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Abstract: Transverse (Hall-effect) and Goos–Hänchen
shiftsof lightbeams reflected/refractedatplanar interfaces
are importantwavephenomena,whichcanbesignificantly
modified and enhanced by the presence of intrinsic orbital
angular momentum (OAM) in the beam. Recently, opti-
cal spatiotemporal vortex pulses (STVPs) carrying a purely
transverse intrinsic OAM were predicted theoretically and
generated experimentally. Here we consider the reflection
and refraction of such pulses at a planar isotropic inter-
face. We find theoretically and confirm numerically novel
typesofOAM-dependent transverseand longitudinalpulse
shifts. Remarkably, the longitudinal shifts can be regarded
as timedelays,whichappear, in contrast to thewell-known
Wigner time delay, without temporal dispersion of the
reflection/refraction coefficients. Such time delays allow
one to realize OAM-controlled slow (subluminal) and fast
(superluminal) pulse propagation without medium dis-
persion. These results can have important implications in
various problems involving scattering of localized vortex
states carrying transverse OAM.
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1 Introduction
Small wavepacket shifts and time delays are currently
attracting considerable attention due to their noticeable
roles in nanoscience. The first example of such effects is
the Goos–Hänchen shift of the beam reflected/refracted
at a planar interface [1–5]. This shift is proportional to
the wavevector-gradient of the logarithm of the reflection
coefficient.

The temporal counterpart of this spatial shift is
the Wigner time delay of a wavepacket scattered by a
frequency-dependent potential [6–10]. Correspondingly,
this delay is given by the frequency gradient of the log-
arithm of the scattering coefficient.

Another example of beam shifts is the transverse
Imbert–Fedorov shift associated with the spin-Hall effect
(i.e., a transverse circular-polarization-induced shift of
the reflected/refracted beam) [5, 11–21]. This shift has a
more complicated origin associated with the spin angular
momentum carried by the wave, spin–orbit interaction,
and conservation of the total angular momentum compo-
nent normal to the interface.

All these shifts and time delays have been studied
mostly for Gaussian-like wavepackets and beams, and all
have a typical scale of the wavelength or wave period,
which can be enhanced up to the beam-width or pulse-
length scale using the weak-measurement technique [4,
10, 16–18, 20].

It has also been shown that the beam shifts can be
modified significantly by the presence of the intrinsic
orbital angular momentum (OAM) in optical vortex beams
[5, 22–30]. This enhances the Gaussian-beam shifts by the
factor of the OAM quantum number 𝓁 and also produces
new types of shifts.

To the best of our knowledge, the role of the intrinsic
OAM and vortices on time delays has not been studied
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so far. This is because optical vortex beams are usu-
ally monochromatic states unbounded in the longitudinal
direction, while time delays make sense only for finite-
length wavepackets.

Recently, a novel type of localized pulses carrying
transverse intrinsic OAM – spatiotemporal vortex pulses
(STVPs) – was described theoretically [31–34] and gen-
erated experimentally [35–40] (see also Ref. [41] for the
zeroth-order Bessel STVP without OAM). Such STVPs have
geometrical and OAM properties different frommonochro-
matic vortex beams. (Note that STVPs should not be con-
fused with principally different space-time wavepackets
considered in Refs. [42–44].) Therefore, it is natural to
expect that these qualitatively new objects behave differ-
ently in problems involving beam shifts and time delays.

In this work, we consider reflection and refraction of
an optical STVP at a planar isotropic interface. We pre-
dict theoretically and confirm numerically a number of
novel spatial shifts and time delays that are controlled
by the value and orientation of the intrinsic OAM of the
pulse. Remarkably, time delays appear in this systemwith-
out any frequency dependence of the reflection/refraction
coefficients, thereby allowing one to realize slow (sublu-
minal) and fast (superluminal) pulse propagation without
mediumdispersion.This is insharpcontrast toWigner time
delays and is produced by the coupling of spatial and tem-
poral degrees of freedom in spatiotemporal vortices. Our
results can have important implications in various prob-
lems involving scattering of localized vortex states with
transverse OAM, both classical and quantum.

