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We propose optomechanical sensors operating at exceptional points (EPs) by
exploiting synthetic magnetism in a passive system. The system consists of two
mechanically coupled resonators, optically excited through a phase-depend-

ent phonon transfer mechanism. When a particular phase-matching condi-

(2nn+ 1)

turbation breaks this condition, lifts the degeneracy, and induces a frequency
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tion of is satisfied, a series of exceptional points emerges. Any per-
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splitting that varies with the square root of the perturbation intensity, leading
to enhanced sensitivity. The introduction of quantum squeezing allows for the
reduction of noise amplification effects and improves the sensitivity of EP-
based sensors, indirectly also lowering the system’s input optical power. By
leveraging multiple EPs, this approach demonstrates enhanced sensitivity
compared to anti-PT symmetric sensors under similar parameter conditions,
paving the way for applications in mass detection, nanoparticle sensing, and
environmental monitoring.
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1. Introduction

Optomechanics is the field of physics that studies the interaction between electro-
magnetic radiation and microscopic or nanoscopic mechanical objects. Since the

advent of quantum mechanics, significant progress has been made in understand-
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ing light-matter interactions, including phenomena such as quantum superposi-
tion, entanglement, and uncertainty relations [1] [2]. These advances have enabled
the development of optomechanical systems with applications in precision detec-
tion [3] [4], metrology, and signal translation [5]. Optomechanical sensors [6]
convert mechanical or optical signals into measurable outputs and are widely used
in medicine, automotive technologies, environmental monitoring [7], and nano-
technology. In particular, these sensors have demonstrated strong potential for de-
tecting extremely small masses, including viruses [8], nanoparticles [9], and pollu-
tants, as well as for measuring temperature and salinity [10] [11]. Improving the
sensitivity of these sensors remains a key challenge. A promising strategy for im-
proving sensitivity is based on exploiting exceptional points.

Exceptional points [12]-[14] are singular degenerations of non-Hermitian systems
where both eigenvalues and eigenvectors are simultaneously degenerate. Near an ex-
ceptional point, the system’s response to external perturbations [15] [16] exhibits a
square-root dependence, allowing for sensitivity improvements beyond that of con-
ventional sensors. However, sensors based on exceptional points are often imple-
mented in active systems requiring gain to compensate for losses, leading to time-
parity symmetry [17]. Although gain facilitates the emergence of exceptional points,
it also amplifies quantum noise and limits practical sensitivity. In this context, syn-
thetic magnetism refers to an artificial gauge field for neutral bosonic excitations,
such as phonons, which simulates the effect of a magnetic field via phase-dependent
coupling. In the current system, synthetic phononic magnetism is implemented
through a controlled phase in the mechanical coupling between two resonators, in-
ducing a non-reciprocal phononic jump and allowing the emergence of exceptional
points in a purely passive optomechanical system. The objective of this work is there-
fore to design a passive optomechanical sensor operating at exceptional points by
combining synthetic magnetism and quantum compression [9] [18]-[21]. This ap-
proach allows for multiple exceptional points, improved sensitivity, and reduced op-
erational power requirements. This work is organized as follows: Section II presents
the theoretical model and derives the dynamic equations. Section III is devoted to
analyzing the sensitivity improvement induced by synthetic magnetism and com-

pression. Section IV concludes the work and discusses limitations and prospects.

2. Model and Dynamic Equations

The model considered here is an electromechanical circuit consisting of two cou-
pled mechanical resonators excited by a common electric field source (Figure 1).
We have also modeled its optomechanical equivalence. In what follows, we con-
sider its optomechanical equivalence for the design of our optomechanical sensor
at exceptional points under the requirement of synthetic magnetism. Radiation of
frequency (@, ) enters the frequency cavity (@, ) through the optical part (fixed
mirror in blue) and excites the two (2) mechanical resonators (moving mirrors)
via an optical fiber. These two resonators will start moving under the action of the

pressure force induced by the radiation (photons) in the cavity.
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Figure 1. (a) Electromechanical system in which two mechanically coupled mechanical
resonators are driven by a common electric field from an electric LC oscillator. (b) An op-
tomechanical system equivalent to (a). J,, is the mechanical coupling dependent on the

phase. 6.

The Hamiltonian (#=1) describing our system is

H, =H,, +Hy +H, +Hp,.. +H,,

and with

Hoy = —AaTa+zj_L2(a)jb;bj —gjaTa (bj +bj)+%eb (bj2 +b;2 )j,
H,,.. = iVka™ (a+aT) M

H,, = J, (”Bb, +ebb]).

