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ARTICLE INFO ABSTRACT

Keywords: We investigate the propagation of optical vector vortices of slow light in a coherently prepared
Optical vector vortices four-level tripod atomic system. The vector vortex consists of superposed pulse pairs with
Slow light

opposite circular polarizations and orbital angular momentum (OAM) charges +/, weakly
interacting with an atomic medium initially prepared in a coherent superposition of two
ground states. A third unoccupied state is coupled to a stronger control laser without OAM,
creating a phase-dependent configuration. In the linear regime, the vortex OAM is mapped
onto the medium, producing symmetrical azimuthally structured absorption patterns, with
losses significantly reduced by the control field. For small detunings, complementary spatially
dependent amplification and absorption occur for the two circular polarization components.
This OAM-structured coherence induces a dynamical anisotropy, affecting both the intensity
and polarization of the slow-light vortex. Polarization states evolve periodically between left-
circular, linear, and right-circular polarizations during propagation. Once the beam reaches a
stationary regime, the ring-shaped intensity transforms into a petal-like structure, and the final
polarization states stabilize according to the initial superposition. The rate of polarization tran-
sitions is tunable via the control field strength, demonstrating flexible control over slow-light
vector vortex dynamics.

Structured light
Atom-light coupling
Electromagnetically induced transparency

1. Introduction

Over the past decades, intensive investigation of coherent pulse propagating through an ensemble of atomic media has led to
the discovery of a rich variety of novel phenomena. One of the most important effects is electromagnetically induced transparency
(EIT) [1-3], which transforms an initially opaque medium into transparent in the presence of a strong control field that introduces
quantum coherence between atomic states and leads to a modification of medium susceptibility [4-6]. Since its discovery, a
wide range of investigations have been carried out in an EIT-enabled atomic system, leading to the discovery of slow light
propagation [4,7,8] where the speed of weak pulse propagation can be reduced to the order of tens of meters per second in the
presence of a stronger control field. This demonstration of slow light in an EIT system paved the way for even wider discoveries of

* Corresponding author.
E-mail addresses: dharma.permana@ff.stud.vu.lt (D.P. Permana), mazena.mackoit-sinkeviciene@ff.vu.lt (M.M. Sinkevi¢iené), julius.ruseckas@bpti.eu
(J. Ruseckas), hamid.hamedi@tfai.vu.lt (H.R. Hamedi).

https://doi.org/10.1016/j.chaos.2026.118518
Received 28 March 2026; Received in revised form 8 May 2026; Accepted 9 May 2026

0960-0779/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.elsevier.com/locate/chaos
https://www.elsevier.com/locate/chaos
https://orcid.org/0009-0004-8862-0438
https://orcid.org/0000-0002-8531-9744
https://orcid.org/0000-0002-7151-6368
https://orcid.org/0000-0003-4370-4158
mailto:dharma.permana@ff.stud.vu.lt
mailto:mazena.mackoit-sinkeviciene@ff.vu.lt
mailto:julius.ruseckas@bpti.eu
mailto:hamid.hamedi@tfai.vu.lt
https://doi.org/10.1016/j.chaos.2026.118518
https://doi.org/10.1016/j.chaos.2026.118518

D.P. Permana et al. Chaos, Solitons and Fractals 209 (2026) 118518

intriguing phenomena such as enhancement of optical nonlinearities [9-11], stored light [2,12], and stationary light [13-15] with
promising applications in the storage of quantum information carried by lights inside an atomic medium.

Studies of light-matter interaction within EIT-enabled atomic media can be further expanded to a structured light regime
involving a special type of light carrying orbital angular momentum (OAM) known as the optical vortex [16-18]. This special
type of light beam is characterized by the possession of a helical phase term e/'¢, where the topological charge [ is related to its
discrete values of OAM /7, which can take any integer value of / [17,18]. The boundless values of the topological charge open up a
promising application for quantum information encoding in a higher dimension [19-22]. Moreover, the combination of the unique
properties of the vortex and its interaction with EIT-enabled atomic media has led to the discovery of intriguing phenomena such as
azimuthally modulated transparency [23] and the transfer of OAM in coherently prepared atomic media without control field [24],
and in the slow light regime with control field present [25,26], which offers a way to store the OAM properties of vortices within
the atomic media.

The potential of higher dimensional encoding offered by the OAM state of vortices can be enhanced further by a full vectorial
consideration of optical vortices with spatially varying polarization states [27]. This will allow one to access the spin angular
momentum (SAM) states of a photon, encoded in its polarization texture [28], thus increasing the dimensionality even further.
Furthermore, the interaction of optical vector vortices with EIT-enabled atomic media has led to the discovery of exotic phenomena
such as spatially dependent transparency [29,30], and the transfer of SAMs of photons that manifested as an evolving spatial
polarization structure [31-33]. However, the slow light propagation regime of vector vortices has yet to be explored in these studies.
Another crucial issue is that although spatially dependent transparency arises from the weak interaction of vector vortices with the
EIT medium, the beam still experiences strong absorption in the azimuthally non-transparent regions upon entering the medium.

In this work, we demonstrate the spatially dependent transparency and SAM exchange of vector vortices in the slow light
propagation regime. We studied an optical vector vortex constructed from a pair of vortex pulses carrying opposite vorticity and
orthogonal circular polarizations propagating in an ensemble of atomic media that was prepared in a superposition of two ground-
states (phaseonium) [34]. The interaction of this pair of vortex pulses couple the phaseonium to an excited state and formed a
coherently prepared A configuration [33]. Then a stronger control field is used to couple a third unoccupied ground state with
the excited state of the A system which transforms the configuration into a four-level tripod configuration. We derive the steady-
state solution for the atomic coherences of this tripod configuration by assuming that the vortex pairs intensity is weaker than the
control field. The analytical solutions of the atomic coherences, combined with the Maxwell-Bloch equations solved in the linear
regime under the neglect of diffraction, reveal the mapping of the vortex OAM onto the spatial distribution of atomic coherence.
This mapping leads to azimuthally dependent absorption with a 2|/|-fold degeneracy, reduced absorption, and a positive dispersion
slope, indicating a slow light propagation regime at resonance and complementary pairs of gain and loss with the same 2|/|-fold
degeneracy when the beam is small detuned from the resonance while still retaining a good performance of slow light propagation.
The spatially structured coherence also introduces an effective anisotropy into the medium, which is manifested as an evolving
polarization texture during beam propagation, where the final polarization state is determined from the choice of phaseonium
component population regardless of the beam’s initial polarization. Furthermore, increasing the strength of the control field allows
one to slow the dynamics of polarization evolution and further reduce the absorption. Overall, this configuration established a novel
interface for controlling the OAM and SAM dynamics of slow light vector vortices through atomic coherence and optical control.

