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Abstract

We present a theoretical investigation of spin-orbit photonics within a fixed mirror cavity
system containing a Bose-Einstein condensate (BEC), in which the Bogoliubov excitation
modes of the condensate are treated as effective mechanical oscillators. By embedding
the condensate in a single-mode optical cavity, we explore the emergence and modu-
lation of the photonic spin Hall effect (PSHE) through the spin-dependent transverse
shifts of a weak probe field. The optical response –encoded in the real and imaginary
components of the output field susceptibility– is systematically analyzed as a function of
the condensate-cavity coupling strength, revealing a controllable enhancement or sup-
pression of the spin-orbit interaction. Our model captures how the interplay between
collective BEC excitations and cavity photon dynamics induces nontrivial modifications
in spin-dependent light propagation. Notably, we uncover that the Bogoliubov mode cou-
pling acts as a tunable channel for mediating spin angular momentum transfer within
the cavity, offering a novel route for engineering compact, quantum-coherent spin-orbit
photonic devices.
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1 Introduction

The photonic spin Hall effect (PSHE) is a prominent manifestation of spin–orbit coupling
(SOC) in optical systems, giving rise to a polarization-dependent lateral displacement of light
at material interfaces [1]. This spatial splitting occurs due to the intrinsic interaction between
the spin angular momentum of photons (associated with polarization) and their orbital tra-
jectory, paralleling the spin Hall effect in electronic systems [2]. In such a photonic analogue,
variations in the refractive index emulate the role of an electric field, producing a transverse
shift that depends on the circular polarization components of the incident beam [1,3,4].

The theoretical basis for the PSHE was first established by Onoda et al. [1], with subsequent
advancements contributed by Bliokh and co-authors, who offered a deeper understanding
through conservation laws and geometric phase considerations [3]. Experimental verification
was achieved in 2008 by Hosten and Kwiat via weak measurement protocols, enabling direct
observation of the tiny polarization-induced beam shifts [5].

At its core, the PSHE arises from the conservation of total angular momentum in
light–matter interactions, serving as a vital probe of spin–orbit phenomena in structured and
inhomogeneous media [2,6]. Techniques such as weak value amplification have proven highly
effective in detecting the subtle spin-dependent displacements, significantly boosting the sen-
sitivity of optical measurements [7,8]. The broad utility of this effect has made it a cornerstone
for numerous applications, ranging from precision metrology and quantum photonic devices
to high-resolution optical imaging and sensor development [9–11].

Recent advancements in light–matter interaction have laid the foundation for the devel-
opment of highly controllable quantum optical platforms, enabling precise manipulation of
photonic and atomic degrees of freedom [12–15]. Within this context, Bose-Einstein conden-
sate (BECs) have emerged as exemplary quantum many-body systems, exhibiting macroscopic
coherence and distinct superfluid properties that set them apart from conventional phases of
matter [16]. The experimental realization of BECs in ultracold dilute gases has catalyzed ma-
jor progress in quantum optics and quantum simulation [17, 18], offering deep insights into
quantum phase transitions, long-range coherence, and collective excitations [19–21].

The integration of BECs with high-finesse optical cavities has opened new frontiers for in-
vestigating hybrid quantum systems, where the collective motion of ultracold atoms strongly
couples to quantized cavity modes [22, 23]. These platforms allow the exploration of self-
organized phases [24], cavity-mediated superradiance [25], and nontrivial optical nonlinear-
ities in the few-photon regime [26]. Notably, the condensate’s low-energy excitation spec-
trum—particularly the Bogoliubov modes—exhibits behavior analogous to mechanical oscil-
lators [27–29]. These quasi-particle excitations, being sensitive to cavity field fluctuations,
introduce a new optomechanical degree of freedom that is both tunable and coherent. In cav-
ity–BEC platforms, the coupling between the quantized cavity field and Bogoliubov excitations
maps onto an effective optomechanical interaction, as established in theory and reviewed in
Ref. [22]. Seminal experiments by the Esslinger group confirmed this paradigm, revealing
cavity-enhanced backaction and many-body dynamics [16,24].

