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Abstract

Since the information age, social productivity has been promoted rapidly with the
development of information technology, which is based on electronic and photonic
information technology. Since the 20th century, thanks to the rapid development of
semiconductor chips, the information technology based on electronic integration system has
been very mature. Even in the mobile terminal, people can also freely use the integrated
electronic chip containing tens of billions of transistors for information calculation and
processing. Compared with electron, photon has faster speed and wider channel, so highly
integrated photon information processing system is the great vision of future information
processing. However, compared with the mature electronic integration system, the photonic
integration system faces more challenges. Photons have much stronger wave characteristic
than electrons. Therefore, the regulation of photons is no longer a simple regulation of
particles, but a precise and rapid regulation of the wavefront of photons. In order to regulate
light propagation in integrated systems, different experimental systems such as metamaterials

and metal surface plasmons have been proposed.

To control optical materials, a new theoretical design method is needed. Earlier this
century, Pendry et al. proposed a design method for transformation optics based on the

coordinate covariability of Maxwell's equation, which greatly simplified the design of
|
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metamaterial systems and enabled the design of the electromagnetic parameter distribution of
materials according to the imagined optical path. According to this idea, many new devices,

such as stealth clothing, waveguide conversion devices, are designed.

In addition to designing new devices, optical simulation is one of the important
applications of transformation optics. By combining the Helmholtz equation and the Einstein
field equation, the relation between the spatial metric and the refractive index of the material
Is established, so that the non-uniformity of the material and the non-uniformity of the space
can be equivalent to each other. In this way, the particle motion in curved space-time can be
simulated by photon propagation in the non-uniform material. In this way, on a small
photonic chip, some nontrivial phenomena in the universe can be simulated, which is not only
a good demonstration experiment, but also a complementary effect to astronomical
observation. On the other hand, the equivalent distribution of various electromagnetic
parameters used to successfully simulate the singular characteristics on chip can also be

applied to photon regulation, enriching the means of on-chip regulation.

However, in the transformation optical experiment, people found that the realization of
electromagnetic parameter distribution often encountered many difficulties. At first, people
used the electromagnetic resonance unit to regulate the discrete distribution of dielectric
constant and permeability, but due to the machining accuracy, the metamaterial unit often can
only meet the requirements of the microwave band, while the means of regulation for the
visible and infrared bands were lacking. Later, equivalent medium and material self-assembly
technology can also be used to construct refractive index within a certain range, but the range
is relatively limited. When faced with refractive index singularity or strong gravitational field
in optical simulation, the traditional transformation optics experimental system is often
powerless, which encourages researchers to find and develop new transformation optics

systems.

In my doctoral work, I mainly designed the structure of waveguide and waveguide array
based on the transformation optics. By using the curvature change of the surface and the

coupling coefficient of waveguide array, | simulated the gravitational field of celestial bodies
I
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such as black hole, wormhole and space-time topological defects in the laboratory optical
system to bend space-time. The classical or quantum optical effects in the curved space-time
were observed in the experiments. Some special properties of these devices as new devices
are demonstrated and their application prospects are explored. The article is mainly divided

into the following parts:

1. The transformation optical curved waveguide is designed to simulate the tidal force
effect in the space-time of wormhole bending. According to Morris Thorne's (MT) metric of
traversable wormhole, the linear element of the metric is equivalent to the linear element of
the curved surface, and the two-dimensional surface in three-dimensional space is used to
map the two-dimensional wormhole, to achieve the effect similar to gravitational lens, that is,
the image of light propagation on the curved surface is projected onto the plane, which is the
effect of light propagation in the two-dimensional wormhole. In the experiment, the bending
and passing behavior of light near the wormhole gravitational field was demonstrated by
regulating the incident parameters in the 3D printed curved waveguide, and the tearing and
destroying effect of tidal force caused by the huge equivalent gravitational field gradient near
the wormhole was also observed. The conditions and feasibility of information passing

through the wormhole were discussed.

2. The inverse transformation optical method is used to design the transform optical
surface waveguide. The angular splicing surface or Riemannian surface in space is used to
map the refractive index singularity in the plane space. The singularity can simulate the
spatio-temporal topological defects. The conformal singularities constructed by us can
simulate different types of topological defects, produce deflection or splitting effect on nearby
light, and realize the function of regulating light field equivalent to a single point light source
which is placed symmetrically. In the experiment, we made the transform optical surface
waveguide which simulated the space-time topological defects by 3D printing technology,

and showed the bending effect of the light.

3. The optical waveguide array is designed and fabricated on the insulated mono-

crystalline silicon (SOI) chip. The coupling coefficient is regulated by the distance between
i
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waveguides, and the Rindler space-time metric near the event horizon of a 1+1 dimensional
black hole is simulated by the longitudinal propagation constant and the transverse non-
uniform coupling coefficient. We drive a single photon into a waveguide array and carry out a
single photon walking experiment. In addition, indistinguishable two-photon and path
entangled photon are injected into the chip and coincidence measurement is carried out. We
find that when the photon pairs in the path entangled state evolve near the event horizon, there
will be a counter-intuitive escape phenomenon due to quantum interference effect, which is

different from Hawking radiation.

Key words: transformation optics, optical surface waveguide , general relativity, analog

gravitation , waveguide array, quantum walk
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(4. 10)
W] DL A& R R -
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WCAEHTFE: <n+1lk >=|n> ™
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