2. Theoretical formulation
2.1. Light-matter coupling scheme

We analyze a structured weak vector vortex probe field constructed from the coherent superposition of two pulse pairs carrying
opposite orbital angular momentum (OAM) indices. The two modes correspond to right- and left-circularly polarized components.
At the entrance plane of the atomic ensemble (z = 0), the total electric field is written as

E(r.p.z =0) = Ex(r. §)eg + E; (r. p)E;. 1)

where Eg, denotes the electric field amplitude for the right (left) -handed component of the vortex pairs as a function of radial
position r and azimuthal angle ¢ in the transverse plane of the beam. For analytical tractability, both components are assumed to
follow Laguerre-Gaussian (LG) spatial modes of lowest radial index [32]. The corresponding Rabi frequencies can then be written
as

Qp(r,d,z = 0) = eg A(r)e'?, (2a)
Q;(r . z=0)=¢; A(r)e™?, (2b)

where Qp and ; are the corresponding Rabi frequencies of the right- and left-circular components, and are related to the electric
field via Qg = d, R(L) E r(Ly/h> with d, Ry representing the dipole moment of the atomic transition corresponding to the electric
field component ER( 1) [34]. The function A(r) represents the radial amplitude profile of the beam. For the lowest-radial-index
Laguerre-Gaussian mode, it takes the form

o2

r

A(r):(;) e, 3
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Fig. 1. Schematic representation of the four-level atomic system in a tripod configuration. The excited state |4) is coupled to the ground states
|1) and |2) by right- and left-circularly polarized probe fields with Rabi frequencies £, and £,, respectively, and to the ground state |3) by a
strong control field with Rabi frequency £,.

where w is the beam waist parameter. The weighting coefficients ez and ¢; determine the relative amplitudes of the two circular
components. They are parameterized as

e = ecos(a), (4a)
eg = €sin (a)e, (4b)

where a controls the power distribution between the left- and right-handed modes, y denotes their initial relative phase at the
medium entrance, and ¢ is an overall scaling factor.

The atomic medium is modeled as a four-level system comprising three ground states |1),|2), and |3), a single excited state |4).
The medium interacts weakly with the structured vector vortex probe field with an additional strong control field characterized by
the Rabi frequency . The control field Rabi frequency is defined as 2 = d. - E/h, where d, denotes the dipole moment of
the atomic transition corresponding to the electric field component E. [34]. The right-circularly polarized component of the probe
field couples the |1) — |4) transition, while the left-circularly polarized component drives the |2) — |4) transition. The control field
couples the |3) — |4) transition. Together, these couplings constitute a tripod configuration, as illustrated in Fig. 1.

The practical implementation of this light-matter coupling scheme can be realized, for instance, in a system of ’Rb atomic
vapors, where each of the bare-states involved in the configuration can be represented by the atom’s Zeeman sub-levels [12].
For instance, the coherently prepared ground-states |1) and |2) can be represented by the states |5S, o F=1m= -1) and

581, F=1m= +1>, while the third unoccupied ground-state |3) can be represented by ‘SSI o F=2m= 11) and the excited
state |4) is represented by ‘5P3 s F=1m= 0). The OAM-less control field can either have the right- or left-handed circular
polarization to couple the ‘SS]/Z,F =2 m= +1> or ‘SS]/z,F =2 m= —1> with the excited state ‘5P3/2,F =1,m= 0) according
to dipole selection rules. To prepare the phaseonium state |1) and |2), an optical pumping can be implemented experimentally
to induce the ‘SSI o F=1m= 0) — ‘5P3 2 F=0,m= 0) transition. From the electric dipole selection rules and Clebsh-Gordan
symmetry of F = 0 - F = 1 decay rates, the )5P3 s F=0,m= 0) population will decays equally to m = —1,0,1 in the F = 1
manifold, thus effectively emptying |5S1 o F=1m= 0) and creating a dark-state from the superposition of |SSI s F=1m= il)
in this manifold [35]. Moreover, all the vortex pairs and control field can be adjusted to propagate in the same direction to eliminate
the Doppler effect, which degrades the EIT-related phenomena particularly in the Doppler-broadened medium [36,37].

Under the electric-dipole and rotating-wave approximations (RWA), the total Hamiltonian describing the atom-field interaction
can be written as

H=H,+H,, (5a)
4

Hy =Y hoj 1) (I, (5b)
j=1

Hy = hQhe™™ |4) (1] + h2; e |4) (2| + hQLe™'“¢" |4) 3| + Hec., (5¢)

where w denotes the common carrier frequency of the right- and left-circularly polarized probe components, whereas . represents
the carrier frequency of the control field. The term H,, corresponds to the unperturbed atomic Hamiltonian written in the bare-state
basis, with eigenvalues ho; (j = 1,2,3,4). The operator H; describes the interaction between the atomic dipole moment and the
applied optical fields within the electric-dipole approximation.
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In a rotating frame defined by the unitary transformation
W= @O 1) (1] + @7 2) (2] + €/ @470 |3) (3] + €4 |4) (4], (6)

and under the rotating-wave approximation, the total Hamiltonian takes the form

H = na‘)a—"l’wT +WHW'. %)

Applying this transformation yields
H' = —nay [1) (1] = hdy [2) (2] = Rd¢ |3) (3] + hp (1) (4] + 72, [2) (4] + Qe 3) (4] + Hoc., ®

where the detunings of the optical fields are defined as

AI = Wy — ; Wy = Wy — W1, (93)
Ay =y — w; Wy = Wy — 0, (9b)
Ac = a3 = ac; g3 = 0y = @3. (99

2.2. Master equations

The dynamics of the atomic system are described by the evolution of the density matrix p according to the Liouville-von Neumann
equation

p=—3 H.pl- Lp. (10)

The term Lp represents relaxation processes, including both population decay and decoherence of the atomic coherences. In the
present system, we consider two types of relaxation: radiative decay via spontaneous emission from the excited state, and non-
radiative decoherence due to collisions among the ground states [30]. Accordingly, the total relaxation operator is expressed as

Lp=L.p+L,p, (11)

with the radiative relaxation term
3\ v
Lop= 2,5 () @lo =10 Gl paa + 2 14) 41), (12)
j=1

and the non-radiative relaxation term

3003
L= X 2 Ule=210lpy+ o 1D ). (3)
j=1 j#i=1
Spontaneous emission induces relaxation from the excited state |4) to the ground states |j), with decay rates y,; (j = 1,2,3), while
collisions among the ground states lead to dephasing of the coherences p;; (i, j = 1,2,3) at a rate y,,. Substituting the time-independent
Hamiltonian from Eq. (8) together with the relaxation terms defined in Egs. (11)—(13) into the master equation Eq. (10) yields the
following set of optical Bloch equations:

P11 =i QP14 — Lrpar) + Va1 Paa + va(poa + 033 — 2011, (14a)
P =HQ] pog = Rppg) + Varpas + Ya(p1y + 33 = 2p2)s (14b)
P33 =i(Q0p34 — Lcpyz) + VasPas + Ya(P11 + P22 — 2p33), (14¢)
P12 =i(p12(4) — ) + Q27 pra — Lrpay) = 27412 (14d)
P13 =i(p13(4; = AQ) + QFp1s — Qrpaz) = 2¥4P13 (14e)
Pra =i(Qrp11 + Q2pp12 + 2cpiz + A1p14) = iQpP4s — Tp1g = V4P1as (146
P23 =i(pa3(dy — Ac) + Q¢ pos — 21 paz) — 274235 (14g)
Pog =i(Qrpy1 + Loy + Lcprz + Aypry) = 121 p4g — T'pry = V4P24 (14h)
P34 =i(Qrp31 + Q233 + 2cp3z + Acpss) = iLcpsq — T'p3g = VaP34s (14D)
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where I = %172%43 The remaining optical Bloch equations follow directly from the population conservation condition Z 1
and the Hermitian property of the density matrix p;; = =p

We assume that the atomic ensemble is initially prepared in a coherent superposition of the ground states |1) and |2) commonly
referred to as a phaseonium state. The initial state of the atoms, prior to interaction with the vortex probe fields and the control

field, is expressed as

j=1Pjj =

[w(0)) = cos (6) 1) +sin (0) |2) . (15)

where 6 is a tunable angle that determines the relative population distribution between |1) and |2). We assume that both vortex
components interact weakly with the medium, such that |Q3], [22; | < |£2¢|. Under these conditions, the steady-state coherences can
be obtained using a perturbative expansion in the weak probe fields

( (3)

Pij p0)+p(])+p(2)+p + - (16)

where p(") denotes the nth order contribution in the probe fields. In the linear propagation regime, terms of second order and
higher can be neglected. The zeroth-order term p ) is determined by the initial atomic state preparation given in Eq. (15) and the

assumption of weak atom-field interaction. In thls limit, the excited state remains essentially unpopulated, yielding

A= A0 w0 aze
p( ) x cos? ), (17b)
p(zo) ~ sin? 0), (17¢)
A% = )~ sin (6) cos (6), a7d)

while all remaining zeroth-order coherences p(o) vanish.

The first-order coherence terms p(l) and p(l) in the steady-state regime can be obtained by setting p;; ~ 0 in Eq. (14) and solving
the resulting algebraic equations in Eqs (14)- (1 6) using the zeroth-order elements from Eq. (17). The first-order off-diagonal density
matrix elements p(l) and p(zt:, which determine the linear susceptibility of the medium for the right- and left-handed components of

the vortex field, are given by

a _ .QR cos2 (9) + £, sin () cos (0)

= 18
AT +i(T +7,) e
L= A —Ac+2iyy Ya
p(l) .QR sin (@) cos () + 2, sin? (6‘) (18b)
24
12c?
2~ G HHT T

A _

with p(l) (p 4l>)* and 1291 (p(l))* It should be noted that the first-order solutions in Eq. (18) are valid only under the condition

| p(l)l | p(l)l < 1. When both probe components interact strongly with the atomic medium, the populations of the ground states p;
and 2 evolve significantly during propagation, and the full time dependence of all density matrix elements must be taken into
account. In the weak-probe limit, the excited-state population p,, does not contribute at first order; it appears only in higher-order
perturbative terms (second order or above) relevant to the nonlinear propagation regime. These higher-order contributions to ps,
induce optical pumping from the ground states |1) and |2), leading to a depletion of the initially prepared coherent superposition
given in Eq. (15), as the excited-state population can decay incoherently.

2.3. Field propagation equations
The propagation of a structured optical field through a tripod atomic medium can be described by coupled Maxwell-Bloch

equations for the right- and left-circularly polarized components of the field. Under the slowly varying envelope and paraxial
approximations, the evolution of the Rabi frequencies 2 and 2; is governed by [26]

02y _, 00,
52 T o =T (19a)
02, _, 00,
? +c 17 = tCFp24, (lgb)
where ¢ = ”N —, with ¢ the speed of light in vacuum, N the atomic number density. The parameter I is related to the radiative

decay rates of the spontaneous emission y = y;; = y4 = 43, Which is assumed to be equal for the transitions from the excited
state |4) to each ground-states |1),]2),|3). This will give the relation between the radiative decay rates y with the parameter I
contained in Egs. (14a)-(14i) to be I' = %y. The transverse derivatives corresponding to diffraction effects have been neglected in
Eq. (19) [24,26,32,33].

To simplify the analysis, we assume that the two vortex fields have equal detuning, 4, = 4, = A. Under this assumption, and by
combining Eq. (18) and (19) in the steady-state regime, the evolution of the vortex fields can be expressed as

oz _QL] _K[ ] (20)
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where K is a matrix defined by

cos? (0) sin (@) cos (0)

=Qldn@cos®  sin2@® |’ (21)
with ¢ satisfying
1
0=tr—— : @22)
c .
A= Taeray i +7D)

which depends on the atomic parameters ¢, the two-photon detuning 4, the control field detuning 4., the radiative decay rate I"
and non-radiative dephasing rate y,.

The solution of Egs. (20)-(22) depends on the initial conditions at the entrance of the medium z = 0, denoted by Q(0) = Q¢
and Q;(0) = 2; . The corresponding solutions for the Rabi frequencies Qz(z) and £, (z) along the propagation direction are then

given by
Qp(2) =g (sin? (8) + cos? (9)e"%%) + Q¢ sin(B) cos (9) (e79* - 1), (23a)
Q) (2) =Qp sin (8) cos (0) (e79= — 1) + 2, ¢ (cos? (8) + sin? ()e™97) , (23b)

where Qz, and 2, , are determined according to the definitions in Egs. (2)-(4).

The evolution of the right-handed component £24(z) and the left-handed component £, (z) at any position z inside the atomic
medium can be analyzed using Eq. (23). This equation demonstrates that the initially prepared right- and left-handed vortex
components at the medium entrance z = 0 are mutually coupled through their interaction with the tripod atomic ensemble, resulting
in a propagation behavior distinct from free-space evolution. In general, both 24(z) and @, (z) experience attenuation upon entering
the medium due to the imaginary part of Q defined in Eq. (22). The detailed effects of this attenuation and absorption will be
discussed in Section 3.1. Furthermore, in the case where only one component is initially present at z = 0, Eq. (23) reduces to a
special case of slow-light vortex transfer, as demonstrated in [26], highlighting the generality of this solution.