Consequently, the BEC can be viewed not only as a quantum fluid but also as a dynamic
mechanical element in cavity optomechanics. This dual nature enables light-induced manip-
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ulation of condensate excitations and reciprocal modulation of the intracavity field. The bidi-
rectional coupling between the BEC and the photonic field has been corroborated by theoreti-
cal and experimental investigations, revealing significant modifications to the system’s optical
susceptibility and quantum noise characteristics [16,30]. In this work, we harness these prop-
erties to study spin-orbit photonic phenomena—specifically, the PSHE—within a static cavity-
BEC system, wherein Bogoliubov modes serve as mechanically active channels for mediating
spin-dependent light propagation.

In this work, we theoretically investigate a hybrid cavity quantum electrodynamics system
in which a BEC, confined within a fixed-mirror optical cavity, serves as an effective mechanical
oscillator via its Bogoliubov excitation modes. Our focus lies in exploring how the spin–orbit
interaction of light, manifested through the PSHE, is influenced by the dynamical coupling
between the quantized intracavity field and the collective modes of the condensate. By an-
alyzing the real and imaginary parts of the output probe field susceptibility, we characterize
the spin-dependent light shifts induced by this coupling and elucidate the conditions under
which spin-orbit photonic effects can be enhanced or suppressed. The role of the effective
optomechanical interaction strength is examined in detail, revealing its impact on the PSHE
signature. This study provides new insight into the coherent control of spin–orbit photonic
phenomena using quantum fluids of light and matter, offering potential avenues for the real-
ization of tunable, compact spin-sensitive photonic devices based on atomic condensates.

2 Theoretical model and physical configuration

We consider a hybrid optical system consisting of a BEC of N ultracold 87Rb atoms confined
inside an optical resonator, as shown in Fig. 1. A weak probe laser field, incident at an an-
gle θinc on the partially reflective mirror M1, interrogates the system. The probe beam has
both transverse electric (TE) and transverse magnetic (TM) polarization components, with

frequency ωP and power PP. The electric field amplitude is given by |EP| =
r

2κPP
ħhωP

, where κ
denotes the cavity decay rate. Additionally, the cavity is coherently driven by a pump laser of

frequency ωL and power PL, with amplitude |EL| =
r

2κPL
ħhωL

. In all simulations, we consider a
normally incident pump with zero-degree polarization angle.

Upon reflection, the orthogonal circular polarization components of the probe field un-
dergo a spatial separation transverse to the plane of incidence, indicative of the PSHE, as
illustrated in Fig. 1. To make the manuscript self-contained, we first summarize the physical
picture of the photonic spin Hall effect and how it connects to our transfer–matrix model and
to the BEC-induced susceptibility.

2.1 Photonic spin Hall effect: Physical picture and working formulae

The PSHE in reflection originates from a spin–orbit interaction of light: the complex Fresnel co-
efficients Rs(θ ,εi) and Rp(θ ,εi) impart different amplitudes and phases to the TE and TM com-
ponents that make up a linearly polarized input. In the circular basis e± = (eTE ± i eTM)/

p
2,

this imbalance produces opposite, small centroid shifts for the σ± components at nonzero in-
cidence angle θinc. The effect is most transparently controlled by the ratio Rs/Rp and by the
angular dispersion ∂θinc

ln Rp.
For a spatially localized Gaussian probe beam, the electric field amplitudes of the reflected

left- and right-handed circularly polarized components are:

E±r (xr , yr , zr) =
ω0

ω
exp

�

−
x2

r + y2
r

ω

��

Rp −
2i xr

kω

∂ Rp

∂ θ
∓

2yr cotθ
kω

(Rs + Rp)

�

. (1)
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The transverse spatial shift of each spin component due to the PSHE is calculated as:

δp± =

∫

y|E±r (xr , yr , zr)|2 d xr d yr
∫

|E±r (xr , yr , zr)|2 d xr d yr
. (2)

Substituting Eq. (1) into Eq. (2) yields the spin-dependent displacement:

δp± = ∓
k1ω

2
0 Re
�

1+ Rs
Rp

�

cotθi

k2
1ω

2
0 +
�

�

�

∂ ln Rp

∂ θi

�

�

�

2
+
�

�

�

�

1+ Rs
Rp

�

cotθi

�

�

�

2 . (3)

The shift δp+ and δp− represent the left- and right-circular polarization, respectively, with
equal magnitude but opposite direction due to symmetry.

