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We present a theoretical investigation of spin-orbit photonics within a fixed mirror cavity sys-
tem 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 modulation of the photonic spin Hall effect
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
suppression 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 coupling acts as a tunable chan-
nel for mediating spin angular momentum transfer within the cavity, offering a novel route for
engineering compact, quantum-coherent spin-orbit photonic devices.

I. INTRODUCTION

The photonic Spin Hall Effect (SHE) 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 spa-
tial splitting occurs due to the intrinsic interaction be-
tween the spin angular momentum of photons (associated
with polarization) and their orbital trajectory, parallel-
ing the spin Hall effect in electronic systems [2]. In such a
photonic analogue, variations in the refractive index em-
ulate the role of an electric field, producing a transverse
shift that depends on the circular polarization compo-
nents of the incident beam [1, 3, 4].

The theoretical basis for the photonic SHE was first
established by Onoda et al. [1], with subsequent advance-
ments contributed by Bliokh and co-authors, who offered
a deeper understanding through conservation laws and
geometric phase considerations [3]. Experimental veri-
fication 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 photonic SHE arises from the conserva-
tion of total angular momentum in light-matter interac-
tions, 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 ef-
fective in detecting the subtle spin-dependent displace-
ments, significantly boosting the sensitivity 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 develop-
ment [9-11].
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Recent advancements in light—matter interaction have
laid the foundation for the development of highly con-
trollable quantum optical platforms, enabling precise
manipulation of photonic and atomic degrees of free-
dom [12-15]. Within this context, Bose-Einstein conden-
sate (BECs) have emerged as exemplary quantum many-
body systems, exhibiting macroscopic coherence and dis-
tinct superfluid properties that set them apart from con-
ventional phases of matter [16]. The experimental real-
ization of BECs in ultracold dilute gases has catalyzed
major progress in quantum optics and quantum simula-
tion [17, 18], offering deep insights into quantum phase
transitions, long-range coherence, and collective excita-
tions [19-21].

The integration of BECs with high-finesse optical
cavities has opened new frontiers for investigating hy-
brid 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 superra-
diance [25], and nontrivial optical nonlinearities in the
few-photon regime [26]. Notably, the condensate’s low-
energy excitation spectrum—particularly the Bogoliubov
modes—exhibits behavior analogous to mechanical os-
cillators [27-29]. These quasi-particle excitations, being
sensitive to cavity field fluctuations, introduce a new op-
tomechanical degree of freedom that is both tunable and
coherent.

Consequently, the BEC can be viewed not only as
a quantum fluid but also as a dynamic mechanical el-
ement in cavity optomechanics. This dual nature en-
ables light-induced manipulation of condensate excita-
tions and reciprocal modulation of the intracavity field.
The bidirectional coupling between the BEC and the pho-
tonic field has been corroborated by theoretical and ex-
perimental investigations, revealing significant modifica-
tions to the system’s optical susceptibility and quantum
noise characteristics [16, 30]. In this work, we harness
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these properties to study spin-orbit photonic phenom-
ena—specifically, the photonic spin Hall effect—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 cav-
ity quantum electrodynamics system in which a BEC,
confined within a fixed-mirror optical cavity, serves as
an effective mechanical oscillator via its Bogoliubov ex-
citation modes. Our focus lies in exploring how the
spin—orbit interaction of light, manifested through the
photonic SHE; is influenced by the dynamical coupling
between the quantized intracavity field and the collec-
tive modes of the condensate. By analyzing the real
and imaginary parts of the output probe field suscep-
tibility, 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 photonic SHE signature. This study pro-
vides new insight into the coherent control of spin—orbit
photonic phenomena using quantum fluids of light and
matter, offering potential avenues for the realization of
tunable, compact spin-sensitive photonic devices based
on atomic condensates.

