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Abstract. Structured light with sculpted spatial and temporal degrees of freedom (DoFs) provides unprece-
dented opportunities across diverse scientific disciplines and areas of technology. However, spatiotemporal
shaping is currently limited to deterministic DoFs of coherent pulsed beams. In contrast, the spatiotemporal
coherence manipulation of light sources has not made any comparable headway, leaving the potential of par-
tially coherent space-time wave packets essentially unfulfilled to date. Herein, we demonstrate theoretically and
experimentally that salient features of light sources, such as their coherence width and structure, can be precisely
tailored in the space-time domain. We formulate a space-time analogue of the celebrated van Cittert-Zernike
theorem and utilize it to realize partially coherent wave packets with nontrivially structured spatiotemporal
coherence in the laboratory. The evolution of wave packets with structured spatiotemporal coherence in free
space or dispersive media differs in fundamental ways from that of conventional quasimonochromatic light
with reduced spatial coherence. Our work establishes a versatile framework for manipulating the coherence
of light fields in space and time, thereby paving the way for experimental studies of dynamic and non-
invasive imaging, robust information transmission, remote sensing, and nonlinear frequency conversion, all
topical areas of growing importance in both fundamental optical physics and photonics applications.
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coherent waves.” Recent advances in partially coherent beams
have demonstrated a remarkable versatility of coherence engi-
neering across a wide range of applications. Controlling spatial
or temporal coherence of light has enabled robustness to signal

1 Introduction

Coherence is an important fundamental concept in wave optics
that quantifies the phase stability and correlation properties of

light fields." Unlike other deterministic DoFs of fully coherent
light at the first order—such as intensity, wavefront, polariza-
tion, frequency, and angular momentum®“—optical coherence
measures the extent of statistical correlations of light fields at
pairs of space-time points. The degree of optical coherence
becomes particularly relevant to the description of partially
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degradation and enhanced depth perception in passive imaging
systems,”* strengthened data security and increased channel
capacity in cryptography,'> improved measurement stability
and precision in optical metrology,”> and boosted process-
ing parallelism and scalability in optical computing,*® among
other emerging applications. Although coherence of light has
been extensively explored using cutting-edge optical tech-
niques, the manipulation of spatiotemporal coherence remains
largely confined to spontaneous emission processes such as
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stars, light-emitting diodes (LEDs), thermal emitters, photo-
voltaics, and luminescent materials.

With the rapid advancements in ultrafast optics, recent stud-
ies have begun to tap into the joint manipulation of spatial and
temporal DoFs of light to control and characterize spatiotempor-
ally structured optical wave packets.””’ Notable achievements
there include the realization of space-time vortices carrying
transverse orbital angular momentum,’** propagation-invariant
space-time light sheets with tunable group velocities,** veiled™®
and simultaneous spatial and temporal®® Talbot revivals of
spatiotemporal wave packets, toroidal light vortices exhibit-
ing torus-shaped energy flow,”” and optical combs with time-
varying properties.*”*" Collectively, these advances in manipu-
lating the deterministic DoFs of light have, in turn, profoundly
expanded the applicability of such DoFs to optical topology**™
and nonlinear processing.***” At the same time, the authors of
Ref. 48 demonstrated joint control of spatial and temporal co-
herence by applying spatiotemporal shaping techniques to
broadband incoherent light. Specifically, space and time fre-
quency correlations were imposed on the angular spectrum of
an LED source to generate nondiffracting polychromatic space-
time fields. Taking a more direct strategy, a recent advance in
achieving spatiotemporal coherence with a white-light source
has been realized by miniaturizing spiral phase plates and inte-
grating them with structural color filters,” thereby enabling the
generation of colored vortex beams. We stress, however, that the
intrinsic incoherent structure of the source in Refs. 48, 49 re-
mained unaltered. Hence, despite these advances, attaining com-
plete control over the spatiotemporal coherence of structured
optical wave packets presents a formidable challenge.