Equation (3) shows explicitly how the PSHE scales with the Fresnel ratio Rs/Rp and the
angular derivative ∂θi

ln Rp. In our platform, both are tunable because Rs,p depend on the
intracavity permittivity ε2 = 1+χ, which is shaped by the BEC (Sec. 3).

2.2 Physical configuration (geometry and conventions)

We next state the optical geometry and modeling conventions used throughout. The probe
(ωP, PP) impinges on M1 at θinc and is decomposed into TE (s) and TM (p) components relative
to the plane of incidence; left/right circular components are defined by e± = (eTE± i eTM)/

p
2.

The pump (ωL, PL) drives the cavity mode coherently. We employ the standard transfer–matrix
formalism to derive the electromagnetic response of the cavity.

To model this interaction, we use the transfer matrix formalism for the ith layer of the
three-layer system [31,32]:

Mi(kx ,ωp, di) =

�

cos(ki
z)

i sin(ki
z)

qis

iqis sin(ki
z) cos(ki

z)

�

, (4)

where ki
z = di

Æ

εik2 − k2 sin2 θ is the longitudinal wave vector component in the ith layer of

thickness di , and qis =
Æ

εik2 − k2 sin2 θ characterizes the TE polarization. The permittivity
of the intracavity BEC medium, ε2, is crucial in determining the shift, where ε2 = 1+ χ and
χ is the effective susceptibility. To compute χ, we use the quantum Langevin formalism and
input-output theory [33], with χ proportional to the steady-state output field amplitude, i.e.,
χ = ET. In the next section, we derive the susceptibility by solving the coupled quantum
equations of motion for the intracavity medium system dynamics.

The complete transfer matrix for the multilayer system is given by:

y(kx ,ωp) =M1s(kx ,ωp, d1)M2s(kx ,ωp, d2)M3s(kx ,ωp, d3) . (5)

Based on the total transfer matrix formalism given in Eq.(5), the TE-polarized reflection coef-
ficient of the probe field is given by

Rs =
q1s(y11 + y12q3s)− (q3s y22 + y21)
q1s(y11 + y12q3s) + (q3s y22 + y21)

. (6)

Similarly, the TM-polarized reflection coefficient of the probe field is obtained by replacing qis
with pim, and is given by

Rp =
p1m(y11 + y12p3m)− (p3m y22 + y21)
p1m(y11 + y12p3m) + (p3m y22 + y21)

, (7)
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where pim =
qis
εi

corresponds to the TM counterpart of the transverse wave vector in the i th

layer. Note that y(kx ,ωp) in Eq. (5) denotes the total transfer matrix and ymn in Eqs. (6)–(7)
correspond to its (m, n) element for the TE and TM polarizations, respectively. Once the sus-
ceptibility χ has been evaluated, the reflection coefficients Rs and Rp follow directly from the
above equations in combination with the transfer-matrix relations.

2.3 From susceptibility to Fresnel coefficients and PSHE

The BEC modifies the intracavity response through ε2(ω) = 1+χ(ω), which enters the layer
matrix M2 in Eq. (4) and hence the total matrix y in Eq. (5). Consequently, Rs and Rp in
Eqs. (6)–(7) become explicit functionals ofχ(ω) (and of the pump/probe conditions). Because
the PSHE shift δp± [Eq. (3)] depends on the ratio Rs/Rp and on ∂θi

ln Rp, tuning the BEC–cavity
parameters provides a coherent, in situ handle to control the magnitude and sign of the spin-
dependent displacement.

2.4 Perspective and novelty

Conventional PSHE platforms (planar interfaces, metasurfaces, weak-measurement schemes)
are typically passive. In contrast, our cavity–BEC architecture offers a coherently tunable route
to PSHE: the Bogoliubov-mode–mediated susceptibility χ reshapes ε2, thereby engineering
Rs,p and the angular dispersion that enter Eq. (3). This coupling enables operating regimes
and dynamical control (via pump/probe settings and BEC–cavity parameters) that are not
accessible in passive optics, providing a clear perspective on the novelty of our approach.

Assumptions and validity. Our analysis uses the paraxial, small-displacement approxima-
tion for a Gaussian probe; material dispersion is captured by χ(ω) derived in Sec. 3. Under
the parameters considered, higher-order spatial and nonparaxial corrections are negligible.