II. Theoretical Model and Physical Configuration

We consider a hybrid optical system consisting of a
BEC of N ultracold 8"Rb atoms confined inside an op-
tical resonator, as shown in Fig. 1. A weak probe laser
field, incident at an angle ;. on the partially reflective
mirror M, interrogates the system. The probe beam
has both transverse electric (TE) and transverse mag-
netic (TM) polarization components, with frequency wp
and power Pp. The electric field amplitude is given by

|Be| = /502
Additionally, the cavity is coherently driven by a pump
laser of frequency wi, and power Pp, with amplitude
Bl =/ %o

Upon reflection, the orthogonal circular polarization
components of the probe field undergo a spatial separa-
tion transverse to the plane of incidence, indicative of the
photonic spin Hall effect (SHE), as illustrated in Fig. 1.

To model this interaction, we use the transfer matrix

formalism for the i*" layer of the three-layer system [31,
32]:

where x denotes the cavity decay rate.
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where k! = d;j\/€;k2 — k2sin? 6 is the longitudinal wave

vector component in the " layer of thickness d;, and

Gis = V€k? —k2sin? 0 characterizes the TE polariza-

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

y(kxawp) = M1M2M3- (2)
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The reflection coefficients for TE and TM polarization
are:
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For a spatially localized Gaussian probe beam, the
electric field amplitudes of the reflected left- and right-
handed circularly polarized components are:
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The transverse spatial shift of each spin component
due to the photonic SHE is calculated as:
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Substituting Eq. (5) into Eq. (6) yields the spin-
dependent displacement:
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The shift 5; and o, represent the left- and right-
circular polarization, respectively, with equal magnitude
but opposite direction due to symmetry. The permit-
tivity of the intracavity BEC medium, €3, is crucial in
determining the shift, where eo = 1+ x and x is the
effective susceptibility.

To compute x, we use the quantum Langevin formal-
ism and input-output theory [33], with x proportional to
the steady-state output field amplitude, i.e., x = Er.

In the next section, we derive the susceptibility by solv-
ing the coupled quantum equations of motion for the sys-
tem dynamics.

ITI. System Hamiltonian and Dynamics of a
BEC-Cavity Coupled System

We consider a hybrid quantum system comprising a
BEC interacting with a single-mode optical cavity. The
full Hamiltonian of the system is given by:

2m dz?
U(z) + hwa a'a + ihEBr(a’e ™t —qe

+ ihEp(aTefi“’Pt — aei“Pt)

, i n d 2 i
H = [dze V' (x) | —-— 5= + Vext(x) + hUo cos”(kx)a'a
ith)

(8)

Here, Uf(z) and a' denote the bosonic creation opera-
tors for the atomic field and cavity photons, respectively.
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FIG. 1. The schematic of the cavity system is shown, which
includes a BEC of N 8"Rb atoms and OPA. The red arrows
represent the incoming and outgoing probe light from the left
mirror M; with an incident angle ;.. The black arrows in-
dicate the control field, while S, denotes the shift in the re-
flected probe light. Both cavity mirrors, M1 and Ma, are fixed
in place.

The cavity mode profile is described by cos(kx), where
k = 2w /)X is the optical wave vector. The atom-induced
dispersive shift is characterized by Uy = g3/A,, with go
being the atom-cavity coupling and A, the atom—cavity
detuning. The coherent driving by lasers at frequencies
wr, and wp is introduced through amplitudes Er, and Ep.

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

H = hAg a’a+ hwpy, bTb + hgye ata(b + bY)

) , 9
+ihEr(a’ — a) + ihEp (aTe—uSt _ aezét) , )

where A, = w, + U%N — wr, includes the mean-field shift

from N atoms, w,, = 4wyec is the Bogoliubov mode fre-
quency with wree = hk?/2m, and gy = %\/N/Q rep-
resents the effective optomechanical coupling. The fi-
nal two terms represent the interaction between the cav-
ity and the external driving fields: the pump and probe
lasers, characterized by a detuning § = wp —wy, between
the pump and probe frequencies.

Including damping and quantum noise, the
Heisenberg-Langevin equations for the cavity and
mechanical modes are:

a=— (iAa + H) a — 1Gpec a(b + bT) + E; + Ep oot

(10)
+ V2K aip, (11)
b= —(iwm—i—wm)b—igbcaTa—i— v 29m &, (12)

where x and 7, are the cavity and mechanical damping
rates, and a;n, £ are input noise operators.

