platforms whose
measured spectra support the required transmission-extremum bifur-
cation. Moreover, the local square-root bifurcation in Hermitian TPD
sensing is protected by the symmetry of the transmission profile.
Moderate mode asymmetry and multimode coupling may shift the
TPD position, but do not necessarily eliminate the square-root re-
sponse, as discussed in the SM. Our sensor is very simple but ultra-
sensitive to a small change of the refractive index.

The present work focuses on a passive Hermitian implementation.
An active Hermitian extension provides an interesting direction for
further enhancing the measurement sensitivity. If the gain medium
does not fully compensate the cavity loss, the system remains effec-
tively passive and is already covered by our present model. If identi-
cal net gain is introduced into the two modes, the system enters a
gain—gain Hermitian regime. In this case, the square-root TPD re-
sponse is still protected by the symmetry of the transmission profile,
as verified in the SM. Such an active Hermitian TPD sensor may
combine signal amplification with a unity PF, although amplification-
induced instabilities, lasing dynamics, and nonlinear effects need to
be carefully addressed in future studies.

Toward quantum-limited sensing, we have used classical intensi-
ty noise to examine the effect of shot noise. This treatment is equiva-
lent in terms of how the noise couples into the measurement. This
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provides a valid proof-of-principle demonstration of the PF-free
sensitivity enhancement in the Hermitian TPD scheme. Nonetheless, a
direct measurement of this enhancement against the fundamental
quantum noise floor is a subject of further study. In addition, the sen-
sitivity can be further improved by three to four orders if the laser
central frequency is fast swept with an AOM. In combination with ex-
tra stabilization to reduce technical noise, this work may pave the way
for testing the standard model and searching for axions [63,64], which
cause a very tiny change to the refraction index of vacuum.

Methods

Hamiltonian and Transmission Spectrum

The system devices and parameters have been introduced in Sec-
tion Theory. A linearly polarized laser field with frequency v excites
the MO Fabry—Pérot cavity with a drive amplitude «. Its polarization
orientates at an angle 6 to the horizontal plane. To facilitate the
derivation of the transmission spectrum, we rewrite the system Hamil-
tonian in a quantum framework while explicitly including the exter-
nal driving. In the frame rotating at frequency v, the system Hamilto-
nian reads (we set the reduced Planck constant 7 = 1)

H = —(4-06)aly — (4 +6)al, oty +igB(af;ary — &y o)

+ V2K @ cos 0(a]; — ay) +1 V2k* asin0(@), — ay), ©
where we have defined vy = (vg+wvy)/2, §=(vu—wy)/2, and 4=
v—v,. In Eq. (6), the first two terms correspond to the free Hamiltoni-
an, the third term describes the photon interaction, and the last two
terms account for the external driving.

The Langevin equations of motion are given by

da R
% = i[A, an] + Llan] = (idy — k)an + gBay + V2> acosd, (7a)
dav

T i[H, av]+ Llav] = (v — ky)ay — gBay + V2k* asind.  (7b)

Here, L[6] = «(26'00-6'60 - 06'6) with 6 = {au,ay} is the Lind-
blad superoperator acting on an arbitrary system operator Q. Setting
Eq. (7) to zero yields the system’s steady-state solution:

V2« a[(id +16 — ky) cos 6 — gBsinf]
(14 —16 — ky)(i4 +16 — ky) + (gB)?

(an) = - ) (8a)

. V2k* a[gBcosf+ (id —16 — ki) sin 6]
(av) = ———— — —- (8b)
({4 —10 — k)14 +16 —ky) + (gB)

The output fields follow from the input-output relations, ayoew =
V2k* &y and ayon = V2k*é&y. The VP, AP, and HP transmissions
are defined as Typ = |<aV,om>|2/|a|25 Tap = [(an)en + (avYevl*/lal®, and
Tup = Kau)l*/|al>, where {ey,ey} represent the HP and VP unitary
vectors satisfying e;-e; = 6, ; with i, j =H, V.

We first consider the Hermitian case, where «y =«ky =«. The
eigenvalue of the system can be easily obtained as

V. =vy—ik+ \/g*B*+ 62, 9)

From Eq. (9), one can plot a three-dimensional eigenvalue surface in
the parameter space spanned by 1 and § [Fig. 1(b)], where n =gB.
For ¢ =0, the eigenfrequency splitting exhibits a linear dependence
on the coupling strength gB.