Table 1: Symbols and parameters used. Nominal values match those used in the
simulations (see figure captions).

Symbol Meaning Notes/Units

ωm Bogoliubov mode frequency 2π× 15.2kHz

κ Cavity intensity decay rate 0.05ωm

ω0 Probe waist at reflection plane 50λ

λ wavelength 780 nm

χ = ET Intracavity susceptibility (Sec. 3) complex

ε2 Intracavity permittivity 1+χ

Rs, Rp Fresnel reflection (TE/TM) Eqs. (6)–(7)

qis, pim TE/TM transverse factors pim = qis/εi

ymn Elements of total transfer matrix Eq. (5)

δp± PSHE transverse shift Eq. (3)
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Figure 1: A schematic of the cavity setup comprises a Bose–Einstein condensate
(BEC) of N 87Rb atoms together with an optical parametric amplifier (OPA). Red
arrows indicate the probe field entering and exiting through the left mirror M1 at
an incidence angle θinc. The pump field is applied at normal incidence with zero
polarization angle (incident angle = 0◦, polarization = 0◦). δp+ and δp− denote the
transverse shifts of the reflected probe light corresponding to left- and right-circular
polarizations, respectively. Both cavity mirrors, M1 and M2, are kept fixed.

3 System Hamiltonian and dynamics of a BEC-cavity coupled sys-
tem

We examine a hybrid quantum setup consisting of a BEC coupled to a single–mode optical
cavity. The system is governed by the total Hamiltonian:

H =
∫

dx Ψ†(x)

�

−
ħh2

2m
d2

dx2
+ Vext(x) +ħhU0 cos2(kx) a†a

�

Ψ(x)

+ħhωa a†a+ iħhEL(a
†e−iωL t − a eiωL t) + iħhEP(a

†e−iωP t − a eiωP t) .
(8)

Here, Ψ̂†(x) and â† denote the creation operators for the atomic field and the cavity pho-
tons, respectively. The cavity supports a standing–wave mode with spatial profile cos(kx),
where the wave number is k = 2π/λ. The dispersive light shift is quantified by U0 = g2

0/∆a,
with g0 the single–photon atom–cavity coupling and ∆a the atom–cavity detuning. Coherent
drives at angular frequencies ωL and ωP enter through the (complex) amplitudes EL and EP .

Moving into the rotating frame at ωL and applying the Bogoliubov approximation for
atomic excitations, the Hamiltonian simplifies to:

H = ħh∆a a†a+ħhωm b† b+ħhgbc a†a(b+ b†) + iħhEL(a
† − a) + iħhEP

�

a†e−iδt − aeiδt
�

, (9)

where ∆a = ωa +
U0N

2 −ωL includes the mean-field shift from N atoms, ωm = 4ωrec is the
Bogoliubov mode frequency with ωrec = ħhk2/2m, and gbc =

U0
2

p

N/2 represents the effective
optomechanical coupling. The final two terms represent the interaction between the cav-
ity and the external driving fields: the pump and probe lasers, characterized by a detuning
δ =ωP −ωL between the pump and probe frequencies.

Including dissipation and the accompanying quantum fluctuations, the dynamics of the
cavity and mechanical modes are governed by the Heisenberg-Langevin equations:

ȧ = − (i∆a +κ) a− i gbc a(b+ b†) + EL + EP e−iδt +
p

2κ ain , (10)

ḃ = − (iωm + γm) b− i gbc a†a+
p

2γm ξ , (11)
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Figure 2: (a) Intracavity BEC response: dispersion (solid) and absorption (dashed)
versus probe detuning ∆p. Parameters: ωm/2π = 15.2 kHz, γm/2π = 0.21 kHz,
ωrec/2π = 3.8 kHz, λ = 780 nm, L = 1.25 × 10−4 m, GBC = 0.05ωm, and cavity
decay κ = 0.05ωm. (b) Angular dependence of the Fresnel reflection magnitudes
|Rs| and |Rp| as functions of the incidence angle θi , evaluated at resonant detuning
∆p = 0. The remaining parameters are ε0 = 1, ε1 = ε3 = 2.22, ε2 = 1+ ET , mirror
thicknesses d1 = 0.1× 10−6 m and d2 = 0.4× 10−6 m.

where κ and γm denote the damping rates of the cavity and the mechanical resonator, respec-
tively, and âin and ξ̂ are the corresponding input–noise operators.