2 Laguerre–Gaussian STVPs
We first introduce an STVP propagating along the z-axis
and carrying transverse OAM along the y-axis. For this,
akin to monochromatic Laguerre–Gaussian (LG) beams
[45, 46], we consider an LG-type plane-wave spectrum in
the (z, x) plane with the central wavevector k0 = k0z̄ (the
overbar denotes the unit vector of the corresponding axis)
and zero radial quantum number (Figure 1):

�̃�(k) ∝
[
𝛾 (kz − k0)+ i sgn(𝓁)kx

]|𝓁| e−
Δ2
4 [𝛾2(kz−k0)2+k2x]. (1)

Here, 𝓁 is the integer vortex charge, 𝛾 is the factor deter-
mining the ellipticity of the STVP profile in the (z, x) plane,
and Δ is the x-width of the pulse (𝛾Δ being its z-length).
Note that we do not include a distribution over ky, because
for our goals it is sufficient to consider pulses unbounded
along theOAMdirection. If needed, anadditionalGaussian

Figure 1: Phase-intensity distributions of the momentum-space (left)
and real-space (right) wavefunctions of the STVP (1) and (2) with
𝓁 = 1, k0Δ = 0.7 and 𝛾 = 1.5. The brightness is proportional to the
intensity |𝜓 |2, while the color indicates the phase Arg(𝜓 ) [47].

distribution over ky can provide localization along the
y-axis.

The real-space form of the STVP (1) is given by the
Fourier integral 𝜓(r, t) ∝ ∬ �̃�(k) eik⋅r−i𝜔(k)tdkxdkz, where
𝜔(k) = kc. For the purpose of this work it is sufficient to
use a paraxial approximation, k0Δ≫ 1, in which only lin-
ear deviations in the transverse wavevector components
are considered. This leads to the following expression
for a paraxial LG-type STVP where diffraction is ignored
(Figure 1):

𝜓 ∝
[
𝛾−1𝜁 + i sgn(𝓁)x

]|𝓁|exp
[
−
(
𝛾−2𝜁 2 + x2

)

Δ2 + ik0𝜁
]
,

(2)
where 𝜁 = z − ct is the pulse-accompanying coordi-
nate. Closed-form real-space expressions that incorporate
diffraction both in the paraxial and nonparaxial regimes
will be described in a separate work.

For our purposes, the key features of such STVPs are:
(i) their spatiotemporal vortex structure near the center:
𝜓 ∝

[
𝛾−1𝜁 + i sgn(𝓁) x

]|𝓁| eik0𝜁 , and (ii) their normalized
integral intrinsic OAM [33, 34]:

⟨L⟩ = ∬ Im
[
𝜓∗(r ×∇)𝜓

]
dxdz

∬ 𝜓∗𝜓 dxdz = 𝛾 + 𝛾−1
2 𝓁 ȳ. (3)

The above equations are written for a scalar wave-
function𝜓 . To consider polarized optical STVP, one has to
multiply each plane wave in the spectrum (1) by the corre-
sponding electric-field polarization vector e(k)⊥k. In the
paraxial regime this does not affect the shape of the pulse
and its OAM considerably, but polarization plays a crucial
role in the Goos-Hänchen and spin-Hall effects [5, 17, 18].
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3 Reflection/refraction of an STVP
at an interface

We now consider reflection/refraction of a paraxial STVP
at a planar isotropic (e.g., dielectric) interface. The geom-
etry of the problem is shown in Figure 2. The inter-
face is Z = 0, with the Z-axis being directed towards
the second medium. The propagation direction of the
incident pulse is determined by the central wavevec-
tor k0 = k0(Z̄ cos 𝜃 + X̄ sin 𝜃) ≡ k0z̄. According to Snell’s
law, the reflected and transmitted pulses have the central
wavevectors kr0 = k0(−Z̄ cos 𝜃 + X̄ sin 𝜃) ≡ k0z̄r and kt0 =
k′0(Z̄ cos 𝜃′ + X̄ sin 𝜃′) ≡ k′0z̄t (sin 𝜃

′ = n−1 sin 𝜃, k′0 = nk0,
where n is the relative refractive index of the second
medium), respectively. Here, as usual in beam-shift prob-
lems, we use the accompanying coordinate frames (x, y, z)
and (xr,t, y, zr,t) for the incident and reflected/transmitted
pulses, Figure 2.

