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A freely propagating optical field having a periodic transverse spatial profile undergoes periodic axial
revivals—a well-known phenomenon known as the Talbot effect or self-imaging. We show here that
introducing tight spatiotemporal spectral correlations into an ultrafast pulsed optical field with a periodic
transverse spatial profile eliminates all axial dynamics in physical space, while revealing a novel veiled
Talbot effect that can be observed only when carrying out time-resolved measurements. Indeed, “time
diffraction” is observed, whereupon the temporal profile of the field envelope at a fixed axial plane
corresponds to a segment of the spatial propagation profile of a monochromatic field sharing the initial
spatial profile and observed at the same axial plane. Time averaging, which is intrinsic to observing the
intensity, altogether veils this effect.
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The long-known Talbot effect [1,2], or self-imaging [3],
refers to a freely propagating paraxial optical field (at a
wavelength λo) having a periodic transverse spatial profile
(of period L) undergoing periodic axial revivals (at planes
separated by the Talbot distance zT ¼ 2L2=λo). The field
evolution unique to the Talbot effect can be readily
observed in physical space. Space-time duality [4] suggests
that an analogous temporal Talbot effect [5–7] occurs when
a periodic train of pulses (of period T) travels in a
dispersive medium (with dispersion parameter k2): the
pulses initially disperse but are subsequently reconstituted
axially at multiples of zT ¼ T2=πjk2j. This temporal
evolution can be observed by a sufficiently fast detector.
The Talbot effect has been used in a wide span of
applications [8] extending most recently from structured
illumination in fluorescence microscopy [9] to temporal
cloaking [10] and prime-number decomposition [11].
An implicit—yet fundamental—assumption underlying

the Talbot effect is the separability of the spatial and
temporal degrees of freedom of the optical field. Imposing a
periodic profile in either space or time implies discretizing
the corresponding spectrum at multiples of 2π=L or 2π=T,
respectively, which raises a question with regard to the
Talbot effect for pulsed optical fields in which the spatial
and temporal degrees of freedom are inextricably inter-
twined. Specifically, the spectral support domain of so-
called space-time (ST) wave packets tightly associates each
spatial frequency with a single temporal frequency (or
wavelength) [12–14], such that discretization of one degree
of freedom inescapably entails discretization of the other.
To date, such pulsed beams [15–17] have been synthesized
exclusively with continuous spectra tailored to render them
propagation invariant [18–20]. Indeed, it is now well

established that they are transported rigidly in free space
at a fixed, but arbitrary group velocity [21–24]. Self-
imaging of ST wave packets lacking themselves a periodic
structure (thus retaining a continuous spectrum) was
examined theoretically by superposing wave packets of
different phase velocities [25] and realized in space by
superposing pulsed Bessel beams [26] (self-imaging in
both cases is thus unrelated to the Talbot effect).
We pose here a question regarding the propagation of ST

wave packets having periodic transverse spatial profiles,
whereupon the spatial and temporal spectra are simulta-
neously discretized on account of their tight association.
Two mutually exclusive scenarios appear to be on offer. If
the spatiotemporal structure undergirding propagation
invariance plays the same role with discrete spectra as
with continuous spectra, then any axial dynamics will be
arrested and self-imaging thwarted. Alternatively, spatio-
temporal spectral discretization may disrupt the propaga-
tion invariance of periodic ST wave packets and lead to
self-imaging at the Talbot planes.
Here we show that aspects of both contradictory scenar-

