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Abstract. Exact solution of the (3+ 1)D Schrodinger-type equation without external potential is obtained
in cylindrical coordinates by using the method of separation of variables. Linear compressed light bullets
are constructed with the help of a superposition of two counter-accelerating finite Airy wave functions
and the Tricomi-Gaussian polynomials. We present some typical examples of the obtained solutions on the
basis of four parameters: radial nodes, azimuthal nodes, the decay factor and the modulation depth. We
find that the wave packets display different patterns and demonstrate that such linear light bullets can
retain their shape over several Rayleigh lengths during propagation.

1 Introduction

In 1979 [1], Berry and Balazs theoretically demonstrated that the Schrodinger equation without external potential
can exhibit a non-spreading Airy wave packet solution within the context of quantum mechanics. Outstanding char-
acteristics of this Airy wave packet were self-acceleration and the absence of diffraction. These features brought about
tremendous applicative potential in many areas of physics, including optical manipulation [2,3], optical tweezing [4],
routing surface plasmon polaritons [5], and other [6]. Unfortunately, the diffractionless Airy wave packet carries infinite
energy, because of its infinite tail, and that is not physically realistic. Only in 2007 the feasibility of finite-energy Airy
wave packets was demonstrated, by introducing an exponential aperture function [7,8]. The self-accelerating property
manifests itself by a parabolic trajectory of beam caustics during propagation, similar to a projectile motion [9]. Some
controllable accelerating and decelerating Airy beams were reported in [10-12].

Research on self-localized wave packets in temporal and spatial domains is an important area of linear and nonlin-
ear optics [13-15]. Spatiotemporal wave packets [16], also called light bullets, are self-sustained waves localized both
in space and time [17], due to the simultaneous balance of diffraction and dispersion. The three-dimensional (3D) spa-
tiotemporal localization was demonstrated experimentally in arrays of transversely coupled waveguides [18]. Recently,
3D spatiotemporal linear and nonlinear optical wave packets that include equally dispersion and diffraction have been
investigated. Abdollahpour et al. [19] demonstrated triple Airy light bullets, by blending two Airy beams in space
with an Airy pulse in time. The triple Airy light bullets belong to a family of linear spatiotemporal wave packets that
can withstand both diffraction and dispersion during propagation. It was shown that the triple Airy light bullets are
robust all the way to the high intensity regime, since they are capable of healing nonlinearly induced distortions of their
spatiotemporal profile. Another fine example are Airy-Bessel light bullets as 3D linear localized waves, demonstrated
by Chong et al. [20]. The method employed in that work is independent of any particular material or nonlinearity, as
the wave packets are formed by combining Bessel beams in the transverse plane with the temporal Airy pulses, which
can be extended in a straight manner to other transversely nondiffractive beams. These versatile 3D optical bullets
might break through the limitations brought by other methods for the generation of light bullets [21-23]. However,
in Airy-Bessel waves [20], the zeroth-order Bessel and Airy functions diverge [24]. To overcome this problem, in this
paper, on the one hand, we introduce the decay into the combination of two counter-accelerating finite energy Airy
functions and, on the other hand, we consider the Tricomi-Gaussian polynomials with the convergent features instead
of Bessel functions in the transverse plane.

The rest of the paper is organized as follows. In sect. 2, the exact solutions of the 3D Schrédinger-type equation
without external potential are constructed with the help of the combination of two counter-accelerating finite energy
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Airy functions and the Tricomi-Gaussian polynomials, by the separation of variables in cylindrical coordinates. In
sect. 3, several profiles of the Airy-Tricomi-Gaussian compressed waves are displayed by choosing four parameters:
the radial node, the azimuthal node, the modulation depth, and the decay factor. Finally, the paper is concluded in
sect. 4.

