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Spatiotemporal optical vortex
reconnections of multi-vortices

Jordan Adams®?, Imad Agha'® & Andy Chong*>**

Vortex reconnections are ubiquitous events found in diverse media. Here we show that vortex
reconnections also occur between spatiotemporal vortices in optical waves. Since vortices exhibit
orbital angular momentum (OAM), the reconnections of optical vortices create a variety of connected
OAM states. Dispersion and diffraction can cause different reconnection pairs, depending on the
orientation of the vortices. The transverse crossing of two vortices with a topological charge of one
can produce unique vortex loop reconnection patterns. Higher topological charges result in arrays of
vortex loops and connection points. Crossing of three vortices produces spherical structures made

of three symmetrical vortex arms. A three vortices reconnection with higher topological charges
develops complicated patterns similar to turbulence cascade phenomena in other media. Studying
optical vortex interactions may bring insight into vortex reconnections in other fields. We also provide
experimental results of two-vortex loop interaction.

Vortex reconnections are events found in viscous fluids!~°, superfluids®’, Bose-Einstein condensates®, liquid
crystals®, superconductors'®!!, and magnetohydrodynamics'?. Two vortices approach each other and at the time
and place of the intersection, they simultaneously split and reconnect with the other vortex. Reconnections can
drive turbulent phenomena in superfluids®” and viscous fluids such as aeroacoustic noise'. In plasmas, magnetic
reconnections accelerate charged particles and are behind solar flares as well as magnetospheric substorms'.

Vortex reconnections in waves and optics have also been a topic of interest. Complicated three-dimensional
vortex lines can occur in light!*-!°. Experimentally, this can occur by using spatial light modulators (SLM) to
apply a phase mask to an optical beam and diverging or focusing the light. The designed vortex trajectories
appear at a certain propagation distance. Even though complicated patterns can be generated, the vortices are
stationary and there are no reconnection events. In one theoretical study, Berry and Dennis'® showed a variety
of reconnections of vortex lines of complex scalar wavefunctions such as optical vortex lines. Among them, in
a peculiar type of reconnection event, two reconnection points appear simultaneously while the two points are
connected by a loop structure in optical waves'.

In this work, we show spatiotemporal optical vortex (STOV) reconnections. STOVs are a new type of optical
vortex with transverse OAM which can be experimentally made by with several setups such as a pulse shaper to
modulate the spatiotemporal phase of a pulse'’, as well as nonlinear'® or time-reversal mechanisms®. In our work,
we generated STOV's by the pulse shaper method initially, but other vortex states are created by propagation.

When STOVs are combined with simple spatial vortices in an optical wave packet as perpendicular lines,
vortex reconnections appear with propagation. This is quite similar to reference 16 but differs in many aspects.
While reference 16 discusses how the spatial vortices in monochromatic waves evolve, our work is based on
polychromatic spatiotemporal waves with perpendicular vortices made of STOV's and spatial vortices. By combi-
nations of focusing and propagation through dispersive media, reconnections can naturally evolve over time like
reconnections in fluids. The reconnection process transforms the two line vortices into a unique loop structure
with intersection points that connect one vortex to two vortices, creating a superposition in the vortex path.
Since such vortices carry OAM, reconnections of vortices show interesting connections of OAM as well. In
contrast to the spatially confined loop reconnection!® mentioned above, we also show higher topological states
reconnect into arrays of loops.

With linear propagation of optical waves, we can even easily investigate three-vortex reconnections. Three-
vortex reconnections have yet to be demonstrated in the field of optics or even other areas of physics. Despite per-
forming only linear propagation, cascading nested vortex loop structures begin to emerge at a large topological
charge. This shares a similarity to turbulence cascades between reconnected vortices in real fluids®. Experimental
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results are shown for the two-vortex loop connection. We strongly believe that studying these vortex reconnec-
tions in linear and scalar spatiotemporal optics will offer insight into vortex reconnection in other areas.