In contrast to the monochromatic-beam-shift prob-
lems,where the orientationof theOAM isfixedby thebeam
propagation direction, in our problem the transverse OAM
can have different orientations with respect to the (x, z)
plane of incidence.Wewill consider twobasic cases shown
in Figure 2:
(A) The incident STVP is localized in the (x, z) plane, and

the intrinsic OAM ⟨L⟩ ∥ ȳ.
(B) The incident STVP is localized in the (y, z) plane and

⟨L⟩ ∥ x̄.
To describe the main transformations of the reflected

and refracted STVPs, note that the y-components of the
wavevectors in their spectra are conserved, kr,ty = ky, while
the x-components in the corresponding accompanying
frames are related as krx = −kx and ktx = (cos 𝜃∕ cos 𝜃′)kx

[5]. In addition, the z-components of the wavevectors of
the transmitted pulse are ktz ≃ nkz. From this, one can find
that the vortex is inverted in the reflected pulse in the
case (A) but not (B), and its intrinsic OAM becomes (see
Figure 2):

⟨
Lr
⟩
A = − ⟨L⟩ = −𝛾 + 𝛾

−1

2 𝓁 ȳ,

⟨
Lr
⟩
B =

𝛾 + 𝛾−1
2 𝓁 x̄r.

(4)

Here and hereafter, the subscripts A and Bmark the quan-
tities related to the cases (A) and (B), respectively.

For the transmitted STVP, the above transformations
of the wavevector components stretch the xt-width of the
pulse by a factor of cos 𝜃′∕cos 𝜃 and squeeze its longitudi-
nal length by a factor of 1∕n. Therefore, the intrinsic OAM
of the refracted pulses becomes

⟨
Lt
⟩
A =

𝛾 ′
A + 𝛾 ′−1A
2 𝓁 ȳ, 𝛾 ′A =

cos 𝜃
n cos 𝜃′ 𝛾,

⟨
Lt
⟩
B =

𝛾 ′B + 𝛾 ′−1B
2 𝓁 x̄t, 𝛾 ′B =

𝛾

n .
(5)

Equations (4) and (5) show that the transformations of the
transverse intrinsic OAM in the case (A) is similar to those
of the longitudinal OAM of monochromatic vortex beams
[5, 26], only with the additional n−1 factor in 𝛾 ′A. In turn,
the case (B) differs considerably because the intrinsic OAM
and vortex do not flip in the reflected pulse.

4 Transverse shifts and time delays
We are now in the position to calculate small shifts in
reflected/refracted STVPs. Rigorous calculations can be

Figure 2: Schematics of the reflection and refraction of an STVP at a planar interface. The incident, reflected, and transmitted pulses,
together with their accompanying coordinate frames and intrinsic OAM are shown for the two geometries (A) and (B) (see details in the text).
The longitudinal shift (time delay) ⟨𝜁⟩ and angular shift ⟨kx⟩ are shown for the reflected and transmitted pulses in (a), whereas the transverse
shift ⟨y⟩ and angular shift ⟨ky⟩ are shown for the transmitted and reflected pulses in (b).
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performed by applying the standard Fresnel–Snell formu-
las to each plane wave in the incident pulse spectrum;
this is realized numerically in the next section. Here, akin
to Ref. [26], we derive all the OAM-dependent shifts using
general considerations.

First of all, we assume that paraxial polarized opti-
cal STVPs experience all the polarization-dependent shifts
known for Gaussian wave beams or packets, i.e., angular
and spatial Goos–Hänchen and spin-Hall shifts

⟨
kt,rx

⟩
0,⟨

xt,r
⟩
0,
⟨
kt,ry

⟩
0, and

⟨
yt,r

⟩
0 [5, 17, 18], where the subscript

“0” indicates that the shifts are calculated for Gaussian
states with 𝓁 = 0. In addition to these shifts, we will deter-
mine the 𝓁-dependent shifts induced by the transverse
intrinsic OAM. There are three types of such shifts.

The first type is related to the conservation of the Z-
component of the total angular momentum in the problem
and can be associated with the orbital-Hall effect of light
[5, 48]. In the case (A), the intrinsic OAM has only the
y-component, and the conservation law is satisfied triv-
ially. In the case (B), the incident and reflected pulses
have the same Z-components of the normalized intrinsic
OAM, ⟨LZ⟩ =

⟨
LrZ

⟩
, Eqs. (3) and (4), while the transmitted

pulsehasadifferentOAMcomponent: ⟨LZ⟩ ≠
⟨
LtZ

⟩
, Eqs. (3)

and (5). Similar to the refraction of monochromatic vortex
beams [5, 24, 26, 28], this imbalance between the intrin-
sic OAM of the incident and transmitted pulses should
be compensated by the transverse y-shift of the refracted
pulse producing an extrinsic OAM ⟨LtZ⟩

ext = ⟨yt⟩⟨ktX⟩ ≃
⟨yt⟩ nk0 sin 𝜃′. Fromhere, the refracted STVP in the case (B)
shouldundergoanadditional transverse shift (seeFigure2)