2 The model and exact solution of the 3D Schrodinger-type equation without external
potential

We start by discussing the dynamics of spatiotemporal wave packets in 3D space, based on the (3 4 1)D Schrodinger-
type equation without external potential in Cartesian coordinates [25-27]

Ou 1 (82u 32u> k" 0%u

Y

where u(z, x,y,7) is the complex envelope of the optical field, z is the propagation distance measured in terms of the
corresponding Rayleigh length, 7 = ¢ — z /v, is the time coordinate in a frame moving at the beam’s group velocity vg,
k is the wave number at the carrier angular frequency w, and k" = % is the dispersion coefficient of the medium at
w. The second term in eq. (1a) describes diffraction effects, while the last one comes from dispersion. When k" < 0, the
medium is with anomalous dispersion and the converse case represents the normal dispersion. In the anomalous case,
when the diffraction length Lg;rr = kw? (w is an arbitrary transverse length scale) exactly equals the corresponding

2

dispersion length Lg;sp = “:—9,‘ (10 is associated with the pulse width), eq. (1a) can be scaled by normalizing the

independent variables into the form
ou 1 (0% 0*u 0%u
=+ |z +t55+55 )] =0 1b
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To search for novel interesting solutions and results, we treat eq. (1b) using the cylindrical coordinates, namely, use the
3D “transverse” Laplacian of the second term of eq. (1b) as V2 = g—; + %% + %28%22 + (%227 with r = /&2 4+ 1?2 being
the transverse distance and ¢ the azimuthal angle, and v representing the normalized retarded time of the optical
pulse. Here, all coordinates are made dimensionless by normalization. A solution with partially separated variables

u(¢,ryo,v) = V(¢ r)T(C,v)P(p) is assumed, which leads to the following three differential equations [10]:

0T 10°T
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for the constituent parts of the solution. Here m is the azimuthal node parameter (also known as the topological
charge), which could be an integer or a fraction, as discussed earlier [28-33].

First, we focus on eq. (2a) and specifically investigate the dynamics of finite-energy Airy beams in the temporal
domain v, by considering a specific input into the system (at ¢ = 0) of the form T'(¢ = 0,v) = Ai(ov) exp(opuv), where
o = +£1; Ai(ov) is the Airy function, and p (0 < p < 1) is the decay factor. The decay ensures the containment of
the infinite Airy tail, which enables a physical realization of the beam with finite energy [2,3], while o determines the
acceleration direction of the Airy beam. By directly solving eq. (2a) under these conditions, with counter-accelerating

Airy beams for 0 = 1 and o0 = —1, interesting partial solutions are obtained,
. ¢ LA 312001
T—‘r(va) =Ai{v— Z +Z,UJC e”c TG +i(—55CC+ 50 C+2UC)7 (33)
CZ 1,02 ; 13, 1,2+ 1
T (¢,v) = Ai (—U - 4 l,uC) e HC—anC+i(= 57+ 7 (—5v0) (3b)

Here, we assume that the solution is formed by a superposition of two counter-accelerating Airy wave functions, i.e.

T(¢v) = T4 (¢, v) + 2T (¢, v), 3)

where ¢; and ¢g are two arbitrary constants. Obviously, eq. (3) is also a solution of the linear equation (2a). In order to
obtain interesting new results in this paper, we choose ¢; = 1 and ¢, = —t. Such a choice of the relative phase between
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Fig. 1. Intensity of the Airy beam given by eq. (3), with ¢1 =1, co2 = 0 (left panel); ¢c1 = 0, c2 = 1 (middle panel) and ¢; = 1,
c2 = —i (right panel). Red arrows indicate the direction of acceleration.

two Airy beam is easy to implement by using a spatial light modulator in the experiment [7,8]. Equations (3a) and (3b)
guarantee that the intensity profiles of Ty ({,v) and T_({,v) will remain invariant over extended intervals. Actually,
for o = 1, the wave packet T (¢,v) is recognized as an accelerating Airy beam with the accelerating trajectory
v = (%/4 in the ¢ — v plane; while for 0 = —1, T_((,v) is an accelerating Airy beam with a counter-accelerating
trajectory v = —(?/4. Figure 1 exhibits several intensity profiles which involve individual and a superposition of two
counteraccelerating Airy beams with the decay factor p = 0.1. As seen in the left panel in fig. 1 (i.e., o = 1), the
beam intensity (I, = |T.|?) of the Airy pulse increases and the beam is accelerating along the v direction; in the
opposite case, for o = —1, the pulse intensity (/_ = |T_|?) decreases rapidly and the beam is accelerating in the
opposite direction, as shown in the middle panel of fig. 1. If we consider their superposition, eq. (3), the wave intensity
(I = |Ty —4iT_|?) first increases and then attenuates, as shown in the right panel of fig. 1. Such a pulse arises in the
collision of two counteraccelerating Airy beams, creating a linear non-accelerating compressed wave packet.
Obviously, the general solution of eq. (2b) can be written as [34,35]

P(p) = cos(myp) + igsin(mep), (4)

where ¢ € [0, 1] represents the modulation depth of the beam intensity [36,37].

