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Fig. 1. The modulation effect of the shape factor A on the noncanonical vortex beams. The first row shows the spatial intensity dis-
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tribution of the vortex optical field, and the second row corresponds to its spatial phase distribution. A = 1 represents the special

case of canonical vortices, while A = 3,1 + 3i denote two examples of the noncanonical vortices.
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Fig. 2. The precession behavior of off-axis vortices with topological charges of [ = 1,2 propagating in a Gaussian host beam. The

first and second rows correspond to the off-axis vortex beam with a topological charge of | =1 and [ = 2, respectively. The images

from left to right represent different propagation distances of 0, 12, 18 and 26 cm, respectively. The white dashed lines indicate the

rotation of the vortex points, intuitively demonstrating the spatial displacement and precession trajectory along the propagation

direction.
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R, H PR Ma SO IE R IR i[RI FEAE, =&
12 BRI 23 P G AR i S 3 Bt [ e . DAtk —
AR 71 e ] AR ELAE FHAILR], e 46 7 530
LT (£Az, 0) BIPIAFI5- A TE DR E i T 3 7

Vig =z + Az +iAy, (23)
Hp A = A, +iA; . PIRTES L E XI5 i 1E &
Yy, TEARREIE S de N, 5 2B RN iyt fk, 7]
PRI E AT 5 A S L Ry
oy _ A (14 A2+ 42)

dz 24, kAzx ’
dyi 2 . 1— A%+ A2
dz 2A, kAx
6 w2l S 92 NS B i 7 A L R T A2
AT IZ SN OC T TUAAT rhvCo 5 23 [ R FR o34 . 42
HHE BRI R T MR T,
Vig =+ Az +idy, (25)
U, Herputay S RIs S
dris iAi (1-A7 - 47)
dz 24, kAzx ’
dy1 o 1+ A2 - A2

dz 24,kAx

(24)

(26)
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(c) BIHERI 345 H = p; (d) #8840 H = oy

Fig. 3. The transmission trajectories of off-axis vortex singularities in host optical fields with different intensity distributions. In
each group of figures, the left panel shows the intensity distribution of the host beam, and the right panel presents the spatial tra-
jectory of the phase singularity with unit topological charge: (a) Gaussian distribution H = exp (—p?/w3) ; (b) annular distribu-
tion H = pexp (—p?/wd) ; (c) conical distribution H = p; (d) saddle-shaped distribution H = zy.
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Pl 4 s dah L DU 3 JE 2 s TE AN () (S AR 43413 19 15 320635 h B 22 IRz Sl B 4528 RIS 2 (R R R i 263 M RLAR 4341, A [ X8 i
HANEEO 1 9 TE DU B A5 A A SRR 75 E DS (o) BUBETE A 0 = s (b) BIFRIAM 0 = pexp (—p2/w2) : (c) B
Worti o = xy; (d) BRI o = ¢

Fig. 4. The transmission trajectories of off-axis vortex singularities in host optical fields with different phase distributions. In each
group of figures, the left panel shows the spatial phase distribution of the host beam, and the right panel presents the spatial tra-
jectory of the phase singularity with unit topological charge: (a) Conical distribution ¢ = p; (b) annular distribution ¢ =
pexp (—p?/w?) ; (c) saddle-shaped distribution ¢ = zy; (d) spiral distribution ¢ = ¢.
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Fig. 5. The inversion of topological charge during propagation of noncanonical vortex in an elliptical Gaussian host beam: (a) Differ-

ent trajectories of vortex points with different shape factor A; (b) the spatial trajectory (blue line) of the specific vortex point

A =1+1, with the background showing the cross-sectional intensity distribution of the host beam; marks I, II, and III indicate the

positions where topological charge reversal occurs; P1, P2, P3 (coinciding with II), and P4 are four selected positions for sub-

sequent simulations; (c¢) the normalized intensity distributions (first row) and phase distributions (second row) at P1, P2, P3, and

P4, respectively. To enhance the visualization of the structural characteristics of phase singularities, the interference fringes with

plane wave are adopted, where the vortex core is represented by a Y-shaped fringe.
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Abstract

Vortex beams have garnered significant attention in cutting-edge fields such as modern optical
communications, quantum information, and micro-nano manipulation due to their unique orbital angular
momentum (OAM). However, the propagation characteristics of phase singularities in various complex optical
fields remain a core research focus and technical challenge. Based on the paraxial wave equation, this paper
establishes a general analytical propagation model for the phase singularities of noncanonical vortices embedded
in arbitrary complex host beams. This model addresses the evolution characteristics of the spatial trajectory
curves and shape factors of propagating non-canonical optical vortices in the free space. It is pointed out that
due to the intensity and phase inhomogeneity of the complex host beam, the propagation of phase singularities
is generally accompanied by the dynamic evolution of ellipticity and rich topological events, such as self-induced
precession, oscillation, and annihilation between vortex pairs. Regarding the influence of the spatial distribution
of the host beam on the trajectory of off-axis vortex points, studies show that the intensity gradient drives the
phase singularity to move in the perpendicular direction. On the other hand, the phase gradient guides the
vortex point to move in a direction parallel to the gradient. Particularly, the proposed analytical model has
been applied to explain the inversion of topological charge successfully, which seems to violate the principle of
topological charge conservation during free space propagation without external perturbations. The proposed
model systematically interprets this striking phenomenon during the propagation of off-axis noncanonical vortex
in asymmetric light beams, reveals the conditions for the inversion, predicts the propagation trajectories of
phase singularities, and explains the physical mechanism underlying this effect from the perspective of
transversal energy flow. Research indicates that the exchange between the OAM of non-canonical vortex beams
and the local OAM of the asymmetric background beams constitutes the underlying physical mechanism for
topological charge inversion. The non-canonical vortex core gains or loses OAM from its host beam, resulting in
phase variations of its shape factor A and even polarity reversals. Nevertheless, the total OAM of the entire
beam remains conserved, and this process does not alter the absolute value of the topological charge [ of the
vortex beam. The free space propagation characteristics of vortex points stand as one of the most central and
fundamental research topics in the field of structured light fields, these research findings hold important
theoretical significance and practical potential for the precise manipulation of structured optical fields and the

development of novel optoelectronic devices based on orbital angular momentum.
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