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We report the design and analysis of an all-lossy dual-core photonic crystal fiber (PCF) capable of hosting a second-
order exceptional point (EP2) without the need for gain. The structure consists of two defect regions acting as cores,
embedded within a hexagonal lattice of air holes, with the entire cladding embedded in a fixed background loss. An
asymmetric imaginary refractive index distribution between the two cores is used to control modal interaction, enabling
coalescence of two modes at the EP2. The existence of the exceptional point is confirmed through the coalescence of
both the real and imaginary parts of the complex propagation constants. Furthermore, the branch point topology of the
EP2 is validated by tracking the complex modal eigenvalues under a closed parametric loop in the gain—loss parameter
space. The proposed all-lossy PCF provides a practical and fabrication-compatible route for realizing non-Hermitian
topological singularities, making it a promising platform for next-generation integrated photonic devices based on
exceptional point physics. © Anita Publications. All rights reserved.
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1 Introduction

Non-Hermitian photonic systems have emerged as a versatile platform for exploring novel light—
matter interactions, where engineered gain and/or loss enable access to exotic spectral singularities known
as exceptional points (EPs). An EP is a non-Hermitian degeneracy where both eigenvalues and eigenvectors
of a system simultaneously coalesce, making the overall Hamiltonian defective, which opens up new
possibilities of controlling light and device design [1,2]. In particular, second-order EPs (EP2s) — where
two modes coalesce — have been shown to exhibit branch-point topology, chiral mode conversion, and
enhanced sensitivity to external parameters, making them promising for use in photonic switches, sensors,
and topological light transport devices.

Lately, there has been significant progress in the theoretical formulation and experimental
demonstration of EP-based photonic systems aimed at enabling unconventional device functionalities [3-6].
These developments hinge on the careful manipulation of non-Hermitian elements—particularly gain and
loss—to access and control the topological singularities, i.e., EPs. By tuning such parameters, it becomes
possible to engineer branch-point singularities in the system’s eigenvalue space and explore the associated
nontrivial modal dynamics. EPs of various orders have been explored across a wide range of physical
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platforms, including microcavities [ 7], optical waveguides [8-10], optomechanical resonators [ 1 1], molecular
and atomic systems [12,13], and even microwave-scale non-optical structures [ 14]. These non-Hermitian
singularities have drawn increasing interest for their unique ability to enable diverse functionalities such
as asymmetric mode switching [15,16], ultra-sensitive detection [17,18], topological energy transfer [19],
nonreciprocity enhancement [20,21], and coherent perfect absorption [22]. Of particular interest is the
asymmetric modal evolution observed when dynamically encircling an EP in parameter space—an effect
central to device concepts such as optical mode converters [9], directional lasers [22], and optical isolators
[21].

Toward realizing such capabilities, EPs have been hosted in a range of non-Hermitian systems,
including planar waveguides and gain-loss-assisted dual-core optical fibers [23,24]. In a recent study, an EP
was demonstrated within a cylindrical waveguide comprising of concentric lossy and non-lossy dielectric
layers [25]. Optical fibers, long known for their role in communication technology, have also been revisited
in the context of exceptional point. Notably, anti-parity-time (APT)-symmetric single-mode fibers were
proposed for EP-induced light transport in systems where the refractive index satisfies n(—x) = —n#(x)
—an alternative to conventional PT symmetry, which requires a gain—loss balance [26,27]. While these
approaches use symmetric or asymmetric complex refractive index modulation to host and manipulate EPs,
their realization is often constrained by fabrication challenges, instability due to gain, or limited platform
scalability.

The demonstrations of EPs in optical platforms have largely focused on structures that require precise
gain—loss balancing and complex refractive index modulation in step-index fibers, planar waveguides, or
coupled resonator systems. While such platforms have advanced the understanding of EP-induced topological
effects—such as asymmetric mode conversion and modal chirality—their integration into real-world photonic
systems remains limited due to challenges in gain management, noise, fabrication scalability, and material
stability. In particular, gain-loss-assisted optical fibers, although conceptually rich, face practical hurdles
in achieving the necessary non-Hermitian index profiles and values within a fiber-compatible geometry. In
this context, an all-lossy passive system that hosts an EP emerges as a practically viable and fabrication-
friendly solution [28,29]. At the same time, the remarkable design freedom offered by photonic crystal fibers
(PCFs)—widely used for dispersion control, nonlinear optics, and sensing—has yet to be fully explored in
the context of EP-based mode engineering [30-32]. With their well-established fabrication via stack-and-
draw techniques and the ability to incorporate dopants for localized loss control, PCFs provide a structurally
versatile and fabrication-friendly platform that is naturally suited for hosting EPs without requiring optical
gain.