The transmission of the Hermitian TPD-based sensor is given by

(26 [(gBcosf— ksin6)® + (4 —6)*sin’ 0]
CE 1 T in the VP space,
(k)2 (g2 B + K> + A + 6% + 245 cos 26)
(2B + 12 — A2 + 072 + b2 2 in the AP space,
(2K [(kcos O+ gBsin6)’ + (4 +6)> cos? 0] .
PR Yy in the HP space.
(10)

T(4) =

By solving 9T /dv =0, one can construct the three-dimensional ex-
tremal surface of the transmission spectrum in the p—¢ parameter
space. The inset in Fig. 1(d) shows the extremal surface of the trans-
mission spectrum in the AP space. It is worth noting that, when
6=0, there always exists a common extremum ([, =V,
(m = VP, AP,HP) independent of the parameter gB. However, as gB
increases, two additional maxima emerge at u, ,, and u_,. They sym-
metrically appear on both sides of py,, in the transmission spectrum,
forming a double-peak profile and indicating the onset of TPD. The
number of extrema abruptly jumps from one to three, marking the
TPD in the transmission spectrum. The TPD position differs in the
VP, AP, and HP measurements.
In the VP measurement scenario, the maxima are

Vot \/&*B*— K2, sinf =0,
Heve = ~(ksin6—gBcos)’ + gB VNyp(6) 712
Voi{ (ksinf—g CO'S) 8 ve( )] _ sind#0,
sin’ @
(1n

where Nyp(8) = g2B? +4«*sin® § — 4kgBsinfcos . The extremum is a
real number. When sin6 = 0, the TPD occurs at gBrpp = k, where the
number of extrema suddenly changes from one to three. When
sinf # 0, the TPD position is determined by numerically solving
Hivp—Vo=HM_vp—Vo =0, as shown in the orange solid curve in
Fig. 2(b).

In the HP measurement scenario, the maxima are

Vot £/ &B?— K2, cosf =0,
e = . {—(KCOS 0+ gBsin®)* + gB \/NHP(G)] 12 020
Vo + N CcoS ,

0 cos?6 (12)

where Nyp(0) = g* B> +4k* cos? +4xgBsinfcos 6. Similarly, for cosd =
0, the TPD occurs at gBrpp = k, while for cos@ # 0, its position is ob-
tained by numerically solving g, yp —vo = t_up — vo = 0, as indicated
by the green solid curve in Fig. 2(b).

In the AP measurement scenario, the maxima are

Ueap =Vo £ \/—(K2 +g?B*)+2gB\/g*B> + K. (13)

The TPD always occurs at gBrpp = &/ V3, independent of 6 [see the
blue solid line in Fig. 2(b)].

The SES in the Hermitian TPD-based sensor is defined as
Ay = iy —p_n (m = VP,AP,HP). It follows that the SESs in all
three measurement scenarios scale as the square root of a perturba-
tion € near the TPD, corresponding to gB = gBrpp. In this work, we
leverage this sublinear response for the Hermitian TPD-based sensing
with enhanced response and sensitivity performance.

Next, we turn to the non-Hermitian case, where «y # kv, which al-
lows for the emergence of EPs and markedly different spectral behav-
ior compared with the Hermitian case. In our MO Fabry—Pérot cavity,
this can be constructed either by introducing an additional loss con-
trast between the two cavity modes (e.g., using a liquid crystal [25])
or by adding gain for one of the modes. The eigenvalue of the non-
Hermitian system is given by

Ky + K LKy — Ky \ 2
ve=vo—it Vi\/g232+<5—1H2 V). (14)

Equation (14) yields a three-dimensional eigenvalue surface in the
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1 — 0 parameter space, as shown in Fig. 1(a). For 6 =0, the EP occurs
at gBgp = (kg —kv)/2. In contrast to Hermitian systems, near the EP,
i.e., gB = gBgp + €, the eigenfrequency splitting exhibits a +/e depen-
dence. This feature motivates the design of the EP-based sensing
scheme [7,8].

In the non-Hermitian configuration, the transmission in the TPD-
based sensor can be expressed as

PRV [(2Beosd— ke SO + (A — ) sin?
(2k*)*[(gBcost KZH)Z?)H) +(4—-06)*sin" 6] in the VP space,

ex)2 2 2
(262 [ Nap(0) + ;(AJ; & +246¢0520) . o pace.

(2% [(ky cos @+ gBsin6)? + (4 +6)* cos? 4] .
DU) in the HP space,

(15)
where  Nyp(0) = g2B% + k% cos® 6 + «sin” 6 + gB(ky — ky)sin20 and
D(A) = (g2 B* + kyky — A% + 6*)? + [A(ky + ky) — 6(ky — ky)]*. Evidently,
for «xy =y =«, equation (15) simplifies to Eq. (10). By solving
0T /dv =0, the extremal surface of the transmission spectrum in the
AP space can be determined in the —¢& parameter space [Fig. 1(c)].
For 6 = 0, the transmission spectrum shows a TPD [27,39]. Near this
TPD, the extremum splitting also exhibits a square-root dependence
on the perturbation €. Although the non-Hermitian TPD-based sensor
offers higher sensitivity than an EP-based sensor, its sensitivity is still
constrained by the inherent PF problem, because the TPD slightly
shifts away from the EP [27].