Here, we advance a paradigm for sculpting coherence proper-
ties of optical wave packets in space and time by formulating a
spatiotemporal analogue of the celebrated van Cittert-Zernike
theorem.' By leveraging complex incoherent modulation of an
ultrashort chirped pulse, we generate statistically stationary wave
packets with precisely tailored spatiotemporal coherence width
and structure, including those associated with a Gaussian Schell-
model and non-Gaussian correlated sources. Moreover, we show
that the wave packets with engineered space-time coherence can
exhibit unusual propagation behavior governed by the interplay
of diffraction and medium dispersion. Our protocol unlocks a
new dimension for spatiotemporal wave packet control associated
with the space-time coherence DoF of light fields. The unveiled
dimension may prove instrumental in exploring the evolution of
stochastic pulses in complex time-varying media,”**' nonlinear
synthesis,” and quantum coherence.**>**

2 Results

2.1 Spatiotemporal van Cittert-Zernike Theorem

We start by formulating a spatiotemporal analogue of the van
Cittert-Zernike theorem. To this end, we consider an ensemble
of random polychromatic light sheets propagating in a weakly
dispersive linear medium. Within the paraxial and slowly vary-
ing envelope approximations, the electric field of any member
of the ensemble can be expressed in terms of its envelope and
pilot (carrier) wave as U(x,1,z) = W(x, t,z)e "k where
oy = koc = 2mc /Ay denotes the carrier frequency. The envelope
of the wave packet in any transverse plane z = const within
the medium can be represented by the integral (see Note 1 in
the Supplementary Material),
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Y(x,7,2) = (ko/2miz)'/? // Yo (x', @) exp(—imwz
+ ifr@*z/2) expliky(x — x')*/27]dx’ dw, (1)

where 7 = t — z/¥ stands for the local time in a frame moving at
group velocity @; ff, is a group velocity dispersion coefficient
and @ = @ — wy is a frequency relative to the carrier frequency.
Further, W, (x’,®) denotes the envelope at the source in the
space-frequency domain. The second-order statistical properties
of the ensemble {¥(x, 7,z)} at a given z = const are described
by the mutual coherence function, defined as I'(ry,r;) =
(W(xp,71) - W (x2.72)), where 1y = (x,7;) and 1, = (x5, 72)
are two arbitrary space-time points in the z plane and the angle
brackets represent an ensemble average. Mathematically, the
relative frequency @ is a dummy integration variable in
Eq. (1). In physics terms, though, distinct spectral components
of a chirped source pulse arrive at a given transverse plane at
different times and are therefore not temporally synchronized.
It is then possible to introduce a linear frequency-to-time map-
ping, @ = k7' that defines an equivalent space-time source
¥o(x',w)~ F(x',7). The proportionality constant x can be
linked to a linear chirp of a Gaussian pulse through the relation
k = 2a/13, where a is a pre-chirp parameter and ¢ is a temporal
width of the unchirped pulse.” Accordingly, we can represent
the mutual coherence function in the transverse plane z = const
by the expression

[(r;,r,z) = ﬂFO(VIvVZ)H(Vl’rl)H*(V2’r2)d2V1 d?v,,
2

where v = (¥, 7'), r = (x, 7), and a spatiotemporal propagation
kernel H(r,v) has the form

H(r,v) = (kok?/27iz)"/? exp(ikox? /2z) exp(ikox* /22
+ ipo*t?z)2 — ikgxx' [z — ixT'T). 3)

To(vi,vp) = (F(vy) - F*(v,)), where F(v) = ¥y(xX,k7’), is
an autocorrelation function of the envelope at two space-time
points in the source plane. We refer to Egs. (2) and (3) as a spa-
tiotemporal van Cittert-Zernike theorem. The latter describes the
evolution of spatiotemporal coherence properties of the ensem-
ble on propagation in free space or a linear medium.**** We can
then define a complex degree of coherence (DOC) at a given

pair of space-time points (r;,r,,z) as"*®

[(ry, 1)

i) @

y(ry, 1) =

where I(r) = I'(r,r) is a field intensity of the wave packet. To
generate a space-time partially coherent pulsed beam, we begin
with a statistically stationary source that is incoherent in both
space and time. The source is characterized by the correlation
function [}, (V;, v,) and can be modeled as an ensemble of sca-
lar, randomly fluctuating realizations {F,(v)}y, such that
F,(v) = /P(X' k7)e® ") P(x' k7') is a spectral density
of the incoherent source, representing the power spectral density
(PSD) function of the generated partially coherent space-time
wave packet, which satisfies a standard nonnegativity
requirement.' Random phases {0, (x', x7’)} obey a zero-mean,
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unit-variance complex Gaussian probability distribution. On
substituting from Egs. (2) and (3) into Eq. (4) and performing
algebraic calculations in a linear optical system, we obtain the
complex DOC in the space-time domain as