2.4. Polarization-dependent susceptibilities

The linear susceptibility of the medium for the right- and left-circularly polarized components can be expressed as [3]:

W _ _27[NI"C3 (1)

> 24a

R “’3-QR P1a ( )
ay _ _271'NFC3 (1) 24b
%9 o, T (24b)

By substituting the first-order coherence terms from Eq. (18) under the assumption of equal detuning for both components, the
susceptibilities can be rewritten as

2 Qp
W _ 2¢er cos~ (0) + o sin (@) cos (0)

: @ 4o 9Py @5
A-Ac+2iyy Ya)

}él) _ 2er g—’z sin (0) cos () + sin’ (6) ’ (25b)
SO P -7 ) AP

T A—Ac+2irg
where Qp ;) are taken from the propagation solution in Eq. (23). In general, Eq. (25) shows that the medium’s susceptibility differs
for the two polarization components, and is controlled by the initial atomic coherence angle 6, as well as the topological charge / of

the vortex, appearing in the phase-dependent terms ER(“ ~ exp(+2il¢). This phase-dependent anisotropy affects both the polarization
L(R

state and the intensity profile of the beam during propagation, as will be discussed in detail in Sections 3.1 and 3.2.
3. Propagation of structured light
3.1. Absorption and dispersion characteristics

We first examine the absorption and dispersion characteristics of the right- and left-circularly polarized beam components. The
absorption is determined by the imaginary part of the susceptibility Im[ ;(ﬁ()L)], while the dispersion is governed by the real part,
Re[ ;(g()L)] as given in Eq. (25). We assume that the non-radiative dephasing rate y, is much smaller than the radiative decay rate I
with y, ~ 1073I", which is a reasonable approximation for cold atomic systems [30,38].

For simplicity, we consider the symmetric case in which the two ground states |1) and |2) are equally populated by setting the
coherence tuning angle to # = x/4. We further assume that, at the entrance of the medium (z = 0), the right- and left-circularly
polarized components possess equal amplitudes and no relative phase difference. This condition is imposed by choosing a = z/4
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Fig. 2. Absorption (Im[y"]) (a)-(b) and dispersion (Re[y"]) (c)-(f) profiles for the right- and left-handed components of the vector vortex
beam with topological charge |/| = 1 at z = 0. Panels (a) and (b) show the imaginary part of the susceptibilities evaluated at r = w as functions of
azimuthal angle ¢ and detuning A/I" for the right- and left-handed components, respectively. Panels (c) and (e) present the corresponding real

parts. Panels (d) and (f) display the one-dimensional dispersion profiles, Re[)(;”] and Re[ ;(2”], plotted versus A/I for selected azimuthal angles

¢=0,7/4,7/2,3x/4. In (d) and (f), vertical dashed lines indicate resonance (4/I" = 0), while horizontal dashed lines denote Re[ ;(;zl()L)] = 0. The

parameters used are y, = 10T, |Qc| =T, 0 = n/4, a = n/4, and y = 0. All plots are normalized to %‘C I'. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

and y = 0 in Eq. (4). Under these assumptions, the initial field amplitudes satisfy |Q2g| = [2, 0| = |Qo| = €A(r), where A(r) is
defined in Eq. (3). With these symmetric initial conditions, the propagation solutions given in Eq. (23) simplify to

Qp(z) = A(r) (e79% cos (Ip) + i sin (i) , (26a)
Q(2) =€ A(r) (e7'%% cos (I¢p) — i sin (Ih) ) . (26b)

Under the same conditions, the susceptibilities in Eq. (25) reduce to

1 _ 2¢ e 10z
=L0—°< 27a
R = 59 50 ftan ) (272)
m_ 2 g0z (27b)

L o~ emi07 —jtan ()
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It can be seen from Egs. (27a) and (27b) that the susceptibilities, and consequently the absorption and dispersion characteristics,
are polarization dependent. This implies that the different components of the optical vector vortex beam experience distinct
attenuation and group delay during propagation inside the atomic medium. The origin of this behavior lies in the coherent
superposition of |1) and |2) defined in Eq. (15), which induces an effective anisotropy in the medium, even in the absence of the
control field. When the control field is absent, azimuthally dependent transparency windows emerge at resonance 4 = 0 with a 2|/|
degeneracy as shown recently in [33]. In contrast, when a non-zero control field is introduced, a uniform transparency window forms
around 4 = 0, allowing the entire transverse profile of the beam to propagate without absorption. In this case, the dispersion exhibits
a positive slope in the vicinity of resonance, leading to slow-light propagation of the vector vortex beam, as will be demonstrated
later.

To illustrate the absorption and dispersion behavior in the presence of the control field, we assume that the control field is
resonant with the |1) — [4) transition, i.e., A- = 0. Under this condition, the absorption and dispersion properties are primarily
governed by the two-photon detuning A. Fig. 2 presents the susceptibility characteristics of the vector vortex beam with |/| = 1
at the entrance of the medium z = 0. Panels (a) and (b) depict the absorption profiles of the right- and left-handed components,
respectively. The corresponding dispersion behavior is shown in panels (¢) and (d) for the right-handed component, and in panels
(e) and (f) for the left-handed component. The control field amplitude is fixed at |2.| = I'. All quantities are normalized by 2—;@ T,
ensuring that the results can be readily extended to different cold atomic gas media. It can be observed from all subfigures in Fig. 2
that both the absorption and dispersion exhibit a pronounced phase dependence, as their profiles vary with the azimuthal angle ¢.
This phase-dependent behavior originates from the ¢~%/¢ term appearing in the susceptibility of the right-handed component and
the ¢*?¢ term in that of the left-handed component. Consequently, the absorption and dispersion of both polarization components
vary periodically with ¢, with a periodicity of =. For example, in the case |/| = | shown in Fig. 2, the periodicity reduces to z. This
can be clearly seen in subplots (a)-(d), where the absorption and dispersion profiles of both the right- and left-handed components
repeat for successive increments of ¢ = 7.

The imaginary parts of ;(;{1) and ;(;') exhibit a rich structure consisting of absorption, transparency, and gain regions. From
subfigures (a) and (b) in Fig. 2, it can be seen that near resonance (4/I" = 0), both the right- and left-handed components experience
EIT (indicated by the blue color corresponding to Im[ ;(;;()L)] = 0). This transparency extends across the entire azimuthal plane. Away
from exact resonance, however, the response becomes azimuthally modulated. Two absorption maxima emerge around (4| = T,
shown in red and corresponding to Im[ ;(;;()L)] > 0, indicating enhanced attenuation at specific angular positions. In addition, small

gain regions are observed, represented by darker blue areas where Im[ ;(g )L)] <0.

