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Abstract: Recent research on non-Abelian phenomena has
cast a new perspective on controlling light. In this work,
we provide a simple and general approach to induce non-
Abelian gauge field to tremble the light beam trajectory.
With in-plane duality symmetry relaxed, our theoretical
analysis finds that non-Abelian electric field can be synthe-
sized through a simple real-space rotation of any biaxial
material. With orthogonal optical modes excited, their inter-
ference leads to an oscillation of the propagating optical
beam, which is a direct consequence of the emergence of
non-Abelian electric field, influencing light in a manner
similar with how electric fields act on charged particles. Our
microwave experiments provide unambiguous evidence to
the observation of such an optical Zitterbewegung effect
where excellent agreement can be found between theori-
cal derivation, numerical simulations and experiments. By
extending the idea to optical regime using natural mate-
rial, we here provide another example to shake the general
intuition that light travels in straight lines in homogeneous
media.
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1 Introduction

The concept of gauge potential originates from electro-
magnetism [1], [2], and was further generalized to non-
Abelian groups by Yang and Mills [3]. Because of its non-
commutativity feature, non-Abelian phenomena are uni-
versal in physics, ranging from rigid body rotation to cold
atoms, from particle physics to topology physics [4]-[6]. For
instance, Berry connection in topology physics is actually
the scalar form of matrix-valued gauge potentials, and its
associated Berry curvature can be understood as the mag-
netic field in momentum space. Thus, topology physics can
be regarded as a consequence of Abelian or non-Abelian
gauge fields in momentum space. The braiding property
arising from the non-commutativity of non-Abelian topo-
logical charges has important implications for quantum
computing and communications [7] as well. On the other
hand, topological photonics [8], has become a hot research
field because of its perfect performance in demonstrating
fascinating theories in topology physics. Especially, the non-
Abelian counterpart of Berry curvature, has successfully led
to novel physical effects in light and sound [9]-[15].

Other than works in momentum space, the conve-
nience of sample preparation in optics makes the manip-
ulation of non-Abelian gauge field in real space extremely
simple while different recipes to observe non-Abelian phe-
nomena are proposed using microcavities [16], metamate-
rials [17], fiber optics [18], electric circuits [19], and two-
dimensional (2D) materials [20], making optics an ideal plat-
form to visualize for instance the Aharonov-Bohm effect
and Zitterbewegung (ZB) of light beams. Synthetic non-
Abelian gauge fields in real space not only offer a straight-
forward way to manipulate light but also possess great phys-
ical significance, as they directly influence light in a man-
ner similar to how electromagnetic fields act on charged
particles.

Birefringent crystals are a common type of optical
materials and can play an important role in the manip-
ulation of electromagnetic waves, where intriguing phe-
nomena such as negative refraction [21], ghost waves [22],
Dyakonov surface waves [23], and macroscopic cloaking
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[24], [25] have been demonstrated using natural birefrin-
gent crystals. However, the minute difference in refractive
indices in natural uniaxial or biaxial crystals limits their
broad applications which can be easily compensated by
the introduction of metamaterials. Providing unprecedently
customization of effective permittivity and permeability,
metamaterials contribute enormously to light manipula-
tions, including negative refraction [26], invisibility cloaking
[27], electromagnetic absorption [28] and topologically pro-
tected interface states [29]-[31]. Abelian [32], [33] and non-
Abelian gauge fields [17] have also been proposed to realize
using metamaterials. However, the in-plane duality symme-
try [34] to induce gauge field demands a tailored 18 param-
eters in the anisotropic permittivity and permeability ten-
sors which is extremely challenging in metamaterial design.
Even if parameters with no magnetic response are cho-
sen, duality symmetry will impose additional constraints on
the material parameters, which makes the observation of
the interesting non-Abelian gauge field related properties
rarely reported not to mention potential applications.

In this work, we present a general recipe to observe
non-Abelian electric field. By rigorous derivations of the
light propagation inside an arbitrary biaxial dielectric
medium, we verify that a simple rotation with any chosen
angle in real space can effectively generate non-Abelian
electric fields to alter the electromagnetic wave propaga-
tion and induce a ZB motion of the incident beam. In our
microwave experiment (Figure 1), with certain polarization
of electromagnetic wave, the incident beam was measured
to oscillate along the direction perpendicular to its propaga-
tion. Good consistence can be found between our theoretical
analysis, numerical simulations and experimental observa-
tions, which make this work, to the best of our knowledge,
the first experimental effort to visualize non-Abelian elec-
tric field. Moreover, this idea can be extended to natural
material, and make it another example to break the notion
that light spreads along a straight line inside homogeneous
media other than accelerating waves [35].

