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ABSTRACT

One of concepts giving opportunities for studying of topological insulators in non-magnetic materials, or creating
scattering-immune in optical waveguides is creation of synthetic gauge fields in photonic systems. It was shown that
gauge fields shift the band-gaps of optical waves, which can be applied to implement one-way nonreciprocal
waveguides, even though both the waveguide core and cladding are in a topologically trivial state [1]. In our work we
propose a method to create a gauge field in a synthetic photonic mesh lattice — an optical device proved its high
versatility for optical experiments [2]. We demonstrate presence of localized modes due to nontrivial gauge field
circulation.
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1. INTRODUCTION

Photonic lattices are a versatile platform for realizing and observing numerous optical phenomena. This platform can
provide such properties and possibilities, which no other system can offer. One of representatives of this class is a
synthetic photonic lattice (SPL) [2], which is the optical-fiber based system, comprising two fiber loops that are coupled
via a directional coupler with the coupling ratio 6. These two fiber loops differ in length by AL, thus a single pulse
launched into the system produce a train of pulses circulating, interfering and multiplying within the system. The
synthetic photonic lattice is a full analogue of a photonic mesh lattice but realized in time domain rather than in space
domain (fig.1). Unlike ordinary waveguide arrays, light propagation such systems is discretized in two dimensions
(transverse and longitudinal). The band structure of this family of lattices is derived analytically and its effects on light
dynamics are investigated [3]. Phase modulation plays role of an optical potential in the SPL. Apart from the
conventional mesh photonic lattices, this optical potential can be easily and precisely controlled by means of an electro-
optical modulator together with electrical waveform generator. Up to date, a number of different phenomena including
Bloch oscillations [3], Anderson localization [4, 5], PT symmetry breaking [6] were realized in this system.

Creation of synthetic gauge fields for photons in SPL opens new opportunities for realization of robust scattering-
immune waveguides and topological insulators in non-magnetic materials. We predict a new type of localized photonic
modes at an interface between two regions with different synthetic gauge fields, even in the absence of band-gap shift.

2. SPL ANALYTICAL DESCRIPTION

System of equations governing synthetic photonic lattices can be found from general physical considerations. As it is
seen from the figure 2, the system of equations describing pulses evolution in SPL is as follows:

u’rln+l . Vn (cos(g)u}’:’+1 + isin(H)V,TH) (1)
VZ“"'l = 'n (cos(H)qu_l + isin(@)uZ_l)

Whereu" - signal intensity at the short loop during round trip m and at the slot number n, V" - same, but at the long

loop, @,- phase shift at the slot number n on the short loop, v, - same, but at the long loop and 8 is the coupling
coefficient.
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Figure 1. a) Discrete mesh lattice in the spatial domain b) Synthetic photonic lattice which is time-domain equivalent to the
discrete mesh lattice ¢) Pulses propagation in the discrete mesh lattice in the spatial domain d) Pulses evolution in short
(long) loop in time.

In case if in synthetic photonic lattice phase is randomly distributed along the coordinate n and invariable along the
coordinate m, functions @ and y becomes independent of m and eigenmodes structure of such system can be found.

Eigenmodes of such system can be written in the form of functions, similar to Bloch functions: qu = U, exp(imp) - for

a short loop, v,rqn =V, exp(imp) - for a long loop, where P is propagation constant.

Then, considering assumption about the eigenmodes form, system of the equations for the two loops system with a
random phase shift in each loop and an arbitrary coefficient of the fiber coupler can be written as follows:
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Figure 2. SPL discrete representation. Rhombuses indicate the position of phase elements and squares indicate the coupling
regions. Red color indicates propagation in the long loop, and blue -- in the short loop.

, where matrices UU, UV, VU, VV — are defined as follows:
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0 0 0 “e cos(6) exp(i v

cos(6) exp(i 1//2) 0 0 “e 0
uu =|: 0 cos(@)exp(iy3) 0 0
0 0 cos(@) exp(iy zr) 0
0 0 0 “ee isin(8) exp(i 1//1)
isin(8) exp(i ¥s) 0 0 0
uv =|: 0 isin(0)exp(iyz) 0 0
0 0 isin(f) exp(iy pr) 0
0 isin(@) exp(i(pl) 0 e 0
0 0 isin(0)exp(ip, ) :
VU = : : 0 - 0
0 : : . isin(@)exp(igy_)
isin(@) exp(igp) 0 0 0
cos(6) exp(i ?) 0 - 0
0 0 cos(&) exp(i,) :
Vv = : : 0 - 0
0 : : . cos(@)exp(ipn_y)
cos(0) exp(igp) 0 oo 0 0

Solving matrix equation (2) eigenvalues and eigenvectors of this system can be found. Eigenvalue and corresponding
eigenvector form an eigenmode, and propagation constants Bi=log(};)/i versus modenumber j form a dispersion curve. To
present system (1) as a matrix equation (2) it was necessary to enter the boundary conditions. They are provided by terms
(1,N) in matrices UU and VV, and by terms (N, 1) in matrices VU and VV.

