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ABSTRACT

In this research paper we have numerically studied the propagation dynamics of Airy pulse in a
medium with higher order dispersion and cubic Kerr nonlinearity. Usually, soliton shedding from Airy
pulse in presence of anomalous group velocity dispersion (second order) and Kerr nonlinear media is
observed. Here, we have reported that higher order dispersion significantly controls the dynamics of
emergent soliton. Temporal shift in the emergent soliton is observed in the presence of third as well as
fourth order dispersions. Soliton can accelerate or decelerate depending on the sign of these dispersion
coefficient.

1. INTRODUCTION

In 1979, a unique solution of time dependent Schrédinger equation was reported in the
context of quantum mechanics which is known as Airy wave-packet. This Airy wave-packet
remains shape invariant and non spreading during propagation. Importantly, infinite norm of
this wave-function makes it impossible to realise experimentally (Berry & Balazs, 1979). In
2007, the concept of finite energy Airy beam (FEAB) has been introduced theoretically and
later this beam was experimentally demonstrated in lab (Siviloglou & Christodoulides, 2007;
Siviloglou et. al., 2008). Surprisingly, FEAB exhibits the characteristics identical to the ideal
Airy function, therefore, further study has been carried out by many different research groups
(Efremidis et. al., 2019). The unique features of FEAB have potential applications in optical
tweezing, particle trapping and manipulation, curved plasma channel generation and
nonlinear optics (Baumgart et. al., 2008; Polynkin et. al., 2009a; Polynkin et. al., 2009b).

The space time duality allows to extend this concept in the time domain as well resulting in
the realisation of Airy pulses. The features of Airy pulses are analogous to spatial Airy beam
therefore Airy pulse maintains quasi dispersion, self-acceleration, and self-healing
characteristics.

Dynamics of Airy pulse has been studied in linear as well as nonlinear media. Airy pulse
exhibits tight focusing and inversion in presence of third order dispersion which can be
manipulated by the phase modulations (Driben et. al., 2013; Cai et. al., 2018). Airy pulse
sheds soliton in the presence of anomalous dispersion and Kerr media and the effect of higher
order nonlinearity on the soliton dynamics has been reported recently (Fattal et. al., 2011;
Zhang et. al., 2014). The accelerated soliton emerges from the Airy pulse if the input pulse is
initially chirped and the sign of chirp parameter decides the acceleration of the soliton
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(Purohit et. al., 2021). Recently, unconventional soliton shedding from Airy pulse in presence
of negative fourth-order dispersion and Kerr nonlinearity has been reported (Gaur et. al.,
2021). In addition, Airy pulses dynamics have been studied in different nonlinear conditions
(Gaur et. al., 2022; Gaur & Mishra, 2024a; Gaur & Mishra, 2024b).

In this work, we numerically show the dynamics of the Airy pulse in presence of Kerr
nonlinear medium when anomalous dispersion act together with higher-order dispersion i.e.
third order dispersion (TOD) and fourth order dispersion (FOD). The dynamics of the
conventional soliton from Airy pulse is shown to be manipulated sensitively in the presence
of higher order dispersions.

2. THEORETICAL MODEL

Nonlinear Schrodinger equation (NLSE) is employed to model the pulse propagation
dynamics in a medium. The NLSE in presence of TOD, FOD and Kerr type nonlinearity can
be expressed as
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where z and T are the propagation direction and time coordinate in the pulse frame. The
parameters f2, f3and fsrepresent the group velocity dispersion (GVD), TOD and FOD

respectively. The pulse envelope is represented by A while ¥y is known as nonlinear
coefficient. The dispersion length Ly, = % and nonlinear length L,,; = ﬁ are defined for
170

making parameters dimensionless The other dimensionless parameters are defined as
£ = ? T=— and = _F’ where Ty and Fy is known as pulse width and pulse peak power

y oo
respectively. The dimensionless NLSE is solved numerically employing the split step Fourier
Transform method. The NLSE in dimensionless form is expressed as
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where 85 = —T 8y = =y and N2 = or

The normalised input pulse envelope is represented as
Ulz,0) = fla)Airy(r) exp(ar) (3)

where a is known as truncation parameter, introduced to make Airy function physically
realisable. Parameter fia) is the truncation dependent parameter that keeps the input Airy

pulse intensity at 1. In our simulation the numerical value of @ is chosen to be 0.1,
3. RESULTS