In this expression, H,, represents the sum of the Hamiltonians of the opto-
mechanical system with the optomechanical coupling force g. a' (bj) and a
(b j) ( j= 1,2) are the creation and annihilation operators of the cavity and me-
chanical resonators. The frequencies of the cavity and mechanical resonators are

@, and o, respectively. H,, and H are the interaction Hamiltonian of

cav Drive

the two (2) mechanical resonators and the Hamiltonian of the incoming laser field,
respectively. In particular, the quadratic part of the total Hamiltonian (H,) can

be diagonalized with the compression transformation
S, (r,)= exp[rd (bj2 —by )] ( j=1 2) . This operator transforms by the Bogoliubov
transformation [22] b & b, as,

b’ =b, cosh(r,)+ble ™ sinh(r,), (2)
where the compression parameter 7, will be expressed later, and we set ¢, =0.
Thus, we can simply write,

b, =b; cosh(r,)—b}"sinh(r,)

3)
T _ st S 1
b! =b:" cosh(r, )b} sinh(r,).
Using Eq. 03 in our Hamiltonian, we obtain the new Hamiltonian:
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H(S)M =-Ad'a+ Z/:]‘2 [(a)j cosh(2rd ) & sinh(2rd ))bfs'fbj'
_g,-ma(b;f +bj)+%(eb cosh(2r,) - o, Sinh(zrd))(b;w‘z +bjz)j

l}/ stz
HS Z—Zj ’ ~LpTp? (4)

H}.. =ivka" (a + aT)

Hy, = J, (5765 +¢"bib3).

with H? and Hi being the dissipation terms of the optical and mechanical
parts, respectively. It is important to diagonalize our Hamiltonian in order to elim-
inate the quadratic terms. To do this, the following two conditions must be satis-
fied:

’ (5)

o, cosh(2r,)—¢,sinh(2r,) =@,
e, cosh(2r, ) -, sinh (27, ) =0,

These conditions lead to the expressions,

1 {a)j +eb]
r, =—log

4 a)j —€ (6)
@, = o] -¢,

and the diagonalized Hamiltonian will take the form transformation:

Hy =-Ad'a+y (@b]'b - g,a'a(b] +b}))
l}/ stos
Hj = _ijl,zjbjfbj

B =", (7)
2

K

H} .. =ivka” (a + a*)

H;, =, (b0 +e BBy ),

Int

with

HS =H, +H§ +H +H}, . +H},. (8)

Drive

We can derive the dynamic equations of our system using Langevin’s quantum

equations [23].
Q=%=i[H§,Q]+N with QE(a,b;) and /\/’E(d”’,bj"’) , with N

the term noise.
Using the commutation relation with the different operators, we will have the

following system of equations:
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) SorF),

Bf:_(%yl+id)1jbls+i§1aTa_ijmei9b§+ 71b1”n= 9

b = _(%yz +ia~)2jb§ +ig,d'a—iJ b +.[y,b".

The system of Equations (9) is a nonlinear system of equations, so it is conven-
ient to linearize it. This linearization will allow us to simplify the analysis of the
nonlinear system by approximating it with a linear model. By decomposing the
field operators into Q = <Q> +0Q, where <Q> is the coherent complex part of
the operator and 6Q isits associated fluctuation. Using the system of Equations
(9) and replacing the bosonic operators a and b; respectively by a=a+da
and b} =f,+0b; (wher a= <a> and f; = <bj> ), We will have two parts after
identification:

¢ Static part of average terms
. Y K in
a= (zA—E)a +Vra",

. 1 . .~ A
B = _(57] +za)]j,6’1 +ig, |oc|2 —-iJ,e Hﬁz, (10)

; 7/ .~ o~ 2 ST i
A, =_(72+za)2jﬂz +ig, |a| —iJ e™p,.
* Part related to fluctuations
Sa =(i5—§j5a+izm g,(ob)" + b} )a +xa",

by :_Gy] +ia~)ljébf +ig (o' Sa+oa'a)-il, &b + [y, (11)

5b; = _(% +id, jéb; +ig, (a*éa + 5a'fa) —iJ e 5b + [y, b5

Effective hamiltonian of the systems
Under the condition of parameters x > (G, v /.) , we can adiabatically eliminate
the cavity field in Equation (11) in order to obtain the effective mechanical system.