2 Theoretical analysis

We start by considering a general biaxial crystal with a
g 0 0

relative permittivity tensor [0 ¢, 0

0 0 &
coordinate system x’—y’—z’ while unity relative permeabil-
ity is maintained. Without losing generality, we use &, >
£, > €5. As can be seen in Figure 2(a), the equifrequency
surfaces (EFSs) of such a biaxial crystal are composed of two

in the principle
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Figure 1: Observation of ZB effect in biaxial medium. (a) Experimental
setup to visualize ZB effect in metamaterials. (b) Simulated results
showing that the non-Abelian gauge field induce an oscillation of
microwave incident beam at 12.900 GHz, using the exact experimental
parameters.

shells, where C; and C, are the two corresponding optical
axes, both within the x’—z" plane. The two shells intersect
at four singular points also known as diabolic points, where
each optical axis connects the two opposite diabolic points
passing through the origin of the momentum space. We
emphasize that diabolic points only occurs in the k,,—k,
plane because the value of ¢, is between ¢, and &;.

We may define a new coordinate system x—y—-z through
a coordinate rotation of 6 along the original principle axis
y'. The relative permittivity tensor after the rotation can be
written as

€ysin® O+ cos? @ 0 (g5—¢)sin O cos O
£, = 0 & 0

(e5—&)sinfcos® 0 g sin® O+ e, cos? O

£XX O EXZ
=[0 &, 0]} W)
6XZ 0 6ZZ

We choose such a rotation to maintain the original
two optical axes within the newly formed x-z plane which
requires keeping y' axis unchanged. If we consider light
propagation in this newly formed x-y plane, the wave
equation can be derived as
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Figure 2: Dispersion relations of biaxial crystal. (a) EFSs (cross-section view from inside) of biaxial crystal in the principle axis system with n, = \/e_
n, = /&, and ny = \/g being the three principle refractive indices, and the red dashed lines correspond to the two optical axes C, and C,; (b) EFCs
(red lines) in the new k, -k, plane obtained by a coordinate rotation of angle 6 along k,, axis; (c) the enlarged view of (b) near k, = 0 (regions marked
by the dashed red ellipse); (d) EFCs in kx—ky plane at a rotation angle 8 = 6,; (e) enlarged view of (d) near ky =0.

{;[A—A];—ﬁ_l[ﬁ—ﬁ]—A0+V080}<nE;)= v
047z

where the detailed derivation can be found in Supple-
mentary Note 1. Surprisingly Eq. (2) bears certain similar-
ity to the wave equation of a non-relativistic spin-1/2 par-
ticle traveling in SU(2) non-Abelian gauge potentials [36],
where p = —i6y0e;, (i=x,y) is the canonical momen-
tum operator with 6, being the 2D identity matrix, and

>
er 0| . . .
= imitates an effective anisotropic mass

0 IZXZ
- £ 0 <
with £, = ( N ) and I,,, represents the 2D identity
E
»

matrix. In particular, we have

“
1
m=-
2

N £,,€
A= -6k, X; z 3
and
A A3 A 2( €2z 1), k(z) 2 7 T1\a
Ay =A 65 =Kk 5 63— 5 €x 31y, + €7 |63,
@

viewed as non-Abelian vector and scalar potentials, respec-
tively, and

k2 < o
V6o = §05)2<z <312><2 - 5#)‘90 —ky £ZZZ+ 16'o ©)

as an additional Abelian scalar potential.

The SU(2) non-Abelian gauge potentials can also induce
non-Abelian magnetic field and non-Abelian electric field as
expressed as B=V x A —iAx A and & = VA, + i[AO,A],
respectively [17]. Given that we consider a homogeneous
biaxial crystal, the V operator associated terms shall disap-
pear. Moreover, with only &, component displayed in A, we
have A X A = 0, which indicates that non-Abelian magnetic
field cannot be induced here. On the contrary, as long as
Ag # 0, the non-Abelian vector potential and non-Abelian
scalar potential shall in principle have noncommutative
components (in Section 5, we will show that under certain
conditions they can be commutable), and a non-Abelian
electric field is expected.