On the other hand, the dispersion profiles of the right-handed (Fig. 2(c)) and left-handed (Fig. 2(e)) components show that, in the
vicinity of resonance |4| < 0.5T, the real part of the susceptibility transitions from negative to positive as the detuning increases. This
behavior corresponds to a positive slope of dispersion near 4 = 0. A positive dispersion slope implies a positive group index, leading
to subluminal (slow-light) propagation [3]. This feature becomes more evident in the one-dimensional dispersion profiles shown
in Fig. 2(d) for Re[ ;(g)] and Fig. 2(f) for Re[ ;((L”], where specific azimuthal angles are selected. These plots confirm that, for most
values of ¢, both circular polarization components exhibit a positive dispersion slope at resonance (indicated by the vertical dashed
lines at 4/I" = 0), demonstrating that slow-light propagation dominates across the transverse plane. Exceptions occur at ¢p = 7 /2
and ¢ = 37 /2, where the slope of the dispersion vanishes, corresponding to a zero group index at those specific angular positions.
Nevertheless, apart from these isolated angles, the vector vortex beam propagates predominantly in the slow-light regime due to the
presence of the control field, which establishes the EIT window. This reduced group-velocity behavior is absent in previous studies of
vector vortices in EIT systems without a sufficiently strong control field [29,30,32,33]. The ability to sustain slow-light propagation
in the structured beam therefore represents an important feature for investigating vector vortex dynamics in the subluminal regime.

Fig. 3(a) illustrates the evolution of the absorption profiles of the right- and left-handed components for |/| = 1, together with
the corresponding total intensity distribution in the transverse plane, at different normalized propagation distances ¢z under exact
two-photon resonance 4 = 0. The first and second rows display the absorption patterns of the right- and left-handed components,
respectively, while the third row shows the evolution of the total intensity. For |/| = 1, two azimuthal transparency windows
are formed, appearing as dark regions corresponding to Im[ }(;;()L)] = 0. At the same time, two complementary regions of non-zero
absorption (bright areas) are present, although with reduced magnitude compared to the no-control-field case [33]. This indicates
that the 2|/|-fold degeneracy remains preserved in the presence of the control field, but with suppressed absorption strength. As
a consequence, the transformation of the beam profile from an initial ring-shaped intensity distribution into a petal-like structure
occurs more gradually, requiring a longer propagation distance for the petals to fully develop, as observed in the last row.

Fig. 3(b) shows the corresponding evolution under slight detuning (4 = 0.1I'). In this regime, the right- and left-handed
components exhibit complementary spatial patterns of amplification and absorption. In the first row, corresponding to the right-
handed component, two amplification windows appear for |/| = 1, shown as dark regions where Im[ ;(;;)] < 0. These amplification
regions spatially coincide with absorption windows of the left-handed component (second row), where Im[ ;((Ll)] > 0, and vice
versa. This complementary gain-loss behavior originates from the structure of the susceptibilities in Eq. (25). The right-handed
susceptibility contains the ratio £, /Qp, producing the phase factor exp (—2il¢), whereas the left-handed susceptibility contains
Qpr/82;, yielding exp (2il¢). These azimuthal phase terms exp (+2il¢) generate spatially dependent gain and loss for non-zero OAM
charge /, with opposite rotational symmetry for the two polarization components. Despite the opposite local gain-loss dynamics,
the total intensity of the beam still evolves from a ring into a petal-like structure. However, each polarization component undergoes
a dynamic propagation process in which the gain-loss regions rotate and change in size. This evolving spatial imbalance leads to a
continuously varying local polarization state, which will be analyzed in the next section.
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Fig. 3. Evolution of the transverse absorption profiles of the right- and left-handed components, together with the total intensity distribution,
at different normalized propagation distances ¢z for |/| = 1. The first row shows the absorption of the right-handed component, the second row
shows the absorption of the left-handed component, and the third row shows the combined total intensity of both components. (a) Two-photon
resonance 4 = 0. (b) Slight detuning from resonance with 4 = 0.1I". All other parameters are the same as in Fig. 2.

3.2. Polarization dynamics of slow-light vector vortices

In this section, we analyze in detail the polarization evolution of slow-light vector vortices as they propagate inside the tripod
atomic medium. The total electric field at an arbitrary propagation distance z is expressed as the superposition of its circular
polarization components, E(r,¢,2) = Eg(z)ég + E;(2)é;, where Eg(z) and E;(z) are obtained from the solutions in Eq. (23). The
relation between the Rabi frequencies and the corresponding electric field amplitudes is given by Qg = d-E R(z)/h. Assuming
equal dipole moments for the right- and left-handed transitions (dx = d; = d), the field amplitudes follow directly from the Rabi
solutions. Explicitly, the circular components of the optical vector vortex can be written as

Er(z) =Esin (a)e' A(r)e® (sin? (0) + cos? (0)e ™) + &cos (@) A(r)e™"? sin () cos (0) (e 75 — 1), (28a)

E, (z) =€ sin (a)e'¥ A(r)e"? sin (6) cos (0) (e 7% — 1) + & cos (@) A(r)e™'? (cos? (0) + sin? (9)e ™) , (28b)

where A(r) is defined in Eq. (3), and ¢ is a scaling factor related to the Rabi amplitude ¢ through & = fe/d. By tuning the parameters
a and 0, the input polarization structure and the initial atomic population distribution can be independently controlled, shaping the
subsequent polarization evolution.

To quantify the polarization structure of the vector vortex beam across its transverse plane during propagation, we use the Stokes
parameters defined in the circular polarization basis [39]

So = |Egl® +|ELI%, (29a)
S| =2Re(EREy), (29b)
S, =2Im(E4E}), (29¢)
Sy = |Egl® = |EL | (294d)

These parameters allow us to determine the polarization state and texture at each point in the beam. Specifically, the ellipticity is
given by k = %sin_l %), and the orientation angle is ¢ = %tan‘1 (%). The orientation angle ¢ describes the local rotation of the
0 1

polarization ellipse, such that after propagating a distance ¢z, the ellipse rotates by A¢ = £(¢{z) — £(0). Meanwhile, the ellipticity «
classifies the local polarization state: linear polarization for x = 0, circular polarization for k = +x /4, and elliptical polarization
when 0 < |«| < 7 /4.