Results

Two-vortex reconnections

Generating spatiotemporal optical vortices typically involves applying a phase in the spatial-frequency and
frequency domain (k,— w) of a wavepacket. Exiting a pulse shaper and propagating a sufficiently far distance
performs a 2D Fourier transform so that the desired spacetime structure (x—t) can be designed by calculating
the necessary Fourier domain phase. Limited types of three-dimensional (3D) wave packets can be obtained by
performing sequential 2D spatial-frequency and frequency phase modulations in orthogonal planes (i.e. k, — w,
ky—w, k.~ ky) where the final results can be calculated with 3D Fourier transform. While diffraction causes
the spatial-frequency spectrum at one plane to be mapped onto the spatial domain at a different location, insuf-
ficient propagation leads to an in-between state described by the Fresnel transform. Additionally, for pulses,
acquiring a quadratic frequency phase from dispersive media can also be modeled with a Fresnel transform. To
accurately model spatiotemporal optical vortices under variable propagation conditions, 3D (k,—ky— w) Fresnel
transforms are needed. Using these transforms, we will eventually show that propagating through dispersive
media or through a focus can cause vortex reconnections.

We start from two perpendicularly intersecting vortices embedded in a wave packet in the frequency domain
and then examine the evolution in the space-time domain. For the wave packet, we start with an amplitude
envelope that is Gaussian in both space and time (x, y, t) which corresponds to Gaussian in spatial-frequency
and frequency (k,, k,, w). We can add two vortices, one is a STOV while the other one is a regular spatial vortex,
in the frequency domain and perform the Fresnel transform as shown in Eq. (1).
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where F;, represents the 3D Fourier transform. The coefficient A is used to control the transformation from
the frequency to the space-time domain, d=w/Aw is a factor to account for the frequency/spatial frequency
bandwidth mismatch, and the topological charges (TC) of [, and [, are both set to one for now. If A is zero, then
this is a standard Fourier transform while large positive A represents an inverse Fourier transform, bringing
the function back to the k, — k,— w space. Decreasing from a large positive value represents the focusing process
of the wave packet in both space and time. At A =0, the wave packet reaches the focus and diverges again as A
becomes a negative number. Therefore, by tracking the wave packet with monotonically decreasing A, we can
observe the vortex behavior around the focus. The advantage of this model is to observe the vortex reconnection
behavior with only one parameter (A) which governs converging/diverging of the wave packet in space and time
simultaneously. In fact, the spatial and temporal profiles can be controlled separately which will be discussed later.

Figure 1a shows iso-intensity profiles of the frequency domain with the two orthogonal vortices embedded in
a wave packet. The phase is plotted on the iso-surface with phase from - to 1. Figure 1b is the view from inside
the wave packet which gives a better perspective of two crossing vortices. Figure 1c-e shows the propagation
in the space-time domain by performing the Fresnel transform. Each vortex causes a n-phase shift across the
center of the other vortex. This makes the crossing vortices to break up while forming a phase matched continu-
ous connection at 90° to the other vortex (Fig. 1c). With propagation (decreasing A) the vortices move further
away from each other (Fig. 1c,d).

In the next phase, the vortices are drawn back toward each other while the middle sections reconnect (Fig. le).
They finally combine at two equidistant points from the center such that the middle sections form a loop (Fig. 1f).
As the wave packet propagates further (passing through the focus), the reconnected structure breaks up again
into two vortices but this time with the top and bottom loop segments switched (Fig. 1g,h).

The wave packet at the focus, which is the Fourier transform without quadratic phases, is

E(x,y,t) = % % — x4+ 2lyt — i2\/§x(ly + t) ) u, where u is the Gaussian envelope of radius w. Rotating 45°
in y -t to align with the loop such that ¢ is perpendicular to the loop, looking near the loop plane (i.e.f near zero

so < <y?and x?), and using polar coordinates r*=x2+ y?, gives,

w’ \ 2
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which shows a spiral phase in r—t" at a radius of r = J% Iso-intensity plots are shown in Fig. 2 for perspective

inside and outside of the wave packet. The original two reconnected vortices appear to have arranged themselves
with 180° rotational symmetry while the topological charge is one everywhere on the vortex path. In fact, this
vortex reconnection structure resembles the theoretical work of Berry and Dennis'®.