Similar to the Lorentz force, which is given by the prod-
uct between the electric current and the field, a virtual non-
Abelian Lorentz force associated with the non-Abelian elec-
tric field emerges and influences spin wave packet dynamics
[37], bearing certain similarity to the ZB of Dirac equation.
It is no wonder that in optics, the induced non-Abelian
electric field can also stimulates the trembled trajectory
of light with certain pseudospin during propagation, aka
ZB effect of light. We have to emphasize that the starting
point of the seemingly complicated non-Abelian gauge field
setup is so simple: the rotation of any biaxial material along
the principle axis with a middle-value permittivity. The
obtained effect is also dependent on the rotation angle 8, as
all the parameters in Eq. (2) are functions of €. Thus, a real
space operation on a biaxial material provides a simple but
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powerful tool to explore the non-Abelian electric field
induced effect and have it manipulated by varying 6.

The concept of Zitterbewegung (ZB) was first intro-
duced by Schrodinger in 1930, referring to the rapid oscil-
lation of a free electron in vacuum described by Dirac
equation [38], [39]. These trembling motions of electron
arise from the superposition between the positive and neg-
ative energy states. Now it has been recognized that ZB is
not unique to Dirac electrons, but a generic feature of wave
packet dynamics in spinor systems with certain linear dis-
persion relations [40]. The excitation of orthogonal modes
can be used to observe ZB effect thus various systems were
suggested including semiconductor lattice [41], trapped ions
[42], graphene [43], ultracold atoms [44] in electronic sys-
tems and 2D photonic crystals [45], [46], photonic microcav-
ities [47], zero-index metamaterials [48], binary waveguides
[49], [50], moving potentials [51] in photonic systems. Apart
from the original understanding of Dirac dispersion, ZB of
light also can arise from the emergent non-Abelian gauge
fields [17], [20].

After the rotation of 6 to form the new coordinate
system, we can now cut the EFS of the original biaxial
material along the newly constructed k,—k, plane and the
corresponding equifrequency contours (EFCs) is highlighted
by the red lines in Figure 2(b). We enlarged the region near
k, =0 and parabolic curves can be found as shown in
Figure 2(c). A gap size between the two curves at k, = 0 can
be obtained by solving the corresponding dispersion rela-
tion of the biaxial material with a wave number difference

€183
, — /€|
\/53 sin” 6 + ¢, cos? @

The corresponding eigenstates at k, = 0 can also be
obtained, with

20 =k, ©)

¢
:E; =(0,1,0),H, ={ 0,0, = 7
Wll (77)’1 (”(,l)/,l()) ()

and

vy E, = <<63 _fl) cos 6 sin 9,0,1>,H2 = <0,— Ky ,0).
£, €0s* O + &5 sin” 0 w,

(8)

It is evident that y is TM (transverse magnetic) domi-
nant, where the polarization of magnetic field is along the z
axis, perpendicular to the plane of propagation. y, is on the
contrary, TE (transverse electric) dominant because it hasE,
contribution. The incidence of pure TM/TE light will excite
v, /w, only and a mixed polarization incidence can induce
both v, and y,. A different mode profile implies that their
possible “different sign of mass” in analogy to Dirac physics
and given their different wave numbers, interference may
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occur when y; and y, are simultaneously excited. As a
universal feature of ZB, the oscillation period of beams,
caused by the interference of the two orthogonal eigenmode
shall be T =27 /20, similar to previous reported works.
In Supplementary Note 2, we provide simulation results on
how to selectively excite y; and y, and their relationship
to the emergence of ZB oscillations. Emergent non-Abelian
electric field in the system shall induce ZB effect with a
mixed excitation of y; and y,.