We first consider the resonant case with 4 = 0, choosing the amplitude tuning angle of the input beam as a = /8, so that the
initial polarization is dominated by the left-handed circular component. The control field is present with a strength of |2,| =T,
ensuring slow-light propagation of the vector vortex beam. Fig. 4(a) corresponds to the situation where the atomic population is
set to 0 = = /4, meaning both ground states |1) and |2) are equally populated before interacting with the vortex components and
the control field. At the medium entrance ¢z = 0, three distinct polarization textures are observed depending on the relative phase
y; radial (y = 0), spiral w = z/2, and azimuthal y = #, all with a ring-shaped intensity profile corresponding to the topological
charge |/| = 1. As the beam propagates through the medium, the intensity profile gradually evolves from a ring into a two-lobed
petal pattern, with the rotation angle of the lobes determined by the relative phase y. Interestingly, once the petal structure is fully
formed and the evolution reaches a quasi-stationary state, the polarization textures convert from the initial left-handed circular
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Fig. 4. Intensity profile and polarization state evolution in the transverse plane of the vector vortex with |/| = 1 and relative amplitude a = 7 /8,
such that the initial polarization state at the medium entrance is dominated by the left-handed circular polarization (|E.(0)| > |Eg(0)]). The
transverse coordinates (x, y) are normalized to the beam waist w, with the propagation distance expressed as the dimensionless parameter ¢z.
The vector vortex beam is in two-photon resonance with detuning 4 = 0, while the other parameters are y, = 1073I" and |2.| = I'. Darker rings
or lobes correspond to higher intensity regions. The red and blue ellipses denote the left- and right-circular polarization states, respectlively,
while yellow lines indicate the linear polarization state. (a) The initial phaseonium state is fixed at & = z/4; the first, second, and third rows
correspond to relative phases y = 0,7 /2, z, respectively. (b) The relative phase is fixed at y = 0; the first, second, and third rows correspond to
initial phaseonium state 6 = z, 7 /4,37 /8, respectively. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 5. Intensity profile and polarization state evolution (a), and ellipticity distribution (b) of the vector vortex with |/| = I and relative amplitude
a = r/8, such that the initial polarization state at the medium entrance is dominated by the left-handed circular polarization (| E; (0)| > |ER(0)]).
The propagation distance is expressed as the dimensionless parameter ¢z. The relative phase is fixed at y = 0, while the other parameters are
vs = 107°T and |Qc| = I'. (a) The detuning is fixed at 4 = 0.1T; the first, second, and third rows correspond to initial phaseonium states
0 = n/4,7/8,37/8, respectively. Darker rings or lobes correspond to higher intensity regions. The red and blue ellipses denote the left- and
right-handed circular polarization states, respectively, while yellow lines indicate linear polarization states. (b) The initial phaseonium state is
fixed at 6 = n/4; the plot shows the average ellipticity corresponding to linear, left- and right-handed circular polarization states, denoted by
white, dark red, and dark blue colors, respectively, at different propagation distances ¢z and detuning values A/I". (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

polarization (red ellipses) to linear polarization states (yellow lines). This transformation occurs for all values of y, indicating that
the transition from circular to linear polarization is largely independent of the initial relative phase.

In Fig. 4(b), we select y = 0, while the initial atomic population is varied through the tuning angle 6. The first row corresponds
to @ = = /4, representing equally populated ground states |1) and |2). The second row corresponds to 6 = = /8, where |1) is initially
more populated than |2), and the third row corresponds to 6 = 3z /8, where |1) is initially less populated than |2). As the slow-light
vector vortex propagates, the intensity profile gradually transforms from a ring into a petal structure. Since the relative phase y
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Fig. 6. Intensity profile and polarization state evolution (a), and ellipticity distribution (b) of the vector vortex with |/| = I and relative amplitude
a = = /8, such that the initial polarization state at the medium entrance is dominated by the left handed circular polarization (| E, (0)| > | EL(0)]).
The propagation distance is expressed as the dimensionless parameter ¢z. The relative phase is fixed at w = 0 while the other parameters are
vqs = 10737 and |Q.| = 5T. (a) The detuning is fixed at 4 = 0.1T; the first, second, and third rows correspond to initial phaseonium states
0 = n/4,n/8,3%/8, respectively. Darker rings or lobes correspond to higher intensity regions. The red and blue ellipses denote the left- and
right-handed circular polarization states, respectively, while yellow lines indicate linear polarization states. (b) The initial phaseonium state is
fixed at 0 = n/4; the plot shows the average ellipticity corresponding to linear, left- and right-handed circular polarization states, denoted by
white, dark red, and dark blue colors, respectively, at different propagation distances {z and detuning values 4/I". (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

is kept constant, no rotation of the lobes is observed for any of the cases. Notably, the stationary polarization states at the end of
propagation depend solely on the initial population distribution: for § = z /4, the beam reaches a linear polarization state (yellow
lines); for 6 = z/8, it retains left-handed circular polarization (red ellipses); and for § = 37/8, it evolves into right-handed circular
polarization (blue ellipses) for very large propagating distances. These results demonstrate that the final polarization textures of
slow-light vector vortices can be directly controlled through the initial superposition population.

Next in Fig. 5(a), we introduce a small detuning from resonance, setting A4 = 0.1I", while keeping the control field strength |Q.|
and other parameters the same as in Fig. 4(b). In this near-resonant regime, the beam no longer experiences perfect EIT, and the
dramatic suppression of absorption at 4 = 0 is slightly reduced. Nevertheless, the system still exhibits minimal absorption and a
positive slope of dispersion, as illustrated in the subplot of Fig. 2, ensuring effective slow-light propagation of the vector vortex
beam. The small detuning introduces oscillatory behavior in the polarization states at intermediate propagation distances, before
the stationary state is reached. During this stage, the intensity profile is not yet fully transformed into lobes, as observed at ¢z = 100
and ¢z = 500. These oscillations arise from the spatially dependent, complementary gain-loss relationship between the right- and
left-handed components, as described in Fig. 3(b). As propagation continues, the gain-loss patterns evolve dynamically, rotating in
opposite directions for the two components and varying in size. This dynamic evolution leads to continuous transitions of the local
polarization state in the transverse plane, cycling between left-handed circular, linear, and right-handed circular polarizations at
different azimuthal angles. Notably, a complete conversion from left- to right-handed circular polarization can occur at intermediate
propagation distances while the ring-shaped intensity profile remains largely preserved, as seen for 6 = x/4 at {z = 100, and at very
large propagation distances, {z = 2000, for 6 = 37/8, when the intensity has transformed into lobes. This behavior demonstrates
that slow-light vector vortices maintain robust polarization dynamics even under small detuning from resonance.

To illustrate the continuous and periodic transitions of the polarization states before the system reaches a stationary regime, we
plot the average ellipticity across the beam cross section for regions with non-zero intensity, at different normalized propagation
distances ¢z and detuning values A/I'. The results are shown in Fig. 5(b) for § = z/4, where left- and right-handed circular
polarizations are indicated in red and blue, respectively, and linear polarization is shown in white to provide clear contrast among
the three distinct polarization states. From ¢z = 0 to {z = 600, the polarization periodically transitions from left-handed circular
to linear and then to right-handed circular for non-zero detuning 4/I" # 0. At longer propagation distances, the system reaches a
stationary regime in which the polarization remains linear due to the chosen atomic population parameter # = z/4. The colormap
also shows that for larger detuning from resonance, the distance required to reach the stationary state decreases, reflecting stronger
medium losses that transform the ring-shaped intensity profile into lobes more quickly, with symmetric behavior for positive and
negative detunings.

The evolution of the ellipticity shown in Fig. 5(b) directly characterizes the spin-angular-momentum dynamics of the optical
field, since the ellipticity is related to the third Stokes parameter S5, which quantifies the local degree of circular polarization. The
observed sign reversal of the ellipticity during propagation therefore indicates a reversal of the local spin angular momentum of the
beam. Simultaneously, the emergence of petal-like intensity structures in Fig. 5(a) originates from the interference between different
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OAM components. This behavior reflects a spatial redistribution of the OAM density during propagation and highlights the coupled
evolution of the spin and orbital angular momentum degrees of freedom in the system.