⟨
yt
⟩
B =

⟨
LtZ

⟩
− ⟨LZ⟩

nk0 sin 𝜃′
= 𝛾𝓁

2k0
(
n−2 − 1

)
. (6)

In contrast to the analogous shift for refracted monochro-
maticvortexbeams, theshift (6) is independentof theangle
𝜃 (apart from the small vicinity of the normal incidence
𝜃 = 0, which is singular for the transverse-shift problem).
The typical scale of this shift is the wavelength, although
it can be enhanced by high vortex charges 𝓁 or ellipticity
𝛾 ≫ 1 (narrow long pulses).

The second type of 𝓁-dependent shift is related to
the angular Goos-Hänchen and spin-Hall shifts ⟨kx,y⟩, see
Figure 2. As has been shown for monochromatic vortex
beams, in the presence of a vortex these shifts acquire
an additional factor of (1+ |𝓁|) [5, 26, 28], so that the
additional shifts are:

⟨
kt,rx

⟩
A = |𝓁|

⟨
kt,rx

⟩
0,

⟨
kt,ry

⟩

B
= |𝓁|

⟨
kt,ry

⟩

0
. (7)

The typical scale of these angular shifts is the inverse
Rayleigh range ∼ 1∕(k0Δ2), and these shifts are indepen-
dent of the ellipticity 𝛾 .

Finally, the third type of 𝓁-dependent shifts is related
to the cross-coupling between different Cartesian degrees
of freedom in a vortex. Below we use reasoning similar
to that for vortex beams in Refs. [5, 26]. In the case (A),
the spatiotemporal vortices in the reflected and trans-
mitted pulses have the forms ∝

[
−𝛾−1𝜁 r + i sgn(𝓁) xr

]|𝓁|

and ∝
[
𝛾 ′−1A 𝜁 t + i sgn(𝓁) xt

]|𝓁|, respectively, where 𝜁 r,t =
zr,t − ct and c is the speed of light in the correspond-
ing medium. Among other polarization-dependent shifts,
these pulses experience shifts in momentum space due to
the angular Goos–Hänchen effect, which can be regarded
as imaginary shifts in real space [5, 26, 49]:

⟨
krx
⟩
0 → 𝛿xr =

−iΔ
2

2

⟨
krx
⟩
0 and

⟨
ktx
⟩
0 → 𝛿xt = −i Δ

2

2

(
cos 𝜃′
cos 𝜃

)2 ⟨
ktx
⟩
0. Sub-

stituting these shifts to the vortex forms of the reflected
and transmitted pulses, we find that the imaginary x-shifts
produce real𝓁-dependent 𝜁 -shifts as follows (seeFigure 2):

⟨𝜁 r⟩A = −𝓁 𝛾Δ
2

2
⟨
krx
⟩
0,

⟨
𝜁 t
⟩
A = 𝓁

𝛾

n
Δ2

2
cos 𝜃′
cos 𝜃

⟨
ktx
⟩
0.

(8)
Applyinganalogousconsiderations to thecase (B),with the
reflected and transmitted vortices∝

[
y + i 𝛾−1 sgn(𝓁) 𝜁 r

]|𝓁|

and ∝
[
y + i 𝛾 ′−1B sgn(𝓁) 𝜁 t

]|𝓁|, and angular Hall-effect
shifts

⟨
kr,ty

⟩
0 → 𝛿yr,t = −i Δ

2

2

⟨
kr,ty

⟩
0, where Δ is the pulse

width in the y-direction, we obtain

⟨𝜁 r⟩B = −𝓁 𝛾Δ
2

2

⟨
kry
⟩

0
,

⟨
𝜁 t
⟩
B = 𝓁

𝛾

n
Δ2

2

⟨
kty
⟩

0
. (9)

Equations (8) and (9) describe a remarkable quali-
tatively novel phenomenon: longitudinal shifts of STVPs
reflected/refracted by a planar interface. These 𝜁 -shifts are
equivalent to time delays ⟨𝛿t⟩ = − ⟨𝜁⟩∕c. In contrast to
the Wigner time delays, produced by the temporal dis-
persion (frequency dependence) of the scattered potential
[6–10], here the time delays appear without any tempo-
ral dispersion. The angular Goos–Hänchen effect

⟨
kr,tx

⟩
0

originates from the spatial dispersion (wavevector depen-
dence) of the Fresnel reflection/transmission coefficients,
while the angular spin-Hall shift

⟨
kr,ty

⟩
0 is a purely geo-

metric phenomenonwhichdoesnot require anydispersion
[19].