At the two connection points, there are no longer two distinct vortex lines. Instead, each vortex line is con-
nected to two perpendicular vortex lines at the connection. For convenience, we will call this type of multi-vortex
connection point a two-vortex connection (2-VC) in this manuscript to highlight each vortex is connected to
two other perpendicular vortices.

Diftraction and dispersion can be separately included in the model by breaking the original A term in Eq. (1)
into separate components:
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Figure 1. (a) The two vortices intersecting in the frequency domain shown outside and (b) inside the
wavepacket envelope (c-f) The space-time domain starting from large A, and decreasing from left to right, top
to bottom. Phase is shown from — to 7. ky and ky units are in inverse millimeters and w units are in THz, while
x and y units are in millimeters and ¢ is in picoseconds.

E= ]—'31){ (ke + V2io) (ke + 2iky ) exp (_ (%)2 — iz (K2 + K2) Az — z0) — mﬁc) } 3)

where z is the focal length of a lens while C governs the frequency quadratic phase (so-called chirp) to the pulse
profile. With negligible spatial focusing, the effect of dispersion in Fig. 3a-c clearly shows the vortex reconnec-
tion. Two separate vortices merge into the loop structure with 2-VCs and separate into two different vortices.
This reconnection would happen for a negatively chirped wave packet going through a positive dispersion
media or vice versa. For the diffraction effect, we show the result of the wave packet through the focus of a lens
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Figure 2. Different perspectives of the space-time domain after a 3D Fourier transform of two intersecting
vortices. (a, b) show iso-intensity plots inside the wavepacket envelope while (¢, d) show outside. The phase
varies from — 1t (blue) to 7 (yellow). The arrows indicate the vortex direction. x and y units are in millimeters
while ¢ is in picoseconds.
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Figure 3. (a—c) Dispersion causes a sign dependent reconnection. (d-f) Propagation through a focus causes no
reconnection for this orientation. x and y units are in millimeters while ¢ is in picoseconds. See video 1 and 2 for
chirp and focusing.

without dispersion (Fig. 3d-f). This is equivalent to only the spatial Fresnel transform with the temporal Fourier
transform. In this case, no reconnection clearly occurs. The 2-VCs remains intact while the loop rotates slightly
along the common axis. However, reconnection from chirp and loop rotation from diffraction is only specific
to this loop orientation. See the supplementary information for a more general description of loop orientation
and reconnection.
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Higher TC cases are shown in Fig. 4. At the focus, increasing the TC of one vortex creates an additional
loop and two additional 2-VCs in the space-time domain (Fig. 4a). A typical iso-intensity profile plot is not
adequate to see the vortex structures since the loops are farther from the center with low intensity. To show
the internal vortex structure clearly, the iso-value of the intensity divided by some low pass filter intensity
(|Egl* =|E|*/lowpass(|E|*) is plotted. Increasing the other vortex to TC=2 results in in two additional loops (Fig. 4
(b)). The total number of loops is simply the multiplication of the two topological charges. This may be similar
to flux-cutting arrays in superconductors!®!!. The isointensity envelope surface, shown in Fig. 4c, reveals a TC
equal to the sum (i.e. TC of I, =2 and I,=2 (which will be referred to {2,2}) results in a global TC=4). Chirp
causes a reconnection for each arm of each loop, breaking the array into four vortices of TC=1(Fig. 4d-f). The
top and bottom segments of each loop trade arms as chirp changes sign. The reconnections also happen with
focusing (Fig. 4f,h), but with different reconnection pairs. These higher TC cases are similar to reference 14
which predicted instability of the higher-order topological loops by a perturbation. Perpendicular higher-order
vortices evolve into multiple loops with TC=1.

Three-vortex

We can easily explore three-vortex reconnections by starting with three perpendicular vortices which are two
perpendicular STOVs and one spatial vortex. The Fresnel transform will be governed by Eq. (4). Again, A will
govern the converging/diverging of the wave packet in space and time simultaneously.