In Fig. 6(a), we introduce a stronger control field with || = 5I', while all other parameters are the same as in Fig. 5(a). The
stronger control field significantly reduces the total absorption in the system, which slows down the evolution of both the beam’s
intensity profile and its polarization states. As a result, the propagation distance required to reach the stationary state is increased
by roughly an order of magnitude compared to the small-detuning, weaker control field case shown in Fig. 5(a). Fig. 6(b) presents
the average ellipticity across the beam cross section at different normalized propagation distances ¢z and detuning values 4/T", for
the atomic parameter § = z /4. For non-zero detuning, the beam remains in nearly constant circular polarization states over a longer
propagation distance before transitioning periodically into linear and opposite circular polarization states. This behavior contrasts
with the faster oscillations observed for the weaker control field in Fig. 5(b). Such a scenario may be advantageous experimentally, as
the medium length can be chosen so that polarization flipping occurs at an intermediate propagation distance, where the ring-shaped
intensity profile is largely preserved, thereby maintaining the information encoded in the beam’s intensity.

4. Concluding remark

In conclusion, we have investigated the propagation of slow-light optical vector vortices in a four-level tripod atomic system.
By preparing the medium in a coherent superposition of two ground states and coupling the remaining ground state to the excited
state with a strong control field, we demonstrated the emergence of phase-dependent transparency (or gain-loss pairs) with 2|/|-
fold degeneracy and tunable spin—orbit coupling, manifested as polarization evolution during propagation. Analytical solutions of
the linear Maxwell-Bloch equations under the paraxial and slowly varying envelope approximations show that the strong control
field enables slow-light propagation of the vector vortex with reduced absorption. We further analyzed the role of the atomic
population, which determines the final polarization state once the beam reaches a stationary regime. In this regime, the initially
ring-shaped intensity profile transforms into a petal-like structure with 2|/| lobes, reflecting the phase-dependent transparency (or
gain-loss pairs), largely independent of the initial vector vortex parameters. At intermediate propagation distances, while the ring-
shaped intensity is still partially preserved, small detunings induce periodic oscillations of the polarization state. The rate of these
oscillations can be controlled by the strength of the control field, enabling complete polarization flipping at intermediate distances
without destroying the ring-shaped intensity. These results demonstrate the feasibility of controlling both the orbital and spin angular
momentum properties of slow-light vector vortices in atomic media, offering potential applications in high-dimensional quantum
communication and information processing.

To provide insight into the experimental realization of the present study, a scheme similar to that implemented for a cold
87Rb atomic system in Ref. [29] may be employed. Specifically, the optical frequency corresponding to the D2 transition line,
® = 27 X 384 THz, can be used as the optical frequency of the vortex-pair fields driving the transitions from the ground states |1)
and |2) to the excited state |4). The corresponding atomic decay rate is taken as y = 2z X 6 MHz. The cold atomic ensemble
may be prepared in a dynamic spontaneous-force optical trap (SPOT) [40], where atomic densities of N = 2 x 10'! ¢cm™ are
experimentally achievable [29]. Since the detunings and the control-field Rabi amplitude are normalized by the parameter I',
which is related to the atomic decay rate through I' = %y, the corresponding value of ¢ is estimated to be ¢ = 9.587 x 10* m~!.
Therefore, the normalized propagation distance ¢z = 100 in the small-detuning regime corresponds to a physical propagation length
of approximately z = 1.043 mm. Finally, the vortex pairs composed of superpositions of right- and left-handed circularly polarized
components carrying opposite OAM charges +/ and —/ may be generated by passing a linearly polarized Gaussian beam through an
electrically tunable g-plate [41,42].

CRediT authorship contribution statement

Dharma P. Permana: Writing — review & editing, Writing — original draft, Validation, Software, Investigation, Formal analysis.
Mazena Mackoit Sinkevi¢iené: Writing — review & editing, Funding acquisition, Formal analysis. Julius Ruseckas: Writing —
review & editing, Supervision, Investigation, Conceptualization. Hamid R. Hamedi: Writing — review & editing, Supervision,
Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This project has received funding from the Research Council of Lithuania (LMTLT), agreement No. S-ITP-24-6. D.P.P. gratefully
acknowledges Dr. Viaceslav KudriaSov for the technical help on simulation of vortices, and gratefully acknowledges the support
of the Erasmus+: Erasmus Mundus programme of the European Union under Convention n° 101128124 — EUROPHOTONICS —
ERASMUS-EDU-2023-PEX-EMJMMOB.

12



D.P. Permana et al. Chaos, Solitons and Fractals 209 (2026) 118518

Data availability

Data will be made available on request.

References

[1]
[2]
[3]
[4]
[5]
[6]
[71
[8]
[91
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]

[23]

[24]
[25]

[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

[41]
[42]

Boller K-J, Imamoglu A, Harris SE. Observation of electromagnetically induced transparency. Phys Rev Lett 1991;66:2593.

Fleischhauer M, Lukin MD. Dark-state polaritons in electromagnetically induced transparency. Phys Rev Lett 2000;84:5094.

Fleischhauer M, Imamoglu A, Marangos JP. Electromagnetically induced transparency: Optics in coherent media. Rev Modern Phys 2005;77:633.
Paspalakis E, Knight PL. Electromagnetically induced transparency and controlled group velocity in a multilevel system. Phys Rev A 2002;66:015802.
Lukin MD, Imamoglu A. Controlling photons using electromagnetically induced transparency. Nature 2001;413:273.

Finkelstein R, Bali S, Firstenberg O, Novikova I. A practical guide to electromagnetically induced transparency in atomic vapor. New J Phys 2023;25:035001.
Hau LV, Harris SE, Dutton Z, Behroozi CH. Light speed reduction to 17 metres per second in an ultracold atomic gas. Nature 1999;397:594.

Juzeliiinas G, Ohberg P. Slow light in degenerate fermi gases. Phys Rev Lett 2004;93:033602.

Wang H, Goorskey D, Xiao M. Enhanced kerr nonlinearity via atomic coherence in a three-level atomic system. Phys Rev Lett 2001;87:073601.

Niu Y, Gong S. Enhancing kerr nonlinearity via spontaneously generated coherence. Phys Rev A 2006;73:053811.

Hamedi HR, Juzelitinas G. Phase-sensitive kerr nonlinearity for closed-loop quantum systems. Phys Rev A 2015;91:053823.

Phillips DF, Fleischhauer A, Mair A, Walsworth RL, Lukin MD. Storage of light in atomic vapor. Phys Rev Lett 2001;86:783.

Otterbach J, Ruseckas J, Unanyan RG, Juzeliinas G, Fleischhauer M. Effective magnetic fields for stationary light. Phys Rev Lett 2010;104:033903.
Peters T, Chen Y-H, Wang J-S, Lin Y-W, Yu IA. Observation of phase variation within stationary light pulses inside a cold atomic medium. Opt Lett
2010;35:151.