y(ri,rs) = exp(ikox x_/27) /]P(x’,m’) exp[—i(kox' - x_/z

+ k7 - 7_)]dx' d7,
®)

where x. = x; £ x, and 7_ = 7; — 7. The magnitude of the
complex DOC, |y(r;,r,)| = |y(x_,7_)|. It follows at once from
Eq. (5) that the PSD P governs the distribution of the complex
DOC, and the exponential terms determine the curvature of the
wavefront and field correlations of the generated partially coher-
ent wave packet. Given the ultrashort time scale of the pulsed
field, implementing modulation in the frequency domain be-
comes a natural and efficient approach. In particular, the fre-
quency-to-time mapping @(7') = k7’ = 2a7’/t} enabled by
chirped pulses allows us to imprint complex spatiotemporal
modulations directly to the pulsed fields by exploiting their
time-dependent instantaneous frequency (Sec. 4).

To implement the space-time van Cittert-Zerike theorem and
generate a space-time wave packet with a customized spatiotem-
poral coherence structure, we proceed by shaping a polychro-
matic pulsed beam. This is achieved using a holographic
pulse shaper that incorporates a light modulator between a pair
of diffraction gratings and cylindrical lenses in a 4f configura-
tion depicted in Fig. 1. Under a strong linear chirp, the time-
dependent instantaneous frequency of a fully coherent pulse
is spatially dispersed by the first diffraction grating and cylin-
drical lens. As a result, the spectral dependence is mapped onto
a “free” transverse spatial coordinate @(y’) and different fre-
quency components arrive at the SLM plane at distinct times,
such that @(y’) = 2a7’/75. In other words, modulation in the

Grating

t,
=l
Input chirped
pulse beam

two-dimensional spatial domain (x' —y’) within the 4f pulse
shaper is equivalent to modulation in the spatiotemporal domain
(x' — 7). The corresponding instantaneous space-time field
F,(v) is then synthesized by a hologram implementing a com-
plex-amplitude modulation, given by /P, @(y’)]e®:¥ @0,
This modulation produces a stochastic source with Gaussian sta-
tistics in the joint space-frequency (or equivalently, space-time)
domain, owing to the one-to-one correspondence between the
temporal frequency and time imposed by the linear chirp of
the input pulse (Sec. 4). The resulting stochastic pulsed beam
can be treated as a spatiotemporally incoherent source when
the spectral and spatial widths of the wave packet on the holo-
gram are larger than the corresponding characteristic scales of the
random phases @, [x',@(y")] (see Note 2 in the Supplementary
Material). This condition is satisfied in our experiment. After
free space propagation through the second cylindrical lens and
grating, the set of diffracted pulsed beams yields an ensemble
of spatiotemporal wave packets with fluctuating intensity distri-
butions and statistically stationary correlations in both space
and time.

2.2 Experimental Realization

Any partially coherent light field can be constructed as an uncor-
related superposition of a set of coherent modes {%¥,,(x, 7, z)}."”
Consequently, the essential step to generate a partially coherent
wave packet with a tailored spatiotemporal coherence structure is
a synthesis of these coherent modes. In Fig. 2, we show an ex-
perimental arrangement for generating partially coherent wave
packets with a customized coherence structure. A pulsed beam
with a ~20 nm bandwidth centered at 1030 nm, emitted from
a mode-locked fiber laser, is split into two coherent replicas,
an object pulse (red) and a probe pulse (blue), using a polarizing
beam splitter (PBS). We exhibit time-integrated spatial inten-
sity and power spectrum distributions of the pulse in Fig. 2(a).
The object pulse is directed into a two-dimensional pulse shaper

Grating

Wave packet with
partial coherence

Fig. 1 Schematic of the setup for implementing the spatiotemporal van Cittert-Zernike theorem to
synthesize partially coherent space-time wave packets. A coherent chirped pulse beam (a) is first
Fourier-transformed into its temporal frequency spectrum using a diffraction grating and a cylin-
drical