To do this, we set,

s il ot samsid )
od,=oae et da=dae , (12)
We will assume that G, and G, are positive values and that G, =G, =G .
So, using the first equation of the system in Equation (11), we can derive the

expression for 0a and then use it in the other two (2) equations of the system.

2
4G
Using the optical dissipation I'= L , this leads us to:
K

sy = —%ylﬁl;f’ —%(55;‘ +8b; )+ iNTa" i, (¢”5b5 )+ 5",

(13)
2 ~ I, ~. ~ . ~ o~ ~
5b; = _7—22517; —5(517; + b3 )+iTa" i, (¢ "0 )+ [r,B5".
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Using these transformations in Equation (1), we obtain

555=—{i5’1+%(%+F)}5bl“'—(i]n,ei9+gj§b§+i ra"t +\yb",

(14)
. - ) ~ T ) s ~ .
ob; = —{iwz +%(72 +F)}5b§ —(iJme “ +5)5b1“ +iNTa™ + 7,0,
Then Equation (14) can be written in the following compact form,
X =—-AX -iNTa"T,+,
e by nb'" 1
where we have by identification & = | Y= ) I,= et
o; ) U
i, +l(yl +T)  iJe” +g
A= 2 : (15)

s~ o T o1
iJ,e 6+E za)2+5(}/2+1“)

m

We can write it in the form of the following Schrédinger equation by removing

the noise terms,

oY
i—=H_Y, 16
o (16)
ob’
where W=| ' | et
5b
@, —%(71 +T)  Je’ —%
H, = T ; . (17)
Jmeilg —7 6?)2 —5(}/2 +F)

The eigenvalues of the system
We consider the matrix of Equation (17) to determine these associated eigen-

values.

T
A =—(& +a)2)_i(}/elff +}/e2ff)i

T 4 c. (18)

1
4
where A is the eigenvalue sought and with Aw=@& -@, et, Ay = Vi =V,

a:\/Y—16iijcos(0), Y=(2Aa)—iA}/)2+16],i—4l“2,and )/ef;cle"ﬂ/j.

The sensitivity efficiency of our sensor depends on the lifting of degeneracy of
the spectrum at the EP once our system is disturbed. The disturbance can be a
nanoparticle or any mass deposit capable of disturbing the spectrum of our system.
Therefore, we must locate the EP before examining the performance of the sensor.
Assuming that

=7

and that there is no direct coupling between the mechanical resonators (J, =0),
for example, o isreduced to,

Y =(280) -4 and o =2JA0’ -7, (19)
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leading to an exceptional point at

I'=Aw,

this results from a symmetric anti-PT character of our system originating from
the dissipative coupling induced by the cavity. By activating the phononic

coupling (J,, #0), with 6= g(2n +1) (n € N) and this EP is shifted toif n=0

I=\Ao*+4J2. (20)
But for n#0, we set 0= ﬁ/(Zie) , where ¢ is a perturbation force. This

perturbation force leads us to the phase shift 06 = ieg . The phase shift acts here

on the eigenvalues given in Equation (18) as follows, and we will assume that the
perturbation &6 is small, so we will have,

A% :§i%\/0'2 +16iJ [ 60sin (). (21)

N 2
Avec & :E(wl +wz)_z(7eff +7eff)
An exceptional point occurs when the eigenvalues of a non-Hermitian system
coincide, leading to non-orthogonal eigenmodes. These points are described by
complex conjugate eigenvalues and linearly dependent associated eigenvectors. By

observing 'Equation (18),si =0
1,. . i
/1¢EP =E(wl+w2)_2(7;ff+}/e2ff)9 (22)
degeneration corresponding to the exceptional point is observed.

3. Sensitivity Improvement with Synthetic Magnetism and
Compression Amplitude Adjustment

3.1. Outstanding Points

The parameters used are o, =@, , a)2=(1+5x10"4)a)m , k=73x10"0, ,

A=-0,, g=1.077x10"aw,, 7, =1.077x10"aw,, y,=y, J,=2x10"0,,

m

0 :g » € =3050w, ,and A, =4000w,, . In the following Figure 2, we observe

the exceptional points that appear at a low value of our laser power thanks to the
value of r,, our compression parameter. We have the exceptional point for a
value of " ~ [88] for r,=0.5 in Figure 2. In an experimental situation, it is
therefore beneficial to take the compression parameter into account in order to

generate exceptional points with low laser powers.