Kim U-S, Kim Y-H. Simultaneous trapping of two optical pulses in an atomic ensemble as stationary light pulses. Phys Rev Lett 2022;129:093601.
Coullet P, Gil L, Rocca F. Optical vortices. Opt Commun 1989;73:403.

Brambilla M, Battipede F, Lugiato LA, Penna V, Prati F, Tamm C, Weiss CO. Transverse laser patterns. i. phase singularity crystals. Phys Rev A 1991;43:5090.
Allen L, Beijersbergen MW, Spreeuw RJC, Woerdman JP. Orbital angular momentum of light and the transformation of laguerre-gaussian laser modes.
Phys Rev A 1992;45:8185.

Gibson G, Courtial J, Padgett MJ, Vasnetsov M, Pas’ko V, Barnett SM, Franke-Arnold S. Free-space information transfer using light beams carrying orbital
angular momentum. Opt Express 2004;12:5448.

Park SR, Cattell L, Nichols JM, Watnik A, Doster T, Rohde GK. De-multiplexing vortex modes in optical communications using transport-based pattern
recognition. Opt Express 2018;26:4004.

Erhard M, Fickler R, Krenn M, Zeilinger A. Twisted photons: new quantum perspectives in high dimensions. Light: Sci Appl 2018;7:17146.

Plachta SZD, Hiekkamaki M, Yakaryilmaz A, Fickler R. Quantum advantage using high-dimensional twisted photons as quantum finite automata. Quantum
2022;6:752.

Hamedi HR, KudriaSov V, Ruseckas J, Juzeliinas G. Azimuthal modulation of electromagnetically induced transparency using structured light. Opt Express
2018;26:28249.

Hamedi HR, Ruseckas J, Paspalakis E, Juzelilinas G. Transfer of optical vortices in coherently prepared media. Phys Rev A 2019;99:033812.

Ruseckas J, c. v. KudriaSov V, Yu IA, Juzelitinas G. Transfer of orbital angular momentum of light using two-component slow light. Phys Rev A
2013;87:053840.

Hamedi HR, Yu IA, Paspalakis E. Matched optical vortices of slow light using a tripod coherently prepared scheme. Phys Rev A 2023;108:053719.
Rosales-Guzmén C, Ndagano B, Forbes A. A review of complex vector light fields and their applications. J Opt 2018;20:123001.

Zhang P, Liu B-H, Liu R-F, Li H-R, Li F-L, Guo G-C. Implementation of one-dimensional quantum walks on spin-orbital angular momentum space of
photons. Phys Rev A 2010;81:052322.

Radwell N, Clark TW, Piccirillo B, Barnett SM, Franke-Arnold S. Spatially dependent electromagnetically induced transparency. Phys Rev Lett
2015;114:123603.

Sharma S, Dey TN. Phase-induced transparency-mediated structured-beam generation in a closed-loop tripod configuration. Phys Rev A 2017;96:033811.
Li Z, Franke-Arnold S, Clark TW, Wang J, Zhang D, Wang C. Transfer and evolution of structured polarization in a double-v atomic system. Opt Express
2022;30:19812.

KudriaSov V, Sinkevic¢iené MM, Daloi N, Ruseckas J, Dey TN, Franke-Arnold S, Hamedi HR. Propagation of optical vector and scalar vortices in an atomic
medium with closed-loop tripod configuration. Opt Express 2025;33:40931.

Permana DP, Sinkevi¢iene MM, Ruseckas J, Hamedi HR. Spin-orbit coupling of optical vector vortices in coherently prepared media. Phys Rev A 2026.
Scully MO, Zubairy MS. Quantum optics. Cambridge University Press; 1997.

Chen Y-F, Kuan P-C, Wang S-H, Wang C-Y, Yu IA. Manipulating the retrieved frequency and polarization of stored light pulses. Opt Lett 2006;31:3511.
Wang G, Wang Y-S, Huang EK, Hung W, Chao K-L, Wu P-Y, Chen Y-H, Yu IA. Ultranarrow-bandwidth filter based on a thermal eit medium. Sci Rep
2018;8:7959.

Hsu C-Y, Wang Y-S, Chen J-M, Huang F-C, Ke Y-T, Huang EK, Hung W, Chao K-L, Hsiao S-S, Chen Y-H, Chuu C-S, Chen Y-C, Chen Y-F, Yu IA. Generation
of sub-mhz and spectrally-bright biphotons from hot atomic vapors with a phase mismatch-free scheme. Opt Express 2021;29:4632.

Rebi¢ S, Vitali D, Ottaviani C, Tombesi P, Artoni M, Cataliotti F, Corbaldan R. Polarization phase gate with a tripod atomic system. Phys Rev A
2004;70:032317.

Daloi N, Dey TN. Vector beam polarization rotation control using resonant magneto optics. Opt Express 2022;30:21894.

Radwell N, Walker G, Franke-Arnold S. Cold-atom densities of more than 10'> cm~ in a holographically shaped dark spontaneous-force optical trap. Phys
Rev A 2013;88:043409.

Marrucci L, Manzo C, Paparo D. Optical spin-to-orbital angular momentum conversion in inhomogeneous anisotropic media. Phys Rev Lett 2006;96:163905.
Piccirillo B, D’Ambrosio V, Slussarenko S, Marrucci L, Santamato E. Photon spin-to-orbital angular momentum conversion via an electrically tunable g-plate.
Appl Phys Lett 2010;97:241104.

13


http://refhub.elsevier.com/S0960-0779(26)00659-4/sb1
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb2
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb3
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb4
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb5
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb6
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb7
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb8
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb9
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb10
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb11
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb12
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb13
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb14
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb14
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb14
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb15
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb16
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb17
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb18
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb18
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb18
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb19
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb19
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb19
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb20
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb20
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb20
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb21
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb22
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb22
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb22
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb23
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb23
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb23
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb24
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb25
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb25
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb25
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb26
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb27
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb28
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb28
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb28
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb29
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb29
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb29
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb30
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb31
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb31
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb31
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb32
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb32
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb32
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb33
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb34
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb35
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb36
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb36
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb36
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb37
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb37
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb37
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb38
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb38
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb38
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb39
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb40
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb40
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb40
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb41
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb42
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb42
http://refhub.elsevier.com/S0960-0779(26)00659-4/sb42

	Propagation of optical vector vortices of slow light in a coherently prepared tripod configuration
	Introduction
	Theoretical Formulation
	Light–Matter Coupling Scheme
	Master Equations
	Field Propagation Equations
	Polarization-Dependent Susceptibilities

	Propagation of Structured Light
	Absorption and Dispersion Characteristics
	Polarization dynamics of slow-light vector vortices

	Concluding remark
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