In order to investigate the effect of TOD and FOD on soliton shedding, we solve eqgn. (2)
numerically where the input pulse as described in eqgn. (3) is considered as initial condition.
Temporal and spectral evolution of Airy pulse are shown respectively in Figure 1 (a) and (b)
when only anomalous dispersion and Kerr nonlinearity is present in the medium. Parameter
N =1 denotes that dispersion length and nonlinear length is same for the input pulse
therefore the dispersive effects are exactly compensated by the nonlinear effects thus the
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soliton emerges from Airy pulse. Initially, sub lobes of the Airy pulse collide, and pulse is
compressed before soliton shedding and the accelerating wavefront succumbs to dispersion.
Here, the downchirp induced by the anomalous dispersion is compensated by the upchirp
induced by the Kerr type nonlinearity therefore soliton shedding is observed as shown in
Figure 1 (a). A small change in the pulse spectrum is noticed due to the nonlinearity as shown
in fig. 1 (b). The value of parameter V can be increased by increasing the input pulse power.
For N = 1.5, temporal evolution is illustrated in Figure 2 (a) which shows that emergent
soliton becomes intense for high intensity input pulse. The variation of intensity maximum of
the emergent soliton for different value of IV is depicted in Figure 2 (b). As the value of IV
increases, soliton intensity and number of oscillations in the intensity is increased but the
periodicity is decreased.
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Figure 1 (a): Temporal and (b) spectral evolution of Airy pulse in anomalous dispersion for ¥ =1
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Figure 2 (a): Temporal evolution of Airy pulse in anomalous dispersion for N = 1.5 and (b) intensity
maxima of the emergent soliton with propagation distance
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Figure 3: Temporal evolution of Airy pulse in anomalous dispersion (. = —1) and (a)-(c) positive
TOD (b)-(d) negative TOD for N =1
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Figure 4: Temporal evolution of Airy pulse in anomalous dispersion (&- = —1) and (a) positive TOD

(b) negative TOD for ¥ = 1.5

The effects of third order dispersive perturbation on soliton shedding is examined by
considering nonzero value of &3 in our simulation. The Figure 3 (a) and (b) show that soliton

shedding remains unaffected by the small perturbation as introduced by the third order
dispersion whereas the large value of &3 significantly alter the dynamics of emergent soliton

as shown in Figure 3 (c) and 3 (d). For &; = —1 and &3 = 0.4, emergent soliton shifts
towards the leading edge and the tail of the Airy pulse witness relatively larger acceleration
for 63 = —0.4. Note that for §3 = —0.4, the Airy pulse flips and soliton does not exhibit
acceleration (Driben et. al., 2013). Further, we examine the effect of TOD in presence of
higher nonlinearity N = 1.5. We would like to note that unlike to the previous case here a
large temporal shift in the emergent soliton appears even for small value of &3 for both of its
signs for larger (N = 1.5). Emergent soliton shifts towards the leading edge for &3 = 0.1 as
shown in Figure 4 (a) while the soliton shifts towards the trailing edge for &3 = —0.1 as
illustrated in fig. 4 (b).
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Figure 5: Temporal evolution of Airy pulse in anomalous dispersion (&- = —1) and positive FOD
(G;=01)for(@ N =1and (b) N =1.5
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Figure 6: Temporal evolution of Airy pulse in anomalous dispersion (. = —1) and negative FOD

(dy=—-01)for@ N =1and(b)N =1.5

Furthermore, we have also observed the effect of FOD on soliton shedding. For this, we
deliberately off the effect of TOD and consider only GVD and FOD in the medium. For
N =1, small value of FOD does not significantly alter the soliton dynamics as shown in
Figure 5 (a) and 6 (a). For larger value of nonlinear parameter N = 1.5, emergent soliton
dynamics starts to depend on the sign of the FOD term. In case of positive FOD, soliton shifts
towards the leading edge while this acceleration is not observed in case of negative FOD as
shown in Figure 5 (b) and 6 (b) respectively. For negative FOD, the soliton does shift towards
the leading edge but for even larger nonlinearity (Figure not given).

4. CONCLUSION

In summary, the emergent soliton dynamics has been found to be strongly influenced by the
presence of higher order dispersion coefficients. In a weaker nonlinear medium with smaller
values of TOD and FOD coefficients, soliton dynamics remains almost unaffected. For a
medium with stronger nonlinearity, even smaller values of higher order dispersion
coefficients change the soliton dynamics. Depending on the sign of TOD, the shedded soliton
shifts either to leading edge or trailing edge of the Airy pulse. Further, we have studied the
effects of FOD term on the soliton shift and it has been observed that FOD shifts soliton
towards the leading edge.
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