Importantly, such timedelays allowone to realize slow
(subluminal, ⟨𝜁⟩ < 0) and fast (superluminal, ⟨𝜁⟩ > 0)
pulsepropagationwithoutanydispersion inopticalmedia.
Unlike previous approaches controlling slow/fast light via
properties of themedium,we can control propagation time
via internal spatiotemporal properties of the pulse. Note,
however, that, in contrast to the wave packets in Ref. [43],
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the sub- or superluminal propagation of the pulses studied
here is induced by the Fresnel–Snell reflection/refraction
at an interface rather than by tailoring the pulse to have a
free-space group velocity differing from c.

Equations (8) and (9) show that these novel OAM-
dependent timedelaysarea ratheruniversalphenomenon:
they appear in both reflected and transmitted pulses in
both cases (A) and (B). It is natural to expect that such
time delays will appear in a variety of systems, both classi-
cal and quantum, involving scattering of a spatiotemporal
vortex with the transverse OAM.

The typical magnitude of the longitudinal shifts (8)
and (9) is the wavelength. However, angular shifts

⟨
krx,y

⟩

0
of the reflected pulses, and hence the corresponding new
shifts (7)–(9), are enhanced resonantly for near-p polar-
ization in the vicinity of the Brewster angle of incidence
𝜃B = tan−1(n) [3, 15, 23, 50] (see Figure 4 below). This is
a general phenomenon of the weak-measurement amplifi-
cation of shifts for wavepackets scattered with a near-zero
amplitude [10, 51, 52]. The maximum weak-measurement-
amplified shift is comparable with the pulse size in the
corresponding dimension, which corresponds to the amp-
lification factor ∼ k0Δ≫ 1.

5 Numerical calculations
To verify the above theoretical derivations, we per-
formed numerical calculations of the reflection/refraction
of polarized STVPs at a dielectric interface by apply-
ing exact Fresnel–Snell’s formulas to each plane wave
in the incident pulse spectrum Ẽ(k) = e(k)�̃�(k). In the
paraxial approximation, this is equivalent to applying
an effective wavevector-dependent Jones matrix T̂r,t(k)
to the polarization of the central plane wave e0 =
e(k0) [5, 17, 18], so that the reflected and transmit-
ted pulse spectra become Ẽr,t(k) ≃ T̂r,t(k) e0 �̃�(k). After
that, the spatial and angular shifts are calculated
as expectation values of the corresponding position
and momentum operators in the momentum repre-
sentation:

⟨
yr,t

⟩
=

⟨
Ẽr,t |||i𝜕∕𝜕k

r,t
y
||| Ẽ

r,t
⟩
∕
⟨
Ẽr,t||Ẽr,t

⟩
,
⟨
𝜁 r,t

⟩

=
⟨
Ẽr,t|| i𝜕∕𝜕kr,tz ||Ẽr,t

⟩
∕
⟨
Ẽr,t||Ẽr,t

⟩
,
⟨
kr,tx,y

⟩
=

⟨
Ẽr,t|| kr,tx,y ||Ẽr,t

⟩

∕
⟨
Ẽr,t||Ẽr,t

⟩
, where the inner product involves integration

over the corresponding wavevector components:
(
kr,tx , k

r,t
z
)

and
(
ky, k

r,t
z
)
in the cases (A) and (B), respectively.

Indoing so, it is sufficient touseanapproximation that
is linear in the transverse wavevector components for all
shifts apart from

⟨
yt
⟩
, Eq. (6). For this shift it is necessary

to consider the second-order correction from the Snell’s
transformation of thewavevectors, see Eqs. (15) and (19) in

Figure 3: Theoretically calculated (curves) and numerically
calculated (symbols) shifts of the reflected (r) and transmitted (t)
STVPs in the cases (A) and (B) from Figure 2 as functions of the angle
of incidence 𝜃. The shifts are given by the sums of previously known
polarization-induced contributions at 𝓁 = 0 (shown by pale dashed
curves) and OAM-induced contributions Eqs. (6)–(9). The
parameters are: 𝓁 = 1, n = 1.5, 𝛾 = 0.4, k0Δ = 500, and e0 ≡ (ex , ey )
=

(
1∕

√
3, (1− i)∕

√
3
)
. The density plot shows an example of the

deformation of the transmitted pulse in the case (B) with k0Δ = 1
and 𝛾 = 2.5 (to enhance the shifts with respect to the pulse size)
and its centroid right after the refraction.