In this paper, we demonstrate a dual-core PCF structure with a purely lossy refractive index profile
designed to host an EP2. The geometry comprises two defect cores embedded within a hexagonal lattice
of air holes, surrounded by a lossy cladding in the background. By introducing asymmetric imaginary
refractive indices in the two cores while maintaining symmetry in the real part of the refractive indices, we
modulate the interaction strength between two coupled modes. The modal evolution is computed using the
finite element method, and the existence of the EP2 is confirmed through the coalescence of both real and
imaginary parts of the complex propagation constants. To validate the topological signature of the identified
EP, we perform a quasistatic parametric encirclement in the non-Hermitian (y, 7) parameter space and track
the associated modal eigenvalues in the complex plane. This approach confirms the branch-point behavior of
the EP, providing a gain-free, compact, and integrable photonic platform for topological mode control. The
PCF platform offers greater flexibility in both structural and non-Hermitian parameter design. Taken together,
these advantages make PCFs a promising and experimentally viable platform for implementing EP-based
photonic functionalities in practical, fiber-compatible architectures.
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2 Results and discussions

Designing the all-lossy dual-core PCF

The proposed structure is a dual-core photonic crystal fiber especially designed to support non-
Hermitian interactions between modes in the absence of any optical gain. The geometry comprises air
holes arranged in a hexagonal pattern in the cladding around two centrally placed defect cores, as shown
schematically in Fig 1. Each defect core is formed by omitting an air hole from the periodic lattice, and both
cores are symmetrically placed along the horizontal axis with a center-to-center separation of 2A, where A
denotes the pitch of the air-hole lattice. The background silica is modeled with a refractive index ng = 1.45,
and the air-hole diameter d is set such that the ratio d/A = 0.29 ensures guidance and high mode confinement.

(a) y (b) y

Fig 1. Schematic comparison between (a) the conventional gain-loss-assisted dual-core PCF structure
and (b) the proposed all-lossy dual-core PCF design. In the conventional scheme, a symmetric gain—
loss profile is introduced in the cores to create non-Hermiticity, typically requiring complex fabrication
and stabilization techniques. In contrast, the proposed structure employs a purely lossy configuration,
where both defect cores are embedded in a lossy cladding background, and an asymmetric unequal
value of the imaginary part of the refractive indices is chosen only for the cores.

To induce non-Hermiticity, we adopt a novel approach in contrast to the conventional method of
adding gain to one core and loss to the other fiber core [24]. Instead, we assign a small but uniform loss to the
entire cladding. The two defect cores are assumed to be characterized by two loss levels: one having a lower
loss, and the other having a higher loss value (indicated in Fig 1(b) as L and HL). In conventional schemes,
the cladding is chosen to be passive with gain in one core and loss in the other. Here, we set a fixed low
loss value to the cladding and assign each core a distinct loss value—one lower, one higher. This creates an
analogous environment to the conventional gain-loss assisted system without introducing any gain into the
fiber. Figure 1(b) shows a schematic comparison between the conventional gain-loss approach and the all-
lossy configuration we proposed here. The resulting complex refractive index distribution across the structure
is defined as follows:

Left core: ny =n,+ i(yr —y),

Right core: np =n.+i (yp + y7),

Cladding: n, + iygy
where (yg; = 5x107%) is the fixed loss, and the loss coefficient y and the fractional loss ratio 7 are the two
non-Hermitian parameters that determine the extent of loss contrast between the cores while maintaining a
completely gain-free system. Figure 2(a) shows the cross-sectional refractive index distribution of the fiber,
with (a.1) depicting the real component of n, and (a.2) displaying its corresponding imaginary component
for a specific set of values of y = 0.00018, z = 1. This asymmetric loss distribution modulates the coupling
strength and enables the hosting of an EP in the system’s parameter space. The real part of the refractive index
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remains fixed in both cores to maintain structural symmetry, ensuring that the observed effects stem purely
from the non-Hermitian modulation.
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Fig 2. (a) Cross-sectional refractive index profile of the proposed all-lossy dual-core PCF. (a.1) Real
part of the refractive index (Re(n)), showing two identical defect cores embedded in a hexagonal
lattice of air holes. (a.2) Imaginary part of the refractive index (/m(n)) for a representative set of non-
Hermitian parameters: y = 0.00018, 7= 1. A uniform background loss yz;, = 5 x 107 is applied to the
entire cladding, while the two cores are assigned asymmetric loss values, one having a lower loss and
the other a higher loss. (b) depicts normalized transverse electric field intensity profiles of the two
supported modes, v, (b.1) and y; (b.2), respectively.

The mode profiles and the corresponding effective indices are computed using a finite element
method (FEM) solver. The numerical mesh is adaptively refined around the defect cores to capture high field
gradients, and convergence is verified across multiple mesh densities. Under this configuration, the fiber
supports two guided modes— the symmetric fundamental mode (i) and the antisymmetric higher-order
mode (y;) — which exhibit distinct coupling behaviors under varying degrees of loss asymmetry in the cores.
The normalized electric field profiles of the two modes have been depicted in Fig 2(b), where (b.1) represents
the fundamental mode and (b.2) represents the higher-order mode.

