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Abstract 

Highly nonlinear multimode optics is a booming field that has led to the observation of emergent 

collective phenomena such as multimode supercontinuum, beam self-cleaning, multimode solitons, and 

spatio-temporal mode-locking. While nonlinear multimode optics offers rich physics due to intermodal 

interactions, it is also more challenging to control. We show how to harness this complexity by adding a 

new degree of freedom to the initial conditions using space-time couplings. 

Context 

Over the past few years, interest in the propagation of optical pulses in multimode waveguides has grown 

significantly, driven by the increasing demand to enhance data rates in communications. Nonlinear 

propagation has led to the observation of collective phenomena—arising from interactions between 

propagating modes—such as spatio-temporal mode locking, multimode supercontinuum generation, 

multimode solitons, and beam self-cleaning. These phenomena hold promise for applications in fiber laser 

technologies, optical microscopy, and beam power delivery [1]. These works are generally pursued in 

graded-index (GRIN) optical fibers, which have advantageous modal propagation constants that allow for 

more rich interaction between the propagation modes. 

 
Spatio-temporal couplings [2] involve a full control of electric field of ultrashort optical pulses of the type 

E(x,y,t), beyond the simple product E(x,y,t) = f(t)*g(x,y). Injecting an input pulse having STCs into an 

optical fiber results in spatio-temporal initial conditions (STICs), meaning that the propagation modes will 

have different complex temporal/spectral profiles at the entry of the fiber. An example of a simple STC is 

spatial chirp, meaning that each frequency component undergoes a transverse offset relative to the central 

frequency of the pulse (possible with simple optics like prisms or gratings), as shown in Figure 1(a). In that 

case, when coupled to an optical fiber, the STICs are such that the guided modes of the fiber have 

qualitatively different temporal profiles, for example a Gaussian in time for the fundamental mode, and a 

two-lobed envelope for the first higher-order spatial mode. We have shown a deeper analysis of such simple 

cases in past work [3]. 

Another more complicated example of a STC is the space-time optical vortex (STOV) [4]. Such vortices 

are characterized by a topological charge defining the phase circulation in a space-time plane and carry a 

transverse orbital angular momentum. Although standard transverse optics vortices are perfectly conserved 

along propagation in an ideal fiber, the same is not true for even low-order STOVs in few-mode fibers [5], 

even on short distances. This has implications on our understanding of momentum conservation in optical 

guiding, and on the feasibility of using STOVs as information carriers. 

Our results below represent an advancement on multiple fronts with regards to using STICs to control and 

understand highly multimode nonlinear optics. 

Results 

Spatial chirp can be used to control the propagation distance over which modes exchange energy. As 

illustrated in Figure 1(c), the same reshaping of the pulse transverse profile can be achieved as in the case 

without spatial chirp (Figure 1(b)), but over a significantly shorter propagation length. This effect arises 

because the modes begin propagation with distinct spectral distributions. Initially, this enhances the net 

modal energy transfer toward mode 2. As propagation continues, the spectra evolve such that the modes 

separate temporally. Eventually, at a certain propagation distance, the modes no longer overlap on the time 

grid, preventing further energy exchange between them [6]. With spatial chirp, the length of the fiber 

becomes much less critical for the reshaping of the pulse-beam transverse profile. 



 

 

 

Figure 1. a) Illustration of the spatial chirp. Each frequency component (red and blue) undergoes an offset 

relative to the central frequency (green). b) Evolution of the energy in each mode against propagation 

distance in a case without spatial chirp. c) Evolution of the energy in each mode against propagation 

distance in a case with spatial chirp.  Transverse profile of the pulse-beam at the entry and the end of the 

fiber are also given. 

Changing gears to discuss the propagation of STOVs in highly multimode fibers, we encounter a number 

of complexities [7]. Due to the singular nature of STOVs, the coupled mode content becomes more 

complicated and especially the phase becomes important (see Figure 2, left). Even in linear propagation, 

we see the broader implications of the previous results regarding the lack of conservation of such vortices 

[5]. In a step-index fiber, the initial vortex structure is immediately destroyed and does not recover well at 

any later point in propagation. With GRIN fibers, the topological charge is periodically conserved over 

short distances (see Figure 2, right) due to the grouping of the modal propagation constants, but still 

deteriorates over long distances due to modal dispersion. 

 

Figure 2. Example of complex space-time coupling propagating in multimode fiber. Space-time optical 

vortex with a topological charge l = 2. The modal decomposition in the parabolic graded-index multimode 

fiber is non-trivial. Over a propagation distance equals to the beat length (1.2 mm), the topological charge 

and ring-shaped profile undergo a periodic evolution. 

 

In normal dispersion regime, the nonlinear propagation of a STOV with a unitary topological charge 

generates a chain of singularly-charged STOVs [7]. This chain arises from beating between modes that are 

held together thanks to domain-wall locking. So far, the nonlinear propagation of higher-order STOVs with 



 

 

normal dispersion does not seem to create any coherent structure, since there are a larger number of modes 

at different time intervals all interfering with each other. 

In anomalous dispersion regime, the nonlinear propagation of STOVs generates a train of multimode 

solitons. A multimode soliton (MMS) is a pulse composed of several propagation modes, each having a 

slightly different temporal profile such that the total temporal profile is invariant through propagation [8]. 

Each MMS of the train driven by a STOV is different from the others. The number of MMSs generated, 

their energy, and their modal composition depend on the value of the topological charge. These dynamics 

are not yet fully characterized and represent an important opportunity to better understand such high-

dimensional nonlinear optics, to characterize potentially new nonlinear optical structures, and push towards 

experimental demonstration and relevant applications. 

Conclusion 

The spatio-temporal initial conditions resulting from the injection of an input pulse with space-time 

coupling introduce an additional degree of freedom to influence nonlinear interactions between propagation 

modes. Spatial chirp, for example, enables more precise control over intermodal energy exchange. Another 

example of space-time coupling is the space-time optical vortex (STOV), characterized by an integer known 

as the topological charge. In an ideal multimode fiber—whether parabolic gradient-index (GRIN) or step-

index—the topological charge is not conserved during propagation. In GRIN fibers, the topological charge 

is periodically conserved over short distances but degrades over longer propagation lengths due to 

intermodal dispersion. Under normal dispersion conditions, the nonlinear propagation of a unitary STOV 

generates a chain of unitary STOVs. In the anomalous dispersion regime, the nonlinear propagation of an 

STOV causes it to split into multiple multimode solitons. This process results in the formation of a train of 

multimode solitons, each with a distinct modal composition. 
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