Figure 4: Resonant weak-measurement enhancement of the
longitudinal shifts (time delays) of the reflected STVPs for near-p
input polarization e0 = (1,0.01) in the vicinity of the Brewster angle
of incidence in the cases (A) and (B). Parameters are: 𝓁 = 1, n = 1.5,
𝛾 = 0.4, k0Δ = 500.

Ref. [22] for a similar peculiarity in monochromatic vortex
beams. In our case, this second-order correction is given
by kz − k0 ≃ ktz − nk0 −

k2y
2k0

(
n−2 − 1

)
.
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Figures 3 and 4 display results of numerical cal-
culations of the shifts (6)–(9) for an air-glass interface
with n = 1.5, generic incident STVP and different angles
of incidence 𝜃. These calculations demonstrate excellent
agreement with the theoretical predictions. Furthermore,
Figure 3 also shows a typical real-space intensity pro-
file of the transmitted STVP which exhibits deformations
characteristic for shifts of vortex beams [5, 29]. Figure 4
demonstratesweak-meaurement enhancement [10, 51, 52],
by twoorders ofmagnitude, of the longitudinal shifts (time
delays) ⟨𝜁 r⟩ of reflected pulses for a near-p input polar-
ization in the vicinity of the Brester angle of incidence,
𝜃 ≃ 𝜃B.

6 Discussion
We have described reflection and refraction of an STVP at
a planar isotropic interface. The problem was considered
by adopting previously developedmethods for monochro-
matic vortex beams. In doing so, spatiotemporal vortices
haveamorecomplicatedgeometrywitha transverse intrin-
sic OAM, which requires consideration of two basic cases:
(A) the OAM is orthogonal to the plane of incidence and (B)
the OAM lies within this plane. We have described trans-
formations of the reflected and transmitted pulses in both
of these cases. Notably, reflection in the case (A) can be
used to flip the intrinsic OAM of the pulse, while refrac-
tion can be employed for changing the ellipticity of the
pulse.

Most importantly, we have derived analytically and
checkednumerically all OAM-dependent spatial andangu-
lar shifts of the reflected and transmitted pulses in the
paraxial approximation. These shifts can be divided into
three types: (i) the spatial orbital-Hall-effect shift ⟨y⟩
appearing for the transmitted pulse in the case (B); (ii)
theOAM-amplifiedangularGoos–HänchenandHall-effect
shifts ⟨kx⟩ and ⟨ky⟩; and (iii) the longitudinal shifts ⟨𝜁⟩
which appear for both reflected and transmitted pulses
in both cases (A) and (B). The latter is the most remark-
able phenomenon, which is equivalent to time delays
⟨𝛿t⟩ = − ⟨𝜁⟩∕c of the scattered pulses. In contrast to the
well-known Wigner time delay, this effect occurs with-
out any temporal dispersion of the scattering coefficients,
from the coupling of spatial and temporal degrees of free-
dom in spatiotemporal vortices. Such time delays allow
one to realize OAM-controlled slow (subluminal) and fast
(superluminal) pulse propagation without any medium
dispersion.

Due to remarkable success in experimental studies
of subwavelength shifts of monochromatic optical beams
and Wigner time delays of optical pulses, it is natural to
expect that the new shifts and time delays predicted in
this work could be measured in the near future. Further-
more, our work can stimulate a number of implications
and follow-up studies. In particular, scattering of quantum
spatiotemporal vortices in the geometry (A) can appear
in 2D condensed-matter systems. Furthermore, we have
considered only the basic case of STVPwith a purely trans-
verse intrinsic OAM and two basic geometries (A) and (B)
with respect to the interface. In general, one can examine
STVPs with intrinsic OAM arbitrarily oriented with repect
to the propagation direction [33, 39] and interface. One can
expect that in this general case, the pulse shifts could be
expressedvia suitablyweighted sumsofpreviously consid-
ered basic shifts. Finally, including temporal dispersion of
the media and interface into consideration should add the
Wigner time-delay effects, which could be coupled with
spatial degrees of freedom and produce new spatial pulse
shifts.
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