E= FaD{(ikx + )" (ke + iky) (ky + )" exp (— () - i”Arz) } @

where r* =k? +k*,+ w®. We show the Fresnel transformation of a three-vortex case for ;=1,,=1,and ;=1 in
Fig. 5. Three vortices start to bend and eventually reconnect to form a unique loop pattern at the focus (Fig. 5h-j).
At the focus, there are three connection points each consisting of three vortices. We will call this type of multi-
vortex connection point a three-vortex connection (3-VC).
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Figure 4. (a) Topological charge {2,1} and (b) {2,2} inside the envelope, and (c) {2,2} outside the wavepacket
envelope. (d) Positive, (e) zero, and (f) negative dispersion on the same {2,2} state. Propagation of the {2,2} state
(g) directly after a 300 mm focal length lens, (h) at the focus, and (i) two focal lengths after the lens. x and y
units are in millimeters while ¢ is in picoseconds. See video 3 and 4 for chirp and focusing.
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Figure 5. (a, d) Three perpendicular vortices in the frequency domain from different views. Space-time
domain vortex behaviors (b, f) with a small propagation. (c, g) near focus. (h-j) at the focus. k, and k, units are
in inverse millimeters and w units are in THz, while x and y units are in millimeters and ¢t is in picoseconds.

With diffraction or dispersion counted separately there are vortex reconnections and breaking up of some of
the 3-VC’s (Fig. 6). With dispersion only, one vortex breaks off from the outer two points (Fig. 6a-d) as chirp is
increased and the reconnections occur with the sign change of chirp. In this case, the two outer 3-VCs drop to
2-VCs while the inner 3-VC is stable until higher chirp is added (see video 5). The state shown in Fig. 6a,d is a
combination of two of the 2-VC loops from the two-vortex case above, with an additional 3-VC connection at
the center. With diffraction, the vortices break off one by one while departing from the focus, starting with the
outer two 3-VC connections.

Considering the 2-VCs from the two-vortex case, having 3-VCs for three vortices is not a surprise.

However, the higher TC case becomes much more complicated and interesting for the three-vortex case.
When increasing the TC of one vortex, an extra vortex appears and results in the middle 3-VC breaking up into

C = 0.2 ps?

p Phase (rad)
™
fa
2

y 0
(e) z=—-150mm (f) z=150mm (g) z=600mm
0.5 0.5 0.5

X 41.g x -o.g _r
2

s s V\
y 0 ‘ y 0 & -

05 05
05 0 05 0.5 0 05 05 0 0.5
t t t

Figure 6. (a-d) The chirp of the wavepacket causes reconnection, each figure labeled with the corresponding
amount of chirp. (e-i) Propagation due to a 300 mm lens, with z=0 as the focus. x and y units are in millimeters
while ¢ is in picoseconds. See video 5 and 6 for chirp and focusing.
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two 2-VC points as shown in Fig. 7a. If the TC of a second vortex is increased to TC=2 so that two are TC=2
and one is TC=1, i.e. {2,2,1}, a 3-VC appears in the center again (Fig. 7b). Bringing all of the three TCs to TC=2
bumps the two 2-VCs up to 3-VCs so there are a total of six 3-VCs (Fig. 7c). Now each of the original spherical
loops have another sphere nested inside and are connected to the adjacent opposite size sphere. Now, we will
explore increasing the TC of all vortices together at the focus. With TC ={3,3,3}, each side now consists of three
spheres (Fig. 7d). At TC = {4,4,4}, more spherical loops appear along with connections to loops in the adjacent
set of spheres (Fig. 7e). As TC increases further, the trend continues with cascading nested loop structures
(Fig. 7f-h). This cascading phenomenon may be similar to turbulence cascading between reconnected vortices
in fluids?. For the turbulence cascade, small vortex threads appear between reconnected vortices, the threads
reconnect, even smaller threads appear between those vortices, and this continues to smaller and smaller scales.