Expanding around steady-state values a = α+δa, b = β+δb, and retaining only first-order
fluctuations yields:

δȧ = − (i∆+κ)δa− iGBC

�

δb+δb†
�

+ EP e−iδt , (12)

δ ḃ = − (iωm + γm)δb− iGBCδa† − iG∗BCδa , (13)

with GBC = gbc|α| and ∆=∆a − gbc(β + β∗) is the effective detuning.
The steady-state intracavity amplitudes are given by:

α=
EL(κ− i∆)
κ2 +∆2

, (14)

β = −
i gbc|α|2

iωm + γm
. (15)

To study the probe response, we adopt the ansatz:

δa(t) = δa−e−iδt +δa+eiδt , (16)

δb(t) = δb−e−iδt +δb+eiδt . (17)

Substituting into Eqs. (12)–(13) and solving algebraically, the total cavity output field reads:

Eout(t) + EP e−iδt + EL =
p

2κ a(t) , (18)

where the output probe signal is decomposed as:

Eout(t) = E(0)out + E(+)out EP e−iδt + E(−)out EP eiδt . (19)

The probe transmission is then characterized by:

E(+)out =
p

2κ a−
EP
− 1 , (20)

ET =
p

2κ a−
EP

, (21)
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where a− is the intracavity response to the probe field, obtained as:

a− =
A
B

, (22)

with:

A= EP

�

2iG2
BCωm + (γm − i∆p)

�

γm − i(∆p + 2ωm)
� �

κ− i(∆p + 2ωm)
�

�

, (23)

B = −(κ− i∆p)
�

− 2iG2
BCωm + (γm − i∆p)

�

i γm +∆p + 2ωm

� �

i κ+∆p + 2ωm

�

�

+ 2G2
BC

�

−iκ−∆p − 2ωm

�

ωm . (24)

In the resolved sideband regime, where ωm ≫ κ and the effective detuning is set to
∆=ωm, the term ∆p = δ−ωm in the previous expression corresponds to the effective probe
detuning reduced by the mechanical Bogoliubov mode frequency ωm, i.e., ∆p = δ − ωm.
The transmission of the probe ET effectively serves as the susceptibility χ of the intra-cavity
medium, that is, χ = χr + iχi ≡ ET . Both real and imaginary parts of χ determine the phase
and absorption response of the system, respectively, and can be accessed via homodyne detec-
tion techniques. Spontaneous emission is neglected due to the large atom-cavity detuning, we
assume a single linear polarization of the cavity field and consider a scalar (single–component)
BEC. The damping rate of the Bogoliubov mechanical mode is introduced phenomenologically
to account for residual decay of the collective excitation, and inter-atomic collisions are ne-
glected in the weakly interacting regime.

4 Results and discussion

Unless stated otherwise, we adopt experimentally realistic parameters
[34, 35]: ωm/2π = 15.2kHz, γm/2π = 0.21kHz, ωrec/2π = 3.8kHz, λ = 780 nm, and
L = 1.25 × 10−4 m. For the PSHE analysis we further set ε0 = 1, ε1 = ε3 = 2.22, with
mirror-layer thicknesses d1 = 0.2µm and d2 = 5µm.

We operate in the far–off–resonant (dispersive) regime, so that spontaneous emission is
negligible and the electronically excited states can be adiabatically eliminated. The analysis is
restricted to a single, linearly polarized cavity mode aligned with the x–axis. The associated
magnetic field is treated implicitly and does not alter the strictly one–dimensional optome-
chanical motion. Ultracold atom–atom collisions are included at the mean–field level, leading
to a renormalization of the effective mechanical frequency; this shift is absorbed into the pa-
rameter set used in our simulations.

Only a single internal state of the BEC is considered, since other hyperfine states are far-
detuned and remain negligibly populated. The mechanical mode is further characterized by
a damping rate γm, which accounts for decoherence arising from atomic collisions as well as
residual coupling to the thermal environment.