Expanding around steady-state values a = a4+ da, b =
B + 6b, and retaining only first-order fluctuations yields:

56 = — (iA + k) 6a — iGpc (6b+ 6b') + Ep e, (13)

0b = — (i + Ym) 0b — iGpc da’ — iGhe da, (14)

with Gpec = gie|a| and A = A, — gpe(S + 5*) is the
effective detuning.
The steady-state intracavity amplitudes are given by:

o = EL(IQ - ZA)

K2 4+ A2 (15)
igbc‘a|2

= 16
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To study the probe response, we adopt the ansatz:
da(t) = da_e " + fa e, (17)
6b(t) = 6b_e ™ 4 §b et (18)

Substituting into Eqs. (13)-(14) and solving alge-
braically, the total cavity output field reads:

Eout(t) =+ EPeiiét +EL =V2k a(t)v (19)
where the output probe signal is decomposed as:

Eout(t) = EQ) + ES Epet + ES)Epe’®. (20)
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The probe transmission is then characterized by:
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where a_ is the intracavity response to the probe field,
obtained as:

a_ = — (23)
with:
A=—Ep [QiG%Cwm + (Y — iAp) (Y — i(Ap + 2wm))
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(25)

In the resolved sideband limit, where w,, > k and the
detuning is set to A = w,,, the term Ap = § — w,,, in the
previous expression represents the detuning relative to
the central frequency of the sideband. The transmission
of the probe Er effectively serves as the susceptibility x
of the intra-cavity medium, that is, x = x, + ix; = Er.
Both real and imaginary parts of x determine the phase
and absorption response of the system, respectively, and
can be accessed via homodyne detection techniques.



FIG. 2. (a) Dispersion (solid curve) and absorption (dashed curve) characteristics of the intracavity BEC system as functions
of the probe field detuning A,, evaluated at wm /27 = 15.2 kHz, /27 = 0.21 kHz, wrec/27m = 3.8 kHz, A = 780 nm,
L =1.25x10"*m, Ggc = 0.05wp,, and cavity decay k = 0.05wr,. (b) Variation of the Fresnel reflection coefficients |Rs| and
|Rp| with the incident angle 6;. In panel (b), we consider resonant probe field detuning A, = 0. The remaining parameters are
€0 =1, €1 = €3 = 2.22, €2 = 1 + Ep, mirror thicknesses d; = 0.1 x 107 mand do = 0.4 x 107% m.

IV. RESULTS AND DISCUSSION

We employ experimentally feasible parameters [34, 35]
wm /27 = 15.2kHz, v, /27 = 0.21kHz, wye./27 = 3.8kHz,
A = 780nm, L = 1.25 x 107*m. For the GHS we use
additional parameters e¢g = 1, €, = €3 = 2.22, mirror
thickness d; = 0.2 x 10’6m, dy =5 x 10~ 5m.

Figure 2 presents a comprehensive analysis of the op-
tical response of the intracavity BEC system. In panel
(a), we plot the dispersion (real part of the susceptibil-
ity, solid curve) and absorption (imaginary part of the
susceptibility, dashed curve) as functions of the probe
field detuning A,, using experimentally realizable pa-
rameters: mechanical frequency wy, /27 = 15.2 kHz, me-
chanical damping ~,/27 = 0.21 kHz, recoil frequency
Wree/2m = 3.8 kHz, and cavity length L = 1.25 x 10~% m.
The light—matter interaction strength is governed by the
BEC-cavity coupling Gpc = 0.05wy, and cavity decay
rate kK = 0.05wy,.

The dispersion curve exhibits a steep slope in the vicin-
ity of A, = 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 sys-
tem. Meanwhile, the absorption profile displays a pro-
nounced transparency window near resonance, suggest-
ing the presence of an electromagnetically induced trans-
parency (EIT)-like phenomenon. This behavior emerges
due to destructive interference between different excita-
tion pathways in the coupled light-matter system, effec-
tively suppressing absorption at exact resonance.