ios are realized by ST wave packets when endowed with a
periodic spatial profile, leading to a remarkable phenome-
non: a veiled Talbot effect. We find that no spatial axial
dynamics is discernible in the time-averaged intensity, and
no axial temporal dynamics is discernible in the space-
averaged intensity; Talbot revivals are altogether absent.
This points to the impact of the unique spectral structure of
ST wave packets trumping that of spectral discretization,
whereby the initial periodic spatial profile propagates self-
similarly and may even, in fact, display no spatial features
whatsoever. Nevertheless, time-resolved measurements of
the spatial profile unveil spectral-discretization-induced
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axial dynamics that disrupts propagation invariance: the
temporal dynamics at every axial plane recapitulates a
different portion of the spatial dynamics of the traditional
Talbot effect, which can be shown to be a new manifes-
tation of time diffraction [27–30]. Revivals occur at the
Talbot planes with complex axial dynamics enfolding in
intervening planes, which is veiled from view in physical
space. Moreover, we encounter an unanticipated effect: the
disparity of the transverse period observed in space from
that observed in space-time. Although the spatial spectrum
is sampled at multiples of 2π=L, the observed period in
space is nevertheless L=2, rather than the expected value L
that is observed in space-time. These phenomena associ-
ated with the veiled Talbot effect indicate more generally
the rich repertoire of behavior intrinsic to fields endowed
with precise spatiotemporal structures.
We first outline the theoretical basis for the veiled Talbot

effect (see Supplemental Material [31]). Throughout, we
consider for simplicity optical fields propagating along z
that are uniform over the transverse coordinate y (i.e., a
light sheet modulated along the transverse coordinate x).
A monochromatic paraxial field at a fixed temporal
(angular) frequency ω ¼ ωo and wave number ko ¼ ωo=c

diffracts along z [Fig. 1(a)]. Writing the field as
Eðx; z; tÞ ¼ eiðkoz−ωotÞψxðx; zÞ, the envelope is given by
ψxðx; zÞ ¼

R
dkxψ̃ðkxÞ exp fiðkxx − ðk2x=2koÞzÞg, where kx

is the transverse component of the wave vector (denoted the
spatial frequency), and the spatial spectrum ψ̃ðkxÞ is the
Fourier transform of ψxðx; 0Þ. If the transverse field is
periodic with period L, the spatial spectrum is discretized
kx → nkL, ψ̃ðkxÞ → ψ̃ðnkLÞ ¼ ψ̃n, and ψxðx; zÞ ¼P

n ψ̃n exp fi2πnðx=L − nðz=zTÞÞg; n is an integer and
kL ¼ 2π=L. Consequently, the initial profile is revived
periodically at the Talbot planes ψxðx;mzTÞ ¼ ψxðx; 0Þ for
integer m, with rich and striking dynamics enfolding
between these planes [Fig. 1(b)]. Similar dynamics is
observed when pulsed fields are employed in which the
spatial and temporal degrees of freedom are separable—
as in most mode-locked lasers, which allows kx to be
discretized while maintaining Ω ¼ ω − ωo continuous.
However, other pulsed-beam configurations have been

recently explored in which the spatial and temporal degrees
of freedom are nonseparable, leading to novel emergent
behaviors, including propagation invariance [18,19], con-
trollable group velocities [20–24,35–37], transverse orbital
angular momentum [38], ultrafast beam steering [39], and

FIG. 1. Concept of the veiled Talbot effect. (a) The axial evolution of the intensity Iðx; zÞ for a monochromatic (λo ¼ 800 nm) plane
wave illuminating an aperture of width Δx ¼ 10 μm. On the left we depict the light cone k2x þ k2z ¼ ðω=cÞ2 and the field spectral
support domain on its surface. (b) Plot of Iðx; zÞ for a monochromatic field λo ¼ 800 nm with periodic transverse spatial profile of
period L ¼ 100 and Δx ¼ 10 μm, exhibiting the traditional Talbot effect with zT ¼ 25 mm. (c) The intensity Iðx; zÞ for a ST wave
packet with λo ¼ 800 nm,Δλ ¼ 2 nm,Δx ¼ 10 μm, and θ ¼ 80°. The lower panels are the invariant spatiotemporal profiles Iðx; z; tÞ in
a frame moving at ṽ at selected axial planes. (d) Same as (c) except that the spatial spectrum is sampled at integer multiples of 2π=L, with
L ¼ 100 μm; Iðx; zÞ has a transverse period of L=2 ¼ 50 μm rather than 100 μm, and there are no discernible axial changes. The lower
panels are Iðx; z; tÞ in a frame moving at c at selected axial planes, thereby revealing veiled periodic Talbot revivals. In each panel, the
white dashed curve on the left is the spatial profile at t ¼ 0, which evolves along z and is periodic with period L at z ¼ mzT, whereas the
white curve on the right is the time-averaged intensity Iðx; zÞ, which is independent of z and is periodic with period L=2.
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omniresonant interactions with planar cavities [40,41]. We
consider here ST wave packets satisfying the spectral
condition Ω ¼ ðkz − koÞc tan θ, which represents a plane
in ðkx; kz;ω=cÞ space that makes an angle θ (the spectral
tilt angle) with respect to the kz axis [14]. The constraint
k2x þ k2z ¼ ðω=cÞ2 imposes a relationship between the
spatial and temporal frequencies in the paraxial
regimeΩ=cð1 − cot θÞ ¼ k2x=2ko, leading to a propagation-
invariant (diffraction-free and dispersion-free) envelope,