In addition, it is worth mentioning that when rotated
1 [a(e—e)

£y(e1—€3)’
emerges in the EFCs at ky =0, as shown by red lines in
Figure 2(d) whose enlarged view can be found in Figure 2(e).
0, is the angle between one of the optical axis and the prin-
ciple axis k,, (see Figure 2(a)) and its value can be obtained
by calculating the dispersion relation. y; and y, are thus
degenerate and thus no interference shall occur. Substitut-
ing the expression of 6, into the expression of 2¢ yields
the same result. The relation between this special angle and
Abelian gauge field will be discussed later.

to a special angle 6, = sin™ a band crossing

3 Simulation results

Throughout this work, we use finite-element numerical
package (COMSOL Multiphysics 5.5) to simulate correspond-
ing field distributions. We start from a randomly chosen
biaxial dielectrics with & =2,&, =1 and &5 = 0.58, and
then rotate it by a series of angles from 20° to 70° to visu-
alize the non-Abelian electric field induced ZB effect. A
Gaussian-like beam with a beam width of w = 64, (4, is
the corresponding wavelength in vacuum) normally inci-
dent from background medium onto the rotated biaxial
medium along positive x direction. The dielectric constant
of background medium is adjusted to eliminate reflection
as much as possible. The polarization of the incident beam
is set as E = (0, Ey, Ey) where TE (y;) and TM (y;) modes
are mixed with the y component of E excites H, mode.
For verification purpose, Figure 3(a)-(c) plot the H, field
intensity distributions while Figure 3(d)—(f) plot the E, field
intensity distributions. Trembling of the trajectory of beam
center can be clearly observed.

The rotation angle 6 also determines the oscillation
period of the ZB effect. As shown in Figure 3(c) and (f),
a period of 10.404, (3.974,) is obtained from simulations
which is in good agreement with the oscillation period T =
10.634¢(4.054,) as predicted from Eq. (6). Using a different
selection of rotation angle, we are capable of tuning the
oscillation period. A 8, = 50.28° is reached given the biax-
ial material with £, =2,¢, =1, €3 = 0.58 and thus it is no
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Figure 3: ZB effect in biaxial crystal. Distribution of field intensity when
rotation angle € = 20°, 30°, 40°, 50°, 60°, 70° within a biaxial material
with €, = 2, &, = 1and £; = 0.58. More examples of different material
parameters can be found in Supplementary Notes.

wonder that at 8 = 50° (Figure 3(d)) no ZB oscillation
emerges. From Figure 3, we can recognize that when @ is
getting away from 6,, the period T decreases, indicating
an increase of the wavenumber difference. Our numerical
results are in perfect agreement with theoretical analysis.

Although the amplitude of ZB oscillation is not derived
theoretically, we do observe some amplitude changes in
Figure 3. As the trembling motion is induced by the interfer-
ence of the two eigenmodes, their relative weight is decisive
to the ZB amplitude. As the two eigenmodes y; and y, are
also 6 dependent, the fixed polarization used will change
the relative weight between y, and y, and thus affect the
ZB amplitude.

4 Experimental observation

A microwave demonstration to the non-Abelian electric
field induced ZB effect is conducted and the picture of
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experimental setup can be found in Figure 1(a). The tilted
horn antenna is used to excite electromagnetic field with
both E, and E, components, which exactly reflects the simu-
lation setup discussed in the previous session. A microwave
metamaterial design composed by multiple printed circuit
boards (PCBs) with biaxial dielectric constants is used and
a close-up top view of one piece of fabricated PCB can be
found in Figure 4(a). Periodic array of copper fractal struc-
tures is printed on FR4 PCB with thickness 0.115 mm and
relative permittivity 3.3. In order to obtain a tilted permit-
tivity tensor, the fractal structure originally assembled in
the X'z’ plane is tilted by 45° to form the new x—z plane
and thus the rotation angle 8§ = 45° is used to facilitate
experimental measurement and sample fabrication. The
periodicity p =5mm in x’—z' plane is designed for the
copper fractal structure, where other geometric parame-
ters L; =23 mm, L, =24 mm, L; =18 mm, L, =12 mm,
and copper width w = 0.2 mm as shown in Figure 4(b). In
order to measure the electric field inside the biaxial meta-
material, a spacing of d = 6.5 mm is considered between
every two PCBs along y direction, where in total 41 PCBs
are used. Threads are used to fix the PCB metamaterial
sample to two home-made acrylic stands and the spacing
between neighboring PCBs is measured to be 6.5 + 0.2 mm.
The cross-section along the y-z plane of the sample is
260 mm X 212.1 mm, large enough to cover the beam width
of the Gaussian-like incidence microwave beam, emitted
from the horn antenna through a home-made acrylic lens.
The length of the sample along x direction is 403 mm, long
enough to accommodate a couple of ZB oscillations.