TU) =

Spectral-Extremum Splitting Measurements

For each magnetic field, the transmission spectrum was measured
by scanning the probe frequency over a 50 MHz window around the
cavity resonance. Each spectrum contains 7221 frequency points, cor-
responding to an average frequency interval of about 6.92 kHz. To
suppress random intensity fluctuations, each reported spectrum was
obtained by averaging 30 consecutive scans under the same experi-
mental condition. The SES was determined directly from the frequen-
cy difference between the two transmission maxima in the averaged
spectrum, without using a fitting function to locate the extrema.

This direct-reading procedure is reliable for the present classical-
probe measurements because the averaged spectra are smooth and the
two maxima are clearly resolved, as shown in Figs. 2(c)-2(e). Impor-
tantly, the SES values extracted using this procedure agree well with
the theoretical predictions over the experimentally accessible range,
as shown in Fig. 3(a), providing an additional consistency check on
the SES extraction. We emphasize that the theoretical fitting in
Fig. 3(a) is performed after the SES values have been directly extract-
ed and is not used to determine the positions of the transmission maxi-
ma.

Extremely close to the TPD, the two extrema merge into a nearly
flat-top profile. In this regime, the SES is limited by finite frequency
resolution and residual intensity fluctuations. As a result, SES values
can be experimentally determined only when the two extrema be-
come resolvable above the TPD.

The Response Enhancement Factors

The dynamic response of our Hermitian TPD-based sensor is de-
fined as Rrpp,, = 0Aw,, /OB with m = VP, AP,HP. Accordingly, the
dynamic responses for the VP, AP, and HP measurements are respec-
tively

4 xk—gB)gB
Rrppvp = 8 [(K—gB)— % + /K +(K—gB)2} , (16a)
Aptve A/ K>+ (k—gB)?
4 ZBZ
Rrppar = 8 [—g + S - + /K +g232] ) (16b)
Apap \/ K>+ g B?

(k+gB)gB T
|:—(K+gB)+\/TW+ K2+(K+gB)2}.
(16¢)

In contrast, the dynamic response of a conventional DP-based sensor
is Rpp=2g. The response enhancement is defined as Gg,, =
RTPD;n/ Rpp (m = VP,AP,HP). Thus, we have

4g
RTPD.HP = I
HP

2 —-gB)gB
Guve = o[- gB) - — <8P8 /el gBy]. (17a)
Apve \/ K>+ (k—gB)?
2 ZBZ
Gow =2 [+ —E5 o JovgE].  am)
Aptap \/ K+ g’ B?
2 B)gB
GRVszi[—(K"'gB)"'M‘F K2+(K+gB)2].
Apiyp \/ K2+ (k+gB)?

(17¢)

Theoretically, these response enhancement approaches diverge near
the TPD, implying the superiority of TPD-based sensors over DP-
based ones in signal enhancement.

Fitting of Experimental Results

In this section, we present the theoretical fittings to the experi-
mental results in the Hermitian TPD sensing without artificial noise as
an example. The same method is used for the cases with artificial in-
tensity noise and background noise. Firstly, based on Eq. (2), we fit
the experimental SES data in Fig. 3(a) to extract the coupling strength
g and the dissipation rate k. The extracted g is 0.90 MHz/mT for the
DP sensor, and 0.89, 0.89, and 0.90 MHz/mT for the VP, AP, and HP
measurements of the Hermitian TPD sensor, respectively. The corre-
sponding dissipation rates are 2.34, 2.50, and 2.46 MHz for the VP,
AP, and HP cases. The close agreement of these values indicates con-
sistency between the experimental observations and theoretical pre-
dictions. Therefore, in the subsequent data fitting, we use the extract-
ed coupling strengths and dissipation rates for each measurement
case. According to Eq. (17), the theoretical curves of response en-
hancement in the three measurement scenarios are presented in
Fig. 3(b). Obviously, the theoretical model is in good agreement with
the experimental results.

In our sensor, the sources of noise mainly consist of four parts,
namely signal-related noise O g1, Shot noise oy, classical noise o,
and background noise o, as presented in Eq. (5). Here, the signal-re-
lated noise contribution scales linearly with the magnetic field, name-
ly Ogenat = Yepp) B, With yrpppp) being the fitting parameter. The
other three noise contributions are unaffected by the PF and denoted
as Oomer- We assume they are constant for the purpose of fitting. Thus,
the expressions for noise amplification and sensitivity are

_ OT1pD

G, =

= \/[Uglhe, + (Rrepyreo B/ [0 + (RopyoeB)1,  (18)

Oy
SX = Ri \/_ = \/ o—gther/Ri +0—§ignal \/; (19)

with x = {TPD,DP} and 7 being the total measurement time [58]. The
sensitivity is enhanced by a factor of

Gs = Gr/G,. (20)

Opp

Clearly, when o0 is negligible, G, ~ 1 [see Figs. 4(b) and 4(c)].
Then, experimental data are fitted using Eqgs. (18)—(20) with the re-
sults displayed in Fig. 4.
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