ψðx; z; tÞ ¼
Z

dkxψ̃ðkxÞeikxxe−iΩðt−z=ṽÞ

¼ ψðx; 0; t − z=ṽÞ; ð1Þ

representing a wave packet traveling rigidly at a group
velocity ṽ ¼ c tan θ that can be tuned by changing θ,
and ψ̃ðkxÞ is the Fourier transform of ψðx; 0; 0Þ.
The time-averaged intensity Iðx; zÞ ¼ R

dtjψðx; z; tÞj2 ¼R
dkxjψ̃ðkxÞj2 þ Re

R
dkxψ̃ðkxÞψ̃�ð−kxÞei2kxx as recorded

by a slow detector (e.g., a camera) is independent of z
[Fig. 1(c)]. The factor of 2 in the exponent of the second
term indicates that Iðx; zÞ is scaled spatially by a factor of
2 with respect to the time-resolved intensity profile
Iðx; z; tÞ ¼ jψðx; z; tÞj2, a point we will return to shortly.
Finally, the unavoidable uncertainty in the association
between spatial and temporal frequencies limits the
temporal window over which the ST wave packet can be
observed [42].
When the transverse spatial profile is periodic and the

spatial spectrum discretized kx → nkL, the tight association
between spatial and temporal frequencies entails that the
temporal frequencies are also discretized Ω → n2ΩL,
ΩL ¼ 2π=zTðc=j1 − cot θjÞ, and the envelope becomes

ψðx; z; tÞ ¼
X∞
n¼−∞

ψ̃nei2πn
x
Le−i2πn

2 z
zTei

2πn2ðz−ctÞ
zTð1−cot θÞ: ð2Þ

Therefore, ψðx;mzT; t −mzT=cÞ ¼ ψðx; 0; tÞ; that is, at
the Talbot planes in a reference frame propagating at ṽ ¼ c,
the initial field distribution at z ¼ 0 is retrieved.
Furthermore, comparing the formulas for the mono-
chromatic field and the ST wave packet, we find that
ψðx; z; t − z=cÞ ¼ ψxðx; zþ ct=1 − cot θÞ. In other words,
the time-resolved spatial distribution of a STwave packet at
a fixed plane z corresponds to the axial spatial distribution
of a monochromatic periodic field after replacing axial
displacement with a scaled time variable, which is a
manifestation of time diffraction [27–30]; see Fig. 1(d).
The time-averaged intensity Iðx; zÞ is