Experiment

In the experiment, using two pulse shapers (k, - w, k,— ) or one pulse shaper and a beam shaper (k, - w, k.~ k,)
would be an ideal setup for realizing two perpendicular vortices and therefore vortex reconnections. However,
such an experimental setup could not be obtained in the present work. At the same time, the 3D feature of a
tightly focused wave packet cannot be measured well since the CCD camera resolution is limited. Instead, a sim-
pler but more restricted method was used which includes only a pulse shaper and a cylindrical lens using the fact
that a specifically oriented 2D Fourier transform of the loop is just a cylindrical n-phase shift. The experimental
setup and results are shown in Fig. 8. An SLM in a pulse shaper creates a cylindrical spatiotemporal phase shift,
and a 45’ rotated cylindrical lens turns this into a spatiotemporally oriented loop reconnection at the focus (see
supplementary for further explanation). The cylindrical n-phase shift transitions to a two-vortex loop connection

(Ll L} =42,113 (2.2,1} 22,2}
(b) (c)

Figure 7. (a-i) The corresponding vortex structures at the focus for a three-vortex intersection of topological
charge I, I, and I;. x and y units are in millimeters while # is in picoseconds.
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Figure 8. (a) Experimental setups for both path 1 and 2. (b-c) Experimental results at an iso-intensity value
of 26% from different view angles. (d—e) The same results shown from inside the wavepacket envelope. x and y
units are in millimeters while # is in picoseconds.

at the focus. The actual measurement process involves temporally scanning a reference pulse to find the intensity
of the wavepacket at different delays®. Figure 8b gives the measured wave packet at the focus of the cylindrical
lens, where x and y are in the cylindrical lens coordinates. The experimental result clearly shows a loop structure
with 2-VCs for connected vortices.

Conclusion

In this work, we show STOVs reconnect as vortices reconnect in many other fields. Vortices approach, reconnect,
and depart from each other with specific evolution. In optical wave packets, very similar reconnection events
develop when the wave packet is subjugated to dispersion or diffraction. We presented two perpendicular and
three perpendicular vortices with various TC combinations that develop reconnection patterns in propagation.
At the focus, two perpendicular vortices develop unique reconnection loop patterns. For the three vortices,
especially higher TCs, cascading reconnections appear as cascaded loop structures which are similar to the
turbulence cascading vortex reconnection in fluid.
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We have shown experimental results for the TC =1 two-vortex reconnection loop at the focus of a cylindrical
lens. Future work should explore experimental setups using two or three phase modulation schemes such as two
pulse shapers and one beam shaper. We believe that vortex reconnection in optical wave packets can be a useful
tool for obtaining insight into vortex reconnections in other fields of physics.

Methods

A mode-locked ytterbium ring cavity fiber laser was used to produce chirped pulses at ~ 1 ps in length centered
at 1030 nm with a beamwidth of ~ 1.5 mm. The pulse is split into two paths, an object and reference pulse. The
reference arm is sent through a dispersion compensating prism pair which brings the pulse duration down to
~60 fs and then to a delay arm for controlling the path length.

The pulse shaper is made of a 600/mm grating and a 100 mm cylindrical lens (CL1). The cylindrical n-phase
shift parameters that resulted in the loop structure was elliptical with the small radius along the x-axis being
0.2 mm and the large radius along the w axis is 0.6 mm. The cylindrical lens used for focusing (CL) has a focal
length of 300 mm and the distance from the CLI to CLis 1.1 m.

Data availability
Data underlying the results presented in this paper are available from the corresponding authors upon reason-
able request.

Received: 16 November 2023; Accepted: 8 February 2024
Published online: 06 March 2024