Natural Modes Disturbed Depending on Laser Power

Figure 3 shows the separation of the system’s natural frequencies after a disturb-
ance, which is represented by the dotted curve in the figure. The disturbance can
be caused by the deposition of a mass on the system, illustrated by the yellow mass

in our theoretical model, which modifies the properties of the system and shifts
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Figure 2. Exceptional points for r, =0.5.

the exceptional points. We can observe that the natural frequencies of the system
separate after the disturbance, as indicated by the difference between the solid and
dotted curves. This separation of natural frequencies is directly related to the dis-
turbance and the sensitivity of the sensor. This is because the sensitivity of the
sensor here is determined by the difference between the natural frequencies before
and after the disturbance. The greater the separation of frequencies, the higher the
sensitivity of the sensor, as shown in Figure 3. This means that the sensor is ca-
pable of detecting small disturbances with high accuracy for 7, #0. In fact, the
separation of natural frequencies is greatest at exceptional points, as shown in the
figure when compression effects are considered. This indicates that exceptional
points are points of maximum sensitivity for the sensor, which is a success com-

pared to previous studies [24].

-3592.9936
-3592.9938
— N N -
3 - —— - — - e
S
-Ié -3592.994 S ——— -
/ Ld
¢
-3592.9942
-3592.9944
0 50 100 150 200

La puissance du laser a” [@;?]

Figure 3. Exceptional points disturbed r, =0.5.

The eigenvalues of the effective Hamiltonian converge at exceptional points

when specific phase and coupling conditions are satisfied. Any perturbation, such
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as a mass deposit or phase deviation, lifts the degeneracy and induces a square
root frequency separation (3).
3.2. Improving Sensitivity

We define the sensitivity of our sensor here as the absolute value of the frequency
shift of a natural frequency relative to its reference. We thus define,
R(AL)=R(A"-2,)
Due to the high sensitivity at the EP level, the lifting of degeneracy associated

with eigenvalues can be inferred as,

A, = i%\/az +16iJ,T'80sin (0) T—o. (23)

S

This clearly shows the dependence of the square root on the perturbation

08 =0 asexpected. Since sensitivity is defined as R (Aﬂfp ) , we can deduce that:

AT = i(l—;ri),lza‘ej,nr. (24)

This clearly shows the dependence of the square root on the perturbation
08 #0 asexpected. Since sensitivity is defined as R ( A/L_rEP) , we can deduce that:

Aol” =R(AL") = igﬁlsajmr, (25)

Therefore, for 66 =0, there is no division at the EP level.

The sensor sensitivity improvement factor is defined as,

R(a)
50 |

(26)

This expression can be further simplified, leading to:

1 = 56J, T
:|Aa)fP _ iE\IZé‘@JmF _ > Jml“
s | ‘ 50 ‘ (Vo) \ 260"

Figure 4 shows the sensitivity of the sensor as a function of the laser input

power (™ ). As mentioned above, sensitivity is defined as the difference between
the disturbed natural frequencies and the undisturbed natural frequencies. We
can see in Figure 4 that sensitivity is highest at the exceptional points for », =0.5,
where the separation of the eigenfrequencies is greatest. However, this result was
predictable when we observe in the previous figure, a large separation of frequen-
cies at the exceptional points. As shown by the solid black curve (for r, =0), we
observe a low sensitivity of the sensor compared to the other two cases for values
of r, #0. This means that the sensor is more sensitive to disturbances when we
take into account the compression effects associated with the movements of me-
chanical objects in the cavity. These results highlight the importance of the com-

pression effect we have considered here for improving the sensitivity of the sensor.
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Figure 4. Sensitivity of the optomechanical sensor for different
valuesof r, and €=0.2.

Figure 5 shows the sensitivity of the sensor as a function of phase 6 for dif-
ferent values of compression amplitude (7, ). These results highlight the im-
portance of exceptional points in improving sensor sensitivity and the possibility
of detecting multiple disturbances. In addition, Figure 5 also shows the possibility
of detecting multiple disturbances at different exceptional points. The solid red
curve for r,=0.5 has a large amplitude, which is evident and means that the
sensor can be used to detect multiple masses deposited on the system, opening up

opportunities for multiple detection applications.

20
,_‘15
TR
X
%S
§10
3
s
5> —rd=0.5
— 1, = 0.2
0 ‘ —rd.=0 A
0.5 1 1.5 2
La phase 6/n

Figure 5. Sensitivity as a function of phase (8 ) for three (3) dif-
ferent values of », and €=0.5.