Figure 2 summarizes the optical response of the BEC–cavity platform. In panel (a) we
display the dispersive part (solid; Reχ) and the absorptive part (dashed; Imχ) as functions
of the probe detuning ∆p. The curves are computed with experimentally accessible param-
eters: ωm/2π = 15.2 kHz, γm/2π = 0.21 kHz, ωrec/2π = 3.8 kHz, and a cavity length
L = 1.25× 10−4 m. The light–matter coupling and cavity loss are set to GBC = 0.05ωm and
κ= 0.05ωm, respectively.

The dispersion curve exhibits a steep slope in the vicinity of∆p = 0, signifying strong group
velocity dispersion indicative of slow-light effects. This region corresponds to a rapid variation
of the refractive index, a consequence of coherent interference within the hybrid cavity–BEC
system. Meanwhile, the absorption profile displays a pronounced transparency window near
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resonance, suggesting the presence of an electromagnetically induced transparency (EIT)-like
phenomenon. This feature stems from destructive interference between competing excitation
pathways in the coupled light-matter system, which precisely suppresses absorption at reso-
nance.

In panel (b), we analyze the angular dependence of the Fresnel reflection magnitudes |Rs|
and |Rp| at resonant probe detuning∆p = 0. The dielectric environment comprises layers with
permittivities ε0 = 1, ε1 = ε3 = 2.22, and ε2 = 1+ET , where ET represents a tunable external
control parameter. The multilayer stack includes mirror thicknesses d1 = 0.1 × 10−6 m and
d2 = 0.4× 10−6 m.

The results show that |Rp| displays a dip around the Brewster angle, a classical effect arising
from zero reflectivity for p-polarized light at a specific angle of incidence. In contrast, |Rs|
remains finite and comparatively flat across the angular spectrum, reflecting its insensitivity
to such Brewster-angle effects. The sharp angular contrast between the two polarizations
establishes a favorable condition for spin-dependent optical phenomena, such as the photonic
PSHE, where the angular separation of spin components is maximized.

These findings confirm that the system supports tunable dispersion and polarization-
selective reflection, essential for tailoring light propagation, enhancing light–matter interac-
tions, and enabling spin-dependent optical control. The tunability via ∆p and θi , along with
the engineered dielectric environment, underscores the potential of this platform for applica-
tions in slow-light devices, precision sensing, and spin-resolved photonic interfaces.
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Figure 3: The amplitude ratio |Rs|/|Rp| is shown as a function of the incidence
angle θi for four probe detunings: (a) ∆p = 0, (b) ∆p = −0.05ωm, (c)
∆p = −0.10ωm, and (d) ∆p = −0.12ωm. Unless specified otherwise, the parame-
ters are ωm/2π = 15.2 kHz, γm/2π = 0.21 kHz, ωrec/2π = 3.8 kHz, λ = 780 nm,
L = 1.25×10−4 m, GBC = 0.05ωm, κ= 0.05ωm, ε0 = 1, ε1 = ε3 = 2.22, ε2 = 1+ET ,
with mirror-layer thicknesses d1 = 0.1 µm and d2 = 0.4 µm.
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Figure 4: (a) Normalized PSHE displacement δp+/λ versus incidence angle θi for
four probe detunings: ∆p = 0 (red, dashed), ∆p = −0.05ωm (purple, solid),
∆p = −0.10ωm (light gray, dashed), and ∆p = −0.12ωm (pink, dash–dot). (b)
Density map of δp+/λ in the (θi ,∆p) plane. Unless stated otherwise, parameters
are ωm/2π = 15.2 kHz, γm/2π = 0.21 kHz, ωrec/2π = 3.8 kHz, λ = 780 nm,
L = 1.25×10−4 m, GBC = 0.05ωm, κ= 0.05ωm, ε0 = 1, ε1 = ε3 = 2.22, ε2 = 1+ET ,
and mirror–layer thicknesses d1 = 0.1 µm, d2 = 0.4 µm.