In panel (b), we examine the angular dependence of the
Fresnel reflection coefficients |R,| and |R,| under reso-
nant probe field detuning A, = 0. The dielectric en-
vironment comprises layers with permittivities ¢g = 1,
€1 = €3 = 2.22, and e = 1 + Ep, where Ep represents

a tunable external control parameter. The multilayer
stack includes mirror thicknesses d; = 0.1 x 10~% m and
dy =04 x107% m.

The results show that |R,| displays a dip around the
Brewster angle, a classical effect arising from zero re-
flectivity for p-polarized light at a specific angle of inci-
dence. In contrast, | Rs| remains finite and comparatively
flat across the angular spectrum, reflecting its insensitiv-
ity to such Brewster-angle effects. The sharp angular
contrast between the two polarizations establishes a fa-
vorable 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 interactions, and enabling spin-dependent
optical control. The tunability via A, and §;, along with
the engineered dielectric environment, underscores the
potential of this platform for applications in slow-light
devices, precision sensing, and spin-resolved photonic in-
terfaces.

To explore the polarization-dependent response of the
system, we analyze the ratio |Rs|/|Rp| of the reflection
amplitudes for s- and p-polarized components as a func-
tion of the incident angle 6; for various probe field de-
tunings A,, as shown in Figure ??7. The calculations
are carried out using experimentally feasible parameters:
mechanical frequency wy,/2m = 15.2 kHz, mechanical
damping v, /27 = 0.21 kHz, recoil frequency wyec/2m =
3.8 kHz, and optical wavelength A\ = 780 nm. The opti-
cal cavity is characterized by length L = 1.25 x 10~% m,
coupling strength Ggc = 0.05wy,, and cavity decay rate
K = 0.05wy,, with the dielectric structure defined by per-
mittivities ¢ = 1, €1 = €3 = 2.22, and s = 1 + Ep,
where Ep denotes the tunable component related to ex-
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FIG. 3. Ratio |Rs|/|Rp| as a function of the incident angle 6; for different values of the probe field detuning: (a) A, = 0,
(b) Ap = —0.05wm, (¢) Ap = —0.1wm, and (d) A, = —0.12wy,. The remaining parameters are wm /27 = 15.2 kHz, v /27 =
0.21 kHz, wrec/2m = 3.8 kHz, A = 780 nm, L = 1.25 x 1074 m, Gpc = 0.05wm, K = 0.05wm, €0 =1, €1 = €3 =2.22, 2 =1+ Ep,

mirror thicknesses di1 = 0.1 x 107 m and d> = 0.4 x 107 m.

ternal bias. The thicknesses of the dielectric layers are
fixed at d; = 0.1 x 107% m and dy = 0.4 x 1079 m.

Figure 3(a)—(d) correspond to detuning values A, = 0,
—0.05wm, —0.1wy,, and —0.12wy,, respectively. For A, =
0, the ratio |Rs|/|R,| exhibits a moderate angular varia-
tion near 6; ~ 60.2°, indicating a baseline scenario where
spin-dependent reflection is balanced. As the detuning
becomes increasingly negative, a pronounced asymmetry
develops in the angular profile of the ratio. Specifically,
for A, = —0.05wy,, the ratio sharply increases near res-
onance, showing enhanced reflection for one polarization
component relative to the other.

Further increasing the detuning to A, = —0.1wy, and
—0.12wy, leads to a more substantial amplification in the
peak value of |R,|/|R,|, accompanied by a narrowing an-
gular window around the resonance angle. This behavior
is attributed to the enhanced spin—orbit interaction in the
detuned regime, where the probe field selectively couples
to spin-polarized modes within the cavity-BEC hybrid
system. The detuning effectively modifies the optical sus-
ceptibility experienced by each polarization component,
resulting in distinct reflection amplitudes.

These findings highlight the critical role of probe de-
tuning in engineering polarization selectivity. By tun-
ing A,, one can modulate the angular and spectral re-
sponse of the reflected field, enabling dynamic control
over polarization-based filtering and sensing. The ob-
served resonant enhancement and tunability of |R,|/|R,|
establish this configuration as a promising candidate for
spin-resolved photonic devices and quantum optical in-
terfaces.