Hosting EP2 in the parameter space

To host an EP2, we systematically study the evolution of the complex propagation constants of
the supported modes as a function of the non-Hermitian parameters (y, 7). These parameters control the
relative loss between the two cores, while keeping the real part of the refractive index constant. Vary the
loss parameter y in a range of 0 to 0.0005 for different 7 values and examining the variation of the complex
effective indices 7.4 of the two guided modes, denoted as y and y as a function of y. Figure 3(a) shows the
simultaneous variation of the R(r,) and /(n,5) with y for both the modes, for a fractional loss ratio fixed at =
1. It is observed that at yz» = 0.00018, the real parts of n,; for both modes coalesce, and simultaneously, their
imaginary parts bifurcate. This simultaneous coalescence and bifurcation of eigen modes is a signature of
the presence of a second-order exceptional point, where not only the eigenvalues but also the corresponding
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eigenvectors of the system merge. The degeneracy results from the interplay between the inter-core coupling
and the asymmetric modal attenuation induced by differential loss.

To verify the topological nature of the identified EP2, we implement a quasi-static parameter-space

encirclement in the (y, 7) plane. The trajectory is defined parametrically as an elliptical loop:
W) = po sin(¢/2) ,
7(§) = tgp + r sin(g),

where (yy, tzp) = (0.0005,1), and » = 0.5 is the encirclement radius, and ¢ varies from 0 to 2w, as shown in
Fig 3(b). This choice ensures that the loop encloses the EP located at y = 0.00018, 7= 1, and at the same time,
the loss remains equal to the cladding at the beginning and the end of the encirclement. At each point along
the loop, the effective indices of the two modes are calculated, and their evolution is tracked in the complex
nygplane.
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Fig 3. (a) Evolution of the complex effective refractive indices (n,4) of the two guided modes (y and
w) as a function of the non-Hermitian loss parameter y, for a fixed fractional loss ratio 7 = 1. The real
parts of n.(solid lines) coalesce, while the imaginary parts (dotted lines) bifurcate at the exceptional
point yzp = 0.00018, confirming second-order non-Hermitian degeneracy. (b) Parametric loop in the
(y, 7) plane used for encircling the EP, defined by Eq (1). The loop is elliptical with y, = 0.0005 (> y,,)
and a fixed radius 7 = 0.5, ensuring that the EP lies within the encirclement path. (c) Complex-plane
trajectories of n 4 corresponding to a clockwise (CW) encirclement of the EP along the loop shown in
(b). The blue and red curves represent the evolution of the fundamental mode () and higher-order
mode (), respectively. The trajectories exhibit adiabatic modal exchange characteristic of EP2 be-
havior. Direction of evolution is indicated by arrows; stars mark the starting points, and circles denote
the endpoints of each trajectory.

The resulting trajectories, shown in Fig 3(c), exhibit the signature of adiabatic state exchange: the
eigenvalues interchange their positions after a full clockwise traversal, with the starting and ending modes
swapping their position on the Riemann surface. This behavior confirms the EP’s role as a branch point in
the system’s parameter space. Importantly, the evolution is smooth and continuous, with no mode crossing
or discontinuity, indicating that the system remains in the quasi-static regime and that the EP2 governs the
observed modal transformation. This topological mode conversion occurs entirely in a passive, all-lossy
environment, without invoking any gain. The ability to realize such modal behavior through controlled loss
distribution in a PCF platform highlights a new design route for non-Hermitian photonics. It opens the door
to stable, fiber-integrable devices that exploit EP physics for reconfigurable light transport, mode switching,
and potentially for enhanced sensing through modal coalescence.
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3 Conclusion

In summary, we have proposed and numerically demonstrated a novel all-lossy dual-core PCF
platform capable of hosting a second-order exceptional point without requiring optical gain. This configuration
not only avoids the instability associated with active gain media but also provides a clean testbed to study
purely dissipative non-Hermitian dynamics in guided wave systems. By engineering an asymmetric imaginary
refractive index distribution between the two cores, embedded in a lossy background cladding, we achieved
modal coalescence in both real and imaginary components of the complex propagation constants. The presence
of the EP2 was verified through eigenvalue evolution and further validated via parametric encirclement in the
(7, ©) space, confirming the branch-point topology and adiabatic mode exchange in the complex 7,4 plane.
Unlike prior demonstrations that rely on gain—loss balancing in step-index or slab waveguide structures,
our design leverages the structural flexibility and fabrication simplicity of the stack-and-draw method in
PCFs. The ability to locally tune optical loss through dopant concentration further enhances experimental
feasibility. These features establish the proposed PCF as a practical and integrable platform for realizing non-
Hermitian photonic functionalities, offering a robust route toward topological light control, reconfigurable
mode conversion, and the realization of future EP-based sensing devices in fiber-compatible systems. Future
work may explore higher-order EPs, nonlinear effects, or time-dependent encirclement protocols in this
framework, thereby further expanding the scope of PCF-based non-Hermitian photonics.
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