For comparison purposes, we choose two (2) other cases where we can also ob-
serve the sensitivity of the sensor. Figure 6 shows the sensitivity of the sensor

when there is no direct coupling between the mechanical resonators. The system
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still admits an exceptional point thanks to an anti-PT-symmetric characteristic
induced by the dissipative coupling of the cavity. This curve shows lower sensitiv-
ity compared to the curves in Figure 6 for different values of the compression
amplitude 7,, suggesting that combining the two types of perturbation can also
improve the sensitivity of the sensor.

We can see in Figure 6 that when the compression amplitude value 7, #0
(blue curve) is varied, there is considerable sensitivity compared to the red curve
in this figure. However, the compression effect in the cavity also helps to improve
the sensitivity of sensors using an anti-PT-symmetric characteristic induced by

the dissipative coupling of the cavity.

4
—r,=05 J =0; APTS
—F =
3 L
TA
X
52|
=
=
=
1 L
0 s L L L
0 0.1 0.2 0.3 0.4

Perturbation ¢[®, |
Figure 6. Sensitivity as a function of disturbance strength ¢
when there is no synthetic magnetism (J,, =0) for two (2) val-

uesof r,.

The curves in Figure 7 represent the sensitivity of the sensor when the disturb-
ance is applied by modifying the quality factor of the mechanical resonators. This
means that the disturbance mainly affects the damping ratio of the resonators,
which also causes a shift in the natural frequencies. Compared to the previous
figure, the curves in Figure 7 show slightly lower sensitivity, indicating that phase
perturbation is more effective in improving sensor sensitivity. Indeed, when con-
sidering the effects of cavity compression, we observe a slightly better sensitivity
(in blue) than that in red.

The Sensitivity Improvement Factor

Les courbes sur la Figure 8 for different values of », represent the factor of im-
provement in sensor sensitivity when there is no direct coupling between the me-
chanical resonators, the system still hosts an exceptional point thanks to an anti-
PT-symmetric characteristic induced by the dissipative coupling of the cavity.
However, the perturbation is applied by modifying both the phase and the quality

factor of the resonators.
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R(A) [, x7™]

0 0.1 0.2 0.3 0.4 0.5
Perturbation €[, |

Figure 7. Sensitivity as a function of disturbance strength ¢
when J #0 and 60=0 fortwo (2) valuesof r,.

35

J,=0; APTS
301

0 0.1 0.2 0.3 0.4 0.5
Perturbation €[, ]

Figure 8. The sensitivity improvement factor as a function of
the disturbance strength ¢ when synthetic magnetism (J,, =0)

for two (2) different values of r, .

Compared to anti-PT-symmetric optomechanical sensors based solely on
dissipative coupling, the present approach combines synthetic magnetism with
quantum compression. Under normalized parameter conditions, this combina-
tion yields an enhanced sensitivity factor and larger frequency splitting while op-
erating at lower input power. The following Figure 9 shows the sensor sensitivity
improvement factor when the disturbance is applied by modifying the quality fac-
tor of the mechanical reshonators. This figure shows that, although the disturb-
ance of the quality factor can also improve the sensitivity of the sensor. This sug-
gests that phase perturbation is more effective in improving sensor sensitivity. In
this case, the blue curve has a greater amplitude than the red curve, which means
that the effect of compression in the cavity allows the sensors to detect small mass

particles.
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0 0.1 0.2 0.3 0.4 0.5
Perturbation ¢[®, |

Figure 9. The sensitivity improvement factor as a function of

the disturbance strength ¢ when J, =0 and 00+#0 for

two (2) different values of r, .

4. Conclusion

We have investigated a passive optomechanical sensor operating at exceptional
points induced by synthetic magnetism and enhanced by quantum compression.
The system supports multiple exceptional points without requiring gain, thereby
significantly reducing the noise sources typically associated with sensors based on
active exceptional points. The main contribution of quantum compression in this
work lies in the elimination of noise amplification effects, allowing for a signifi-
cant improvement in the sensitivity of the optomechanical sensor and the shift of
exceptional points to experimentally accessible low-power regimes. Our approach
shows that the combination of synthetic magnetism and quantum compression of-
fers an effective route to improving optomechanical detection at exceptional points,
with promising applications in precision measurement, mass detection, and envi-

ronmental monitoring.
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