Figure 4 explores the behavior of the normalized pho-
tonic spin Hall effect (SHE) shift, 4,7 /), as a function of
the incident angle 6;, with emphasis on the influence of
probe field detuning A,. In panel (a), four representative
values of A, are considered, while panel (b) presents a
density map of ;7 /A in the (6;, A,) parameter space.

In Figure 4(a), it is evident that the SHE shift ex-
hibits a sharp resonant feature around 6; ~ 60.2°. The
nature and magnitude of this resonance are highly sen-
sitive to the probe detuning. When A, = 0 (red dashed
line), a symmetric Lorentzian-like peak is observed, in-
dicating strong spin-dependent angular deflection due to
enhanced light—matter interaction at zero detuning. As
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FIG. 4. (a) Normalized photonic SHE shift §; /A as a function of the incident angle ¢; for different values of the probe
field detuning: A, = 0 (red dashed line), A, = —0.05wn (purple solid line), A, = —0.lwy, (off-white dashed line), and
A, = —0.12w, (pink dot dashed line). (b) Density plot of photonic SHE shift §; /A as a function of the incident angle 6;
and detuning of probe field A,. The remaining parameters are wm /27 = 15.2 kHz, ym /27 = 0.21 kHz, wyec/2m = 3.8 kHz,
A =780 nm, L = 1.25 x 1074 m, Gpc = 0.05wm, & = 0.05wWm, €0 = 1, €1 = €3 = 2.22, e2 = 1 + Ep, mirror thicknesses

di =0.1x107° m and d» = 0.4 x 107% m.

the probe detuning becomes increasingly negative, e.g.,
A, = —0.05w,, (purple solid line), —0.10w,, (off-white
dashed line), and —0.12w,, (pink dot-dashed line), the
magnitude of the SHE shift increases, but the peak struc-
ture becomes increasingly asymmetric and broadened.
This behavior signifies the onset of dispersive optical re-
sponse, where the detuning modifies the effective refrac-
tive index and hence the spin—orbit interaction strength.

Panel (b) further confirms this trend through a two-
dimensional density plot showing how &7 /A evolves over
a range of incident angles and detuning values. A striking
antisymmetric pattern emerges around 6; =~ 60.2° and
A, = 0, with a strong transition from negative to positive
shift values as one moves across this point. The blue and
red lobes in the plot reflect the competing contributions
of constructive and destructive interference between left-
and right-circular polarization components, influenced by
the detuning. The central dip-peak structure in the color
map reinforces the idea that the system exhibits maxi-
mum spin sensitivity at near-resonant conditions.

The physical origin of the observed sensitivity lies in
the detuning-dependent modification of the cavity-BEC
hybrid mode dispersion. At resonance, the overlap be-
tween the photonic mode and the collective atomic ex-
citation is maximized, leading to significant spin—orbit
coupling and enhanced SHE. Off-resonant interactions,
in contrast, reduce this overlap and thus suppress or al-
ter the direction of the transverse spin shift.

These results indicate that precise control over probe
detuning can be utilized to engineer the magnitude and
sign of the photonic SHE shift. Such tunability offers
a route for developing active optical components, in-

cluding polarization-sensitive switches and quantum op-
tical sensors, where detection and manipulation of spin-
dependent beam shifts are essential.

Figure 5 illustrates the density plots of the normalized
photonic spin Hall effect (SHE) shift, d;" /A, as a func-
tion of the incident angle 6; and the cavity-BEC cou-
pling strength Gpc, for two different cavity dissipation
regimes. These regimes are defined by the relation be-
tween the cavity loss rate x and the BEC damping rate
Ym- The plots are obtained using realistic system param-
eters, as detailed in the caption.

In panel (a), the condition k/2m = ~,, /27 = 0.21 kHz
is considered, which signifies balanced dissipation rates
for the cavity and the BEC. Under this symmetric dissi-
pation regime, a pronounced peak in the photonic SHE
shift appears around 6; =~ 59°, particularly for weak to
moderate coupling strengths (Gpc/wm < 10). This be-
havior is attributed to the resonant enhancement of the
light—matter interaction, where the photonic SHE is max-
imized due to efficient momentum transfer at the inter-
face. The sharp color gradient near this angular region
also highlights a strong angular sensitivity of the shift,
making the system favorable for precision sensing appli-
cations.