The effective permittivities £; and €, between 10.5 and
13 GHz is measured using its corresponding S-parameters.
g, = 1.01 because of the geometrical average of permittiv-
ity. At different frequencies, the permittivity tensor yields
different values. In other words, even though we consider
one rotation angle in the experiment, the different biaxial
material properties at different frequencies guarantee the
generality of our recipe to visualize non-Abelian electric
field induced ZB effect.

(b)

N

Permittivity

0

105 11 115 12 125 13
Frequency (GHz)

Figure 4: Biaxial metamaterial design. (a) Fractal metamaterial used in experiment. (b) Detailed metamaterial design with p = 5mm, d = 6.5 mm,
L, =23mm, L[, =24mm,L; =1.8mm, L, = 1.2 mm, and copper width w = 0.2 mm. (c) Retrieved effective permittivity £, and &5 (solid lines).
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Figure 5: Experimental observation of ZB effect. (a) Simulation results of ZB effect using retrieved parameters from Figure 4(c) at 12.675 GHz,
12.800 GHz and 12.950 GHz (from top to bottom). (b) Field distribution along the dashed lines in (a). (c) Experiment results at the same positions of

lines in (a).

Before the experimental measurements, numerical
simulations are conducted. As can be seen in Figure 5(a), ZB
effect is very obvious for the three frequencies: 12.675 GHz
(top panel), 12.800 GHz (middle panel) and 12.950 GHz (bot-
tom panel). The simulation results at 12.900 GHz for a
longer x-direction span can be found in Figure 1(b). In the
simulations, we adopt the retrieved dispersive material
property as in Figure 4(c) and rotate the permittivity ten-
sor by 45° and apply it to the whole simulation region. A
Gaussian beam incidence with a beam width w = 64, atx =
—100 mm is applied whose beam center is located at y =
0 mm. At x = 500 mm, perfected matched layer (PML) con-
ditions is applied to eliminate unwanted scattering. Obvious
beam oscillation emerges and in the E, distributions, the
corresponding oscillation period matches with the ¢ value
deducted from EFCs calculation from material properties.
We may recover more details from the simulated results
along the dotted lines. As PML boundary is set to match
to vacuum but not to biaxial material, inevitable reflection
occurs which explains the minute subwavelength oscilla-
tion on the line plots in Figure 5(b). In the top panel of
Figure 5(b), two lines are plotted which located on the oppo-
site sides of the beam center. The intensity changing along
the propagation direction doesn’t necessarily indicate that
the beam is oscillating along the direction perpendicular
to the propagating direction: reflection induced intensity
change will also do. However, the opposite trend of oscil-
lation along the two lines at y = 80 mm (black) and y =
—80 mm (azure) provides an unambiguous evidence that
the beam center is oscillating. With the understanding of
field and line distributions in Figure 5(a) and (b), the exper-
imental results shown in Figure 5(c) can be the direct evi-
dence to the non-Abelian electric field induced ZB effect. A
dipole antenna polarized along the z direction was inserted

into the spacing between neighboring PCBs to measure local
E, field distribution along x direction. Spatial resolution of
5mm is used in the measurement. The actual metamate-
rial sample was located from [—-100 mm, 303 mm] and we
measured the latter part of the sample. Two characteristic
lines were taken into consideration, at y = 75 mm and y =
—75 mm (between the 10th/11th and 32nd/33rd PCB boards).
In the top panel of Figure 5(c), different trends of line oscilla-
tion precisely recover our argument of a beam center oscil-
lation, aka the ZB effect, as well as the minute oscillation due
to the impedance mismatch between our metamaterial to
air. Similar oscillation period occurs indicating the good con-
sistence between simulations and experiments, not only the
ZB effect but also the retrieved effective material properties.
Similar oscillation can also be observed at other frequencies
where the material property meets the theoretical condition
£, > €, > £;. However, at the frequencies that this condition
is not satisfied, the beam oscillation disappears while the
minute reflection still exist.