References
1. Daryan, H., Hussain, F. & Hickey, J.-P. Aeroacoustic noise generation due to vortex reconnection. Phys. Rev. Fluids 5(6), 062702
(2020).
. Yao, J. & Hussain, E. Vortex reconnection and turbulence cascade. Annu. Rev. Fluid Mech. 54(1), 317-347 (2022).
. Matsuzawa, T. et al. Creation of an isolated turbulent blob fed by vortex rings. Nat. Phys. 19, 1193-1200 (2023).
. Laing, C., Ricca, R. & Sumners, D. Conservation of writhe helicity under anti-parallel reconnection. Sci. Rep. 5, 9224 (2015).
. Enciso, A. & Peralta-Salas, D. Vortex reconnections in classical and quantum fluids. SeMA 79, 127-137 (2022).
. Bewley, G. P, Paoletti, M. S., Sreenivasan, K. R. & Lathrop, D. P. Characterization of reconnecting vortices in superfluid helium.
Proc. Natl. Acad. Sci. 105(37), 13707-13710 (2008).
. Kleckner, D., Kauffman, L. & Irvine, W. How superfluid vortex knots untie. Nat. Phys. 12, 650-655 (2016).
8. Eto, M., Ikeno, K. & Nitta, M. Collision dynamics and reactions of fractional vortex molecules in coherently coupled Bose-Einstein
condensates. Phys. Rev. Res. 2(3), 033373 (2020).
9. Zushi, Y. & Takeuchi, K. A. Scaling and spontaneous symmetry restoring of topological defect dynamics in liquid crystal. Proc.
Natl. Acad. Sci. 119(41), €2207349119 (2022).
10. Glatz, A., Vlasko-Vlasov, V. K., Kwok, W. K. & Crabtree, G. W. Vortex cutting in superconductors. Phys. Rev. B 94(6), 064505
(2016).
11. Campbell, A. M. Flux cutting in superconductors. Supercond. Sci. Technol. 24(9), 091001 (2011).
12. Hesse, M. & Cassak, P. A. Magnetic reconnection in the space sciences: Past, present, and future. J. Geophys. Res. Space Phys. 125(2),
€2018JA025935 (2020).
13. Nye, . E & Berry, M. V. Dislocations in Wave Trains. Proc. R. Soc. Lond. Ser. Math. Phys. Sci,. 336(1605), 165-90 (1974).
14. Berry, M. V. & Dennis, M. R. Knotted and linked phase singularities in monochromatic waves. Proc. R. Soc. Lond. 457, 2251-2263
(2013).
15. O’Holleran, K., Padgett, M. ]. & Dennis, M. R. Topology of optical vortex lines formed by the interference of three, four, and five
plane waves. Opt. Express 14, 3039-3044 (2006).
16. Berry, M. V. & Dennis, M. R. Reconnections of wave vortex lines. Eur. J. Phys. 3,723 (2012).
17. Chong, A., Wan, C., Chen, J. & Zhan, Q. Generation of spatiotemporal optical vortices with controllable transverse orbital angular
momentum. Nat. Photonics 14(6), 350-354 (2020).
18. Jhajj, N. et al. Spatiotemporal optical vortices. Phys. Rev. X 6(3), 031037 (2016).
19. Mounaix, M. et al. Time reversed optical waves by arbitrary vector spatiotemporal field generation. Nat. Commun. 11, 5813 (2020).
20. Li, H., Bazarov, I. V,, Dunham, B. M. & Wise, F. W. Three-dimensional laser pulse intensity diagnostic for photoinjectors. Phys.
Rev. Spec. Top. Accel. Beams 14(11), 112802 (2011).

AU W

~

Acknowledgements

This work is supported the National Research Foundation of Korea (NRF) funded by the Korea government
(MSIT) [Grant No. 2022R1A2C1091890] and Learning and Academic research institution for Master’s-PhD
students, and Postdocs (LAMP) Program of the National Research Foundation of Korea(NRF) grant funded by
the Ministry of Education [Grant No. RS-2023-00301938].

Author contributions
J.A. conducted experiments, numerical simulations and data analysis. A.C. and I.A. cosupervised the project.
J.A. and A.C. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-54216-4.

Correspondence and requests for materials should be addressed to A.C.

Scientific Reports |

(2024) 14:5483 | https://doi.org/10.1038/s41598-024-54216-4 nature portfolio


https://doi.org/10.1038/s41598-024-54216-4
https://doi.org/10.1038/s41598-024-54216-4

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:5483 | https://doi.org/10.1038/s41598-024-54216-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spatiotemporal optical vortex reconnections of multi-vortices
	Results
	Two-vortex reconnections
	Three-vortex
	Experiment

	Conclusion
	Methods
	References
	Acknowledgements