When phase shifts on both loops are constant (go;ln =@, l//:ln =) then it is possible to derivate an analytical formula for
propagation constant . In this case, solutions of the matrix equation (2) can be formulated as:

elKn+zmﬁ’v’r1n _ VeanHm,B 3)

m
u, =U

where K is a transverse wavenumber. Substituting eq. (3) into the eq. (2) we obtain an eigenmode equation:

ei(qo—K)cos(ﬁ) l.ei((/)—K)sin(H) U ip(U
LW +K)sin0) i(y+K)cos(0) (ije (Vj (4)

Its solution is found as:

exp(fy) = exp(i((p ; - )|:COS(K +y —@)cos(0) £ \/0052 (K+v—-9) cos” @ - 1i|) ©
And finally:
B, = WTW + cos™' [cos(K +y — @) cos(6)] ©
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This formula is responsible for the shape of the dispersion curve.

We note that the effect of phase modulation is twofold. On the one hand, it leads to a shift of propagation constant by
AB=(¢+y)/2 similar to modification of a refractive index. On the other hand, AK=y-¢ determines a shift of the
wavenumber, which is related to an effective gauge field previously considered for other types of photonic structures [1].
Interestingly, for out-of-phase modulation, ¢=-y, there appears effective gauge field yet no band-gap shift, and this new
regime could not be realized in previously studied mesh lattices with phase modulation in one loop.

3. GAUGE FIELD NONTRIVIAL CIRCULATION

We consider an effective gauge field jump, created by the phase modulation profiles @,<«=Yy.<0=0, ®>0=00, WY>=Vo, as
illustrated on figure 3. We also visualize the effect of phase modulation on a mesh graph [2]. In this scheme, square
symbols denote fiber couplers, and arrows represent propagation through a short or long fiber loop, as indicated by
colors blue and red respectively. It is established that circulation of the gauge potential can give rise to an effective
magnetic field [7]. In order to quantify this phenomenon, we calculate the total phase accumulation (Z,) around closed
circles enclosing sets of four nearest beam-splitters. This quantity vanishes for n <-2 and n > 1, which is expected as in
these regions the phase modulation and the associated gauge fields are constant. However, we find that Z-; = ¢q and Ey=
Vo, 1.€. nontrivial circulation of gauge field appears next to the interface, which is illustrated by circular arrows in figure
3. At these locations, the phase accumulation depends on the order of pulse propagation through the loops, i.e. it is
different for short-long or long-short paths, analogous to the Aharonov-Bohm effect.
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Figure 3. Scheme of phase accumulation (green circulating arrows) at the interface of gauge field jump.

4. RESULTS AND DISCUSSION

Calculating the mode structure of the system with an interface, a new type of localized modes reveals. While the band-
gaps are identical on both sides of the interface, at the p=-y regime, interface modes appear inside the photonic gaps for
any non-zero values of phase modulation (fig.4a). These modes turn out to be localized at the interface.
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Note that synchronous modulation, that is when ¢=y, in some cases also leads to a presence of localized states, though
such a modulation leads to vertical shift of propagation constant beta at right-hand side relative to left-hand side, thus
decreasing the band-gap, and the area of localized modes existence (fig. 4b).
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Figure 4. Propagation constant () of areas from the left and from the right of the interface and of the modes with surface
waves in ¢=-\y regime (a) and in =y regime (b). Red dots represent 3 of left area, blue dots correspond to right area and
green dots stand for f of localized modes. In the regime (a) interface localized modes exist at any non-zero value of
modulation.

We have calculated the localization strength on the left and right sides of the interface in the plane of phase modulation
amplitudes (go,yo) and observe that localization occurs in a broad parameter range (fig.5). This is in sharp contrast to
Aharonov-Bohm photonic caging, which can happen only at particular resonant conditions [8]. Maximum localization
corresponds to Qy=-y=T.
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Figure 5. Localization strength of surface mode on the left and on the right sides of the interface at 6 = 0.1x, 0.25 &, 0.47.

We further establish that the interface modes are highly robust to variations of the lattice parameters, such as different
amplitudes of phase modulators ¢, and v, different coupler coefficient 0 (fig.6). Increasing coupling coefficient 6

results in shrinking transmission band, being equal to & — 20, thus increasing the region of interface states.
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Figure 6. Number of modes localized at the interface depending on ¢y,y, and at different 6 = 0.1x; 0.25 7; 0.47.

5. CONCLUSION

We demonstrate a new type of localized mode supported by gauge field interface for ¢,=-y, in absence of

band-gap shift. We show that this new localized modes are very robust to variations of lattice parameters and

its maximum degree of localization corresponds to ¢¢=-y,=n at any given coupling coefficient 6. We anticipate that

our predictions can initiate further theoretical and experimental studies of localized modes supported by effective
magnetic fields at gauge interfaces in various photonic structures.
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