Iðx; zÞ ¼
X
n

jψ̃nj2 þ
X
n

ψ̃nψ̃
�
−nei2×2π

x
L; ð3Þ

which does not include z and thus indicates the complete
absence of axial dynamics. It can be shown [43] that a

one-to-one association between spatial and temporal
frequencies—which is maintained here after spectral
discretization—is a sufficient condition for a diffraction-
free time-averaged intensity Iðx; zÞ → IðxÞ. Furthermore,
the spatial frequency has doubled (corresponding to half the
transverse spacing), so we expect a period of L=2 in Iðx; zÞ
in contrast to a period L in Iðx; z; tÞ, in addition to a scaling
in the size of the features in each period [Fig. 1(d)].
We have carried out experiments to confirm this pre-

dicted veiled Talbot effect by utilizing the two-dimensional
pulse shaper developed in Refs. [19,22,23] to synthesize
superluminal ST wave packets at a spectral tilt angle of
θ ¼ 80° (ṽ ≈ 5.67c), starting with femtosecond pulses from
a Ti:sapphire laser (see Supplemental Material [31]). Using
a spatial light modulator, we sample the spatial spectrum at
nkL and concurrently sample the temporal spectrum at
n2ΩL over a temporal bandwidth of Δλ ≈ 2 nm, corre-
sponding to temporal features of width Δτ ∼ 2.5 ps and
spatial features of width Δx ∼ 25 μm in the spatiotemporal
profile. We measure Iðx; zÞ by scanning a CCD camera
along z, the spatiotemporal spectrum, and Iðx; z; τÞ mea-
sured interferometrically at different axial planes in a
reference frame moving at a group velocity of c.
We first sample the spatial spectrum at multiples of 2π=L

with L ¼ 80 μm [Fig. 2(a)]. Nevertheless, the measured
intensity [Fig. 2(a)] shows a periodic transverse profile of
period L=2 ¼ 40 μm rather than L ¼ 80 μm, and no trace
of the Talbot effect is observable. Indeed, the axial
propagation is invariant just as in previous studies of ST
wave packets having continuous spectra. However, time-
resolved measurements reveal a different picture altogether.
The dynamics in the measured spatiotemporal profiles
Iðx; z; τÞ acquired in a reference frame moving at c
[Fig. 2(b)] is completely veiled in the time-averaged
measurements [Fig. 2(a)]. We note the revivals at z ¼ zT
and 2zT and those at z ¼ 0.5zT, 1.5zT, and 2.5zT, all with a
transverse period of L ¼ 80 μm. The patterns are shifted
along x by L=2 midway between the Talbot planes,
whereupon the “dark” and “bright” features are exchanged
with respect to those in the Talbot planes. In contrast, if the
spectrum remains continuous without sampling, both the
intensity Iðx; zÞ and the spatiotemporal profile Iðx; z; τÞ
lack periodicity and are invariant at all axial planes
(Supplemental Material [31]).
To resolve the dynamics within a single Talbot length,

we increase the period to L ¼ 160 μm (zT ¼ 64 mm) by
increasing the spectral sampling rate. The measured inten-
sity Iðx; zÞ [Fig. 2(c)] remains invariant with z, shows no
axial dynamics, and has a transverse period L=2 ¼ 80 μm
rather than L ¼ 160 μm. The spatiotemporal profiles of the
STwave packet measured at 5 planes within a Talbot length
at z ¼ 0.15zT, 0.25zT, 0.35zT, 0.5zT, and 0.65zT reveal
complex dynamics in which energy is exchanged between
the peaks in the profile [Fig. 2(d)]. At z ¼ 0.5zT the
transverse period is L ¼ 160 μm, and at z ¼ 0.25zT is
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L=2 ¼ 80 μm, albeit with less contrast in comparison to the
Talbot planes. At intermediate planes, the spatiotemporal
profile takes on quasirandom distributions before returning
to more recognizable profiles at Talbot half and quarter
lengths. Once again, this dynamics is fully hidden from
view in the spatial intensity [Fig. 2(c)]. These experimental
observations are all in excellent agreement with simulations
of ST wave packets after discretizing the spatiotemporal
spectrum (Supplemental Material [31], Videos 1 and 2).
The factor of 2 in the time-averaged intensity [Eq. (3)]

with respect to spatiotemporal envelope [Eq. (2)] appears
regularly in correlation functions in the context of optical
coherence after averaging over a statistical ensemble.
However, the underlying stochastic fields are inaccessible,
and the correlation functions are the only observables.
Here, we capture the intensity after time averaging (which