To quantify the polarization sensitivity, we evaluate the ratio of reflection amplitudes
|Rs|/|Rp| for s– and p–polarized light as a function of the incidence angle θi for several
probe detunings ∆p (see Fig. 3). The calculations employ experimentally accessible values:
ωm/2π = 15.2 kHz, γm/2π = 0.21 kHz, ωrec/2π = 3.8 kHz, and λ = 780 nm. The optical
cavity parameters are L = 1.25× 10−4 m, GBC = 0.05ωm, and κ= 0.05ωm. The stratified di-
electric is specified by ε0 = 1, ε1 = ε3 = 2.22, and ε2 = 1+ ET , where ET represents a tunable
contribution set by an external control. The layer thicknesses are fixed at d1 = 0.1× 10−6 m
and d2 = 0.4× 10−6 m.

Figure 3(a)–(d) correspond to detuning values∆p = 0, −0.05ωm, −0.1ωm, and−0.12ωm,
respectively. For ∆p = 0, the ratio |Rs|/|Rp| exhibits a moderate angular variation around
θi ≈ 60.2◦, which serves as the reference case where neither polarization component is prefer-
entially enhanced or suppressed. As the detuning becomes increasingly negative, the angular
profile of the ratio becomes noticeably asymmetric. Specifically, for ∆p = −0.05ωm, the ratio
increases rapidly for incident angles slightly below the reference value and decreases more
gradually afterwards.

For larger detuning values, e.g. ∆p = −0.10ωm and −0.12ωm, the maximum value of
|Rs|/|Rp| increases further, and the angular region where the enhancement occurs becomes
narrower around the critical angle. This behavior is associated with the detuning–induced
modification of the optical susceptibility, which enhances the coupling of the probe field to
spin–polarized modes of the cavity–BEC hybrid system.

These results demonstrate that probe detuning provides a powerful control parameter for
tailoring the polarization–dependent reflection. By tuning ∆p, one can selectively enhance or
suppress a given polarization component over a narrow angular range, which may be exploited
for polarization–resolved optical filtering and sensing devices.

Figure 4 examines the behavior of the normalized PSHE shift, δp+/λ, as a function of the
incident angle θi , with particular emphasis on the role of probe detuning∆p. Panel (a) shows
four representative curves for different detuning values, while panel (b) displays a density
map of δp+/λ in the (θi ,∆p) plane.
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Figure 5: Density plot of the normalized PSHE shift, δp+/λ, as a function of the
incident angle θi and the cavity–BEC coupling strength GBC, for two dissipation
regimes: (a) when the cavity dissipation rate κ equals the BEC dissipation rate γb,
i.e., κ/2π = γm/2π = 0.21 kHz, and (b) when the cavity dissipation rate exceeds
that of the BEC, i.e., κ = 0.5ωm and γm/2π = 0.21 kHz. The remaining parame-
ters are: probe detuning ∆p = −0.12ωm (corresponding to the maximum PSHE),
mechanical frequency ωm/2π = 15.2 kHz, recoil frequency ωrec/2π = 3.8 kHz,
wavelength λ = 780 nm, cavity length L = 1.25 × 10−4 m, dielectric constants
ε0 = 1, ε1 = ε3 = 2.22, ε2 = 1 + ET , mirror thicknesses d1 = 0.1 × 10−6 m and
d2 = 0.4× 10−6 m.

In Fig. 4(a), the PSHE shift has a pronounced maximum at the critical incident angle
θi ≈ 60.2◦. The magnitude and the shape of this maximum are strongly influenced by the
probe detuning. For ∆p = 0, the angular profile is almost symmetric. As the detuning is made
negative, the magnitude of the peak increases and the profile becomes asymmetric, with a
steeper increase on the low–angle side and a slower decay on the high–angle side. This evo-
lution is a signature of the dispersive response of the optomechanical system, since detuning
modifies the effective refractive index and the corresponding spin–orbit coupling strength.

Panel (b) illustrates how δp+/λ varies across a range of incident angles and detuning val-
ues. A distinct sign inversion occurs in the vicinity of the critical angle and zero detuning,
highlighting the transition from negative to positive PSHE shift. The blue and red regions in
the density plot correspond to opposite transverse shifts of the two circularly–polarized compo-
nents, and their evolution with detuning reflects the interference between these components.
The resulting dip–peak pattern indicates that the spin sensitivity is maximal close to the critical
incident angle.

These findings show that the PSHE can be tuned efficiently by adjusting the probe de-
tuning, providing a promising route towards spin–selective photonic devices, such as tunable
polarization–dependent beam deflectors and quantum optical sensors.