5 Discussions and conclusions

5.1 ZB effect in natural material

Although the experiment is conducted at microwave fre-
quencies using PCB metamaterials, the electric field induced
ZB effect can also be observed at optical frequencies using
natural biaxial crystals. We conduct simulation verifica-
tion based on potassium titanyl phosphate (KTP) crystal
[52], a biaxial crystal with biaxial refractive indices (n, =
1.8648, n, = 1.7712,and n; = 1.7619 at 4, = 632.8 nm), whose
corresponding 6, = 18.20° is retrieved. To facilitate future
optical experiments, we still choose to rotate the crystal by
45° along the principal y’ axis and in Figure 6(a) we show a
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Figure 6: ZB effect in natural KTP crystal. (a)-(c) Non-Abelian electric
field induced ZB effect in KTP crystal with n, = 1.8648,n, = 1.7712, and
n; = 17619 at A, = 632.8 nm and @ = 45° with incident beam widths w
=4,7 and 104,; (d) the beam center oscillation amplitude at different
incident beam widths.

similar beam oscillation occurring in this natural material.
The oscillation amplitude is relatively small compared to
metamaterial scenarios due to the minute differences in
refractive indices. In Figure 6(a)—(c), we find that ZB oscilla-
tion is not altered by incident beam width where the corre-
sponding beam center oscillations are plotted in Figure 6(d).
The achieved ZB period is 24.54, close to the value of 25.024,
from theoretical derivation. The amplitude of ZB is about
0.2/, for all beam widths though the tightly focused beam
with w = 44, eventually diverges during propagation. The
effect, though not as prominent as in microwave regime,
shall still be apparent under an optical microscope.

5.2 Abelian and non-Abelian gauge field

The continuous rotation of biaxial media in real space offers
a simple and elegant way to explore both Abelian and
non-Abelian gauge fields. We have demonstrated that an
arbitrary biaxial medium with any rotation angle along a
specific principle axis can be used to observe non-Abelian
electric field and its induced ZB effect. We may also define

another special angle 6, = sin™" . EZ When turning the
1

rotation angle 6 = 6 ;, we have ZT =g I %2> Where in-plane
duality symmetry is thus reserved. The non-Abelian scalar
potential A, can then be further simplified, where Eq. (4)
becomes A, = A36, = k2 61523282 65 Thus the value of the
corresponding non-Abelian electric field can be obtained

as é =1 A A = k3€xz(5153 52) ~
0> 0 5 5

with Ref. [17]. Furthermore if a strong constraint 8; =
0, can be satisfied, which means &,e; — .s% =0, the non-
Abelian electric field induced ZB effect will disappear since

ey, which is in consistent
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the non-Abelian electric field itself vanishes. An optical
beam splitting emerges because of the remaining vector
potential, which is the exact scenario discussed in Ref. [53].
Consequently, the non-Abelian gauge field metamaterial
is thus reduced to Abelian metamaterial. Detailed deriva-
tion and simulation results can be found in Supplemen-
tary Note 3.

ZB effect has been used to demonstrate different pecu-
liar properties predicted by Dirac equations, where in
this work, visualizing ZB effect offers an approach to dis-
tinguish non-Abelian media from Abelian media. In the
Abelian gauge field metamaterials, a particular type of tilted
anisotropy in the constitutive parameters provide a vector
gauge potential which split the originally degenerated dis-
persion curves but still exhibit one degeneracy point. In the
non-Abelian scenario, a different type of tilted anisotropy
offers additional gauge potentials which do not commute
with each other. Thus, the degenerate point in the Abelian
scenario is lifted, enabling the unique ZB effect. We shall
also emphasize that different from ZB effects previously
demonstrated relying on latticed-structures [44]-[47], [49],
[50], the non-Abelian electric field induced ZB effect occurs
even in a homogeneous natural material. The oscillation
reported here also occurs in real space rather than in fre-
quency or time domains [45], [46], where a direct visualiza-
tion of ZB effect is enabled.

In summary, we extend the previous research efforts
of gauge field materials to an extremely simple level that
non-Abelian electric field can be induced by a real-space
rotation of any biaxial material. Trembling motion of an
incident optical beam, aka optical ZB effect, can be visual-
ized within an appropriate selection of light propagation
plane which is a direct consequence of the non-Abelian
electric field. A microwave metamaterial is designed and
fabricated where unambiguous evidence of beam oscilla-
tion is achieved with excellent agreement with theoretical
analysis and numerical simulations. In contrast with other
gauge fields in anisotropic materials constrained by the
condition of in-plane duality symmetry, we find that non-
Abelian physics is also general in optics where the real space
operation of materials can directly manipulate the asso-
ciated non-Abelian properties. The successful observation
of real-space ZB effect induced by the non-Abelian electric
field provides not only another example that light beam can
propagate along curved path even in homogeneous media
but also simulates the exploration of real-space gauge fields
optics.
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