is entangled with the spatial degree of freedom [13]) and
the underlying spatiotemporal profile prior to time averag-
ing, thus allowing an unambiguous observation of the
impact of this spatial-scaling factor in changing the trans-
verse period in the two distinct domains.
The veiled nature of the Talbot effect can be brought out

even further by blocking half the spatial spectrum; ψ̃n ¼ 0
when n < 0. The intensity becomes a constant Iðx; zÞ ¼P∞

n¼0 jψ̃nj2 independent of x and z. Measurements of
Iðx; zÞ are shown in Fig. 3(a) using the same parameters
from Fig. 2(a) except for the one-sided spectrum. The
spatiotemporal profiles measured at different axial planes
reveal the underlying periodic transverse axial structure that
is altogether veiled in the intensity and verify the axial
dynamics associated with time diffraction. The Talbot
effect is seen in the self-imaging revivals at z ¼ 1.25zT
and 2.25zT, and at z ¼ 0.5zT and 2.5zT (see Supplemental
Material [31], Video 3).
The unique behaviors observed and recent advances

achieved using ST wave packets rely on inculcating a
precise spatiotemporal structure into the optical field. This
Letter raises the question regarding which features of ST
wave packets survive spectral discretization. We have
shown that propagation invariance is maintained in the
time-averaged intensity after spectral discretization. Note
that the temporal spectrum is not discretized periodically,
so there is no periodic pattern in time, and the field does not
propagate in a dispersive medium, as required for exhibit-
ing a temporal Talbot effect. Instead, the underlying field
undergoes periodic revivals at the planes defined by the
spatial Talbot length, signifying that the complex dynamics
observed in the measured time-resolved self-imaging
Talbot revivals are a manifestation of time diffraction, all
of which is completely veiled in the spatial intensity profile.
Although we have couched this phenomenon in terms of

FIG. 3. Measurements of veiled Talbot revivals for a one-sided
spatial spectrum. (a) The measured intensity Iðx; zÞwith the same
parameters in Fig. 2(a) (except that only positive spatial frequen-
cies are retained, shown on the right). There are no discernible
transverse spatial features. (b) Measured spatiotemporal profiles
at z ¼ 0.5zT, 1.25zT, 2zT, 2.25zT, and 2.5zT, where zT ¼ 16 mm,
Δx ≈ 20–30 μm, and Δτ ≈ 2–3 ps.

FIG. 2. Measurements of veiled Talbot revivals. (a) The
measured Iðx; zÞ for a ST wave packet whose spatial spectrum
is sampled at multiples of 2π=L (shown on the right); L ¼ 80 μm,
zT ¼ 16 mm, θ ¼ 80°, λo ≈ 799.1 nm, Δλ ¼ 2 nm, and
Δx ¼ 10 μm. The transverse period is L=2 ¼ 40 μm, and no
axial dynamics is discernible. (b) Measured Iðx; z; τÞ at
z ¼ 0.5zT, zT, 1.5zT, 2zT, and 2.5zT. The transverse period is
L ¼ 80 μm, Δx ≈ 20–30 μm, and Δτ ≈ 2.5 ps. The white dotted
line is a guide for the eye at x ¼ 0. (c) Same as (a) but with
L ¼ 160 μm (zT ¼ 64 μm). The observed transverse period is
L=2 ¼ 80 μm. (d) Measured Iðx; z; τÞ at z ¼ 0.1zT, 0.25zT,
0.35zT, 0.5zT, and 0.65zT; Δx ≈ 25–30 μm, Δτ ≈ 2.5–3 ps,
and the measured transverse period is L ¼ 160 mm at z ¼ 0.5zT.
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optical fields, it is applicable to any other waves, such as
acoustics or matter waves. We believe these findings have
potential applications in the field of transient absorption
spectroscopy, multiphoton lithography [44], and temporal
imaging [45].
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