In the end, we consider eq. (2c), which is the usual paraxial wave equation for an optical beam propagating in
2D space. We assume a solution with amplitude and phase [36,37], V(¢,r) = A(C, 7") iB(C) where A and B are real
functions. Direct substitution of the proposed solution into eq. (2c), separating the i 1mag1nary and real parts, gives

10A 10A0B 10B 10°B
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We search for a self-similar solution to eqgs. (5), by writing the amplitude A and the phase B in the following form [36]:

AGr) = 5 F(®) (6a)
B(G,r) = a(0) + b(C)r + (0, (60)

where F' is a real function to be determined, 2 = (¢, r) is a self-similar variable, a, b, and ¢ are functions of the
propagation distance ¢, and w(¢) is the beam width, which can be written as [38,39]

CQ

R

w(() = woy[1+ = (7)

where wy is initial width of the beam and (g is the Rayleigh range—a unit of length. The functions defined by the
form of A and B are found from eq. (5a): b =0,
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Fig. 2. Intensity of the fundamental beam at propagation distances ¢ = 0 (left), ¢ = (r (middle) and ¢ = 3Cr (right).

The amplitude A is found from eq. (5b) by solving the differential equation for F,

9@4_&871:_:@_&3621”9 "i_o (9)
Fo2 "Foo 2o 40 a0

Equation (9) can be simplified by a transformation F'(£2) = 2™ f({2) with respect to {2 i.e.,
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one obtains the solution of eq. (10), together with egs. (7) and (8a):

2
wi
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where U is the confluent Tricomi’s function [40] and n is a non-negative integer, which we denote as the radial node.
Hence, from eqs. (7), (8b) and (11a), one obtains for the wavefront curvature and the phase shift:

o(C) = mv (8¢)
a(¢) = —(2n 4+ 2m + 1){g arctan (CCR) , (11b)

where a(() is commonly referred to as the Gouy phase shift [38,39]. Therefore, the solutions to the radial eq. (2c) are
given by

2m 2
CR CR’I“ |: CRT :| f%Jri [f(2n+2m+1)CR arctan( )+272]
V(C,r) = Ul=n,2m+1, e 2063+ 2(¢%+¢2)
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(12)
Clearly, V(¢,r) is a Gaussian-like beam, which is determined by two parameters, n and m.

Now, we investigate for how long the wave packet will retain Gaussian-like characteristics during propagation.
Figure 2 presents the radial intensity distribution (|V|?) in the &-n plane for n = 0 and m = 0, at different propagation
distances. One can see that at ¢ = 0, the wave packet exhibits the identity of the fundamental Gaussian beams (the
left panel); when ¢ = (g, the beam profile remains Gaussian-like (the middle panel). If the propagation distance
is increased to ¢ = 3(g, the wave packet loses its Gaussian features (the right panel) because the intensity profile
flattens considerably. For clarity, we evaluate the actual Rayleigh range, which is defined as (g = mw32/\, where wq
is the initial waist radius and X is the wavelength of the beam. For a He-Ne laser, at A = 633 nm and wy = 0.4 mm,
Cr ~ 0.8m [41].

The complete linear wave packet solution of eq. (1) can be readily found by using eqs. (3) and (4) and (12), with

cp =1, co=—i, as
u(G v, ) = [T4(Cv) —iT-(C,v)] - [cos(mep) +igsin(me)] V (¢, 7), (13)

where V(¢,r) and T(¢,v) are determined by eqgs. (12) and (3), respectively. It is straightforward to see that
[u(C,v,m,0)] — 0 at |r| — oo, i.e., eq. (13) represents a localized beam solution. The four parameters: the radial
node, the azimuthal node, the decay factor, and the modulation depth, which are involved in eq. (13), make certain
that the beam u((,v,r, ¢) possesses rich localized structures.
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Fig. 3. 3D intensity isosurface plots of the half-moon light bullets with the decay factor g = 0.1. In the left panels, { = 0. In
the middle panels, ( = 1. In the right panels, the top view of the intensity of the middle panels. Top row (a) n = 0; bottom
row (b) n=1.