In contrast, panel (b) presents the scenario where the
cavity dissipation dominates (k = 0.5w,,, while ~,, /27 =
0.21 kHz remains fixed). In this case, the overall magni-
tude of the normalized SHE shift increases compared to
panel (a), with broader regions of significant positive val-
ues. The peak region shifts slightly to larger incident an-
gles, and the SHE becomes less sharply localized in both
angle and coupling strength. The enhancement in this



8/h
@ 20
15|
10
S 10 0
S
-10
5_ \
-20
56 58 60 62 64
0.(Degree)

8,/h
(b) 20
15/
10
10t 0
-10
5,
-20
56 58 60 62 64
0,(Degree)

FIG. 5. Density plot of the normalized photonic spin Hall effect (SHE) shift, 5;//\7 as a function of the incident angle 6;
and the cavity-BEC coupling strength Ggc, for two dissipation regimes: (a) when the cavity dissipation rate s equals the
BEC dissipation rate s, i.e., /27 = ym /27 = 0.21 kHz, and (b) when the cavity dissipation rate exceeds that of the BEC,
ie, kK = 0.5wy, and v, /27 = 0.21 kHz. The remaining parameters are: probe detuning A, = —0.12w,, (corresponding
to the maximum photonic SHE), mechanical frequency wp, /27 = 15.2 kHz, recoil frequency wrec/2m = 3.8 kHz, wavelength
A = 780 nm, cavity length L = 1.25 x 104 m, dielectric constants e¢g = 1, €1 = €3 = 2.22, €2 = 1 + Er, mirror thicknesses

di =0.1x10° mand ds = 0.4 x 1076 m.

regime arises due to increased photonic leakage, which fa-
cilitates more efficient extraction of spin-dependent com-
ponents of light, thus amplifying the observable SHE.
However, the trade-off is a reduction in the quality fac-
tor of the cavity, which could limit coherence in certain
quantum applications.

The comparison between panels (a) and (b) empha-
sizes the critical role of cavity dissipation in tailoring the
photonic SHE. Specifically, by engineering the relative
magnitudes of x and ~,,, one can modulate the strength
and angular profile of the SHE 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 dis-
sipation parameters and light—matter coupling enables
precise manipulation of spin-dependent photonic trans-
port, with potential applications in chiral quantum optics
and topological photonics.

V. CONCLUSION

We have theoretically examined spin—orbit photonic
phenomena in a fixed-mirror optical cavity system cou-
pled to a BEC, where Bogoliubov excitation modes func-
tion as effective mechanical resonators. By embedding
the BEC within a single-mode cavity, our model uncov-
ers how spin-dependent light—matter interactions mani-
fest as photonic SHE shifts of a weak probe beam, which
are highly sensitive to system parameters.

The analysis reveals strong dispersive and absorptive
responses around specific probe detunings, 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 emergence
of spin-selective scattering near the Brewster angle, es-
tablishing the angle-dependent origin of the photonic
SHE.

Through systematic exploration of the ratio |Rs|/|R,|
and the corresponding photonic SHE shift §% /X, we
demonstrate that the magnitude and sign of the trans-
verse spin-dependent shift are strongly modulated by the
probe field detuning. A critical enhancement of the pho-
tonic SHE occurs 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 gov-
erns the SHE response. In particular, under equal dissi-
pation conditions for the cavity and the BEC (k = vy, ),
the shift profile becomes 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.

Overall, our findings confirm that the interplay be-
tween Bogoliubov collective excitations and cavity pho-
ton dynamics not only mediates angular momentum ex-
change but also enables fine control over spin-dependent



light steering. The BEC—cavity platform thus serves as a
promising medium for developing reconfigurable, minia-
turized spin—orbit photonic devices with potential appli-
cations in optical sensing, nonreciprocal signal process-
ing, and quantum information routing.
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