Figure 5 displays density maps of the normalized PSHE shift δp+/λ as functions of the
incidence angle θi and the BEC–cavity coupling GBC, evaluated under two distinct dissipation
conditions. These regimes are differentiated by the relative sizes of the cavity decay rate κ
and the mechanical BEC damping γm. All panels are generated using experimentally realistic
parameters specified in the caption.
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In panel (a), the condition κ/2π = γm/2π = 0.21 kHz is considered, which signifies bal-
anced dissipation rates for the cavity and the BEC. Under this symmetric dissipation regime, a
pronounced peak in the PSHE shift appears around θi ≈ 59◦, particularly for weak to moderate
coupling strengths (GBC/ωm ≲ 10). This behavior is attributed to the resonant enhancement of
the light–matter interaction, where the PSHE is maximized due to efficient momentum trans-
fer at the interface. The sharp color gradient near this angular region also highlights a strong
angular sensitivity of the shift, making the system favorable for precision sensing applications.

In contrast, panel (b) presents the scenario where the cavity dissipation dominates
(κ = 0.5ωm, while γm/2π = 0.21 kHz remains fixed). In this case, the overall magnitude
of the normalized PSHE shift increases compared to panel (a), with broader regions of signif-
icant positive values. The peak region shifts slightly to larger incident angles, and the PSHE
becomes less sharply localized in both angle and coupling strength. The enhancement in this
regime arises due to increased photonic leakage, which facilitates more efficient extraction
of spin-dependent components of light, thus amplifying the observable PSHE. However, the
trade-off is a reduction in the quality factor of the cavity, which could limit coherence in certain
quantum applications.

The comparison between panels (a) and (b) emphasizes the critical role of cavity dissi-
pation in tailoring the PSHE. Specifically, by engineering the relative magnitudes of κ and
γm, one can modulate the strength and angular profile of the PSHE shift. This tunability is
vital for designing reconfigurable photonic devices based on spin–orbit interaction, such as
polarization-resolved sensors or optical switches.

Overall, the results confirm that optimal control of dissipation parameters and light–matter
coupling enables precise manipulation of spin-dependent photonic transport, with potential
applications in chiral quantum optics and topological photonics.

5 Conclusion

We have theoretically examined spin–orbit photonic phenomena in a fixed-mirror optical cavity
system coupled to a BEC, where Bogoliubov excitation modes function as effective mechanical
resonators. By embedding the BEC within a single-mode cavity, our model uncovers how spin-
dependent light–matter interactions manifest as PSHE shifts of a weak probe beam, which are
highly sensitive to system parameters.

The analysis reveals strong dispersive and absorptive responses around specific probe de-
tunings, evidencing the role of the BEC–cavity interaction in modifying the system’s optical
transparency. The angular dependence of the Fresnel coefficients further supports the emer-
gence of spin-selective scattering near the Brewster angle, establishing the angle-dependent
origin of the PSHE.

Through systematic exploration of the ratio |Rs|/|Rp| and the corresponding PSHE shift
δp+/λ, we demonstrate that the magnitude and sign of the transverse spin-dependent shift
are strongly modulated by the probe field detuning. A critical enhancement of the PSHE oc-
curs near resonance, highlighting the cavity-assisted control over the spin–orbit interaction
channel. Additionally, the parameter regimes in which spin-orbit effects are maximized are
clearly visualized through two-dimensional contour mappings.

Further insights establish how cavity dissipation governs the SHE response. In particular,
under equal dissipation conditions for the cavity and the BEC (κ = γm), the shift profile be-
comes sharper and more localized, while higher cavity losses smooth out the transverse spin
shift features. This illustrates the tunability of the spin–orbit effect via dissipative engineering.

12

https://scipost.org
https://scipost.org/SciPostPhysCore.8.4.082


SciPost Phys. Core 8, 082 (2025)

Overall, our findings confirm that the interplay between Bogoliubov collective excitations
and cavity photon dynamics not only mediates angular momentum exchange but also enables
fine control over spin-dependent light steering. The BEC–cavity platform thus serves as a
promising medium for developing reconfigurable, miniaturized spin–orbit photonic devices
with potential applications in optical sensing, nonreciprocal signal processing, and quantum
information routing.
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