3 Examples of compressed light bullets

In this section, we study the distribution properties of the Airy-Tricomi-Gaussian compressed light bullets according
to eq. (13) derived in sect. 2, at two positions: ¢ = 0 and ¢ = 1, with wy = 1. The multipole beams [42-44] presented
below are obtained for ¢ = 0 and different n, m. We concentrate initially on the fractional asymmetric bullets.

The simplest possible member in this class of solutions given by eq. (13) is obtained with m = 1/2, ¢ = 0 and
different n. An isosurface plot of this linear wave with p = 0.1 is displayed in fig. 3. One can see that the profiles of the
compressed light bullets show a half-moon shape. Their distributions are stratified in a half-circular arrangement along
the radial direction, because of the cosine azimuthal dependence @(p) = cos(¢/2). The intensity of the middle layer
along the v-axis is at the maximum. With increasing (or decreasing) v, the intensity of the beam becomes smaller.
When n = 0, the optical wave packet forms a 3D cluster of half-moon light bullets with the finite energy Airy pulse
along v-axis direction; fig. 3(a) exhibits its intensity distribution. When n increases from 0 to 1, the excited state of
the localized light bullet becomes more complicated. As shown in fig. 3(b), the largest middle half-moon pulses in the
plane v = 0 is encircled by another crescent pulse, and the pulses below and above are encircled by the same pulse.
The two wave packets accelerate oppositely along the v-axis. Generally, for a positive integer n, the number of layers
along the radial direction is n+ 1. The maximum optical intensity is located at the central position (£, n,v) = (0,0, 0).
In fig. 3, the left and middle panels represent the light bullet profiles at ( = 0 and ¢ = (g, respectively. As a result,
its intensity structure evolves into concentric patterns as shown in the right panels of fig. 3 at ( = (g, which present
a cross section of this localized wave in the £-n plane at ¢ = 0. With increasing the propagation distance from ¢ =0
to ¢ = (g, it is not difficult to notice that the 3D light bullet gets compressed.
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Fig. 4. Distribution of the compressed light bullets. The setup and parameters are as in fig. 3, except for (a) m = 3/2 and (b)
m=5/2.

Next, we analyze asymmetric patterns of 3D multipole light bullets. Some asymmetric profiles with © = 0.1 and
n = 0 are displayed in fig. 4, for different half-integers m. Figure 4(a) presents the isosurface intensity of the wave
packet with m = 3/2. The major difference from fig. 3(a) is that, in addition to a half-moon pulse, an ellipsoidal pulse
is added at each layer in the transverse plane. With other parameters the same, fig. 4(b) shows the distribution of the
asymmetric wave packet with m = 5/2; there are four pulses in each layer. If a higher value of m is chosen, similar
patterns will be displayed, but with more complex asymmetric structures.

Generally speaking, for any integer n and half-integer m, the number of asymmetric beads in each horizontal (&-n
plane) layer is determined by m and the number of layers is determined by n. The multipole fractional wave packets
contain (2m — 1)(n + 1) beads. There are (n + 1) beads in each horizontal layer.

These intriguing distributions motivate us to explore superpositions of the linear light bullets in the form of the
Gaussian pulses and multipole pulses. The 3D symmetric intensity isosurface plots of such superpositions are presented
in fig. 5. The simplest example is a superposition of multipole spatiotemporal wave with m = 3 and a Gaussian wave
packet (m = 0) that is displayed in fig. 5(a) with g = 0.1. We observe a symmetric solid gear, which consists of a
tripetal object in the horizontal plane and three ellipsoids in-between petals. When the azimuthal node m is changed
from 3 to 4, the distribution plot of the compressed light bullet is shown in fig. 5(b).

4 Conclusion

In conclusion, we have analytically solved the (34+1)D Schrédinger-type equation without external potential in cylindri-
cal coordinates with the aid of the separation of variables method, and obtained the compressed light bullet solutions
in form of a superposition of two counter-accelerating finite Airy functions and the Tricomi-Gaussian polynomials. By
choosing the appropriate parameters: the radial node, the azimuthal node, the decay factor and the modulation depth,
a simple procedure is established, to obtain different classes of light bullet structures. Our results reveal that in 3D
space, the new class of the 3D compressed light bullets can exist and be simply controlled by the choice of different
parameters.
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Fig. 5. Intensity distribution of the compressed multilateral gear light bullets. The setup is as in fig. 4, except for (a) m = 3
and (b) m = 4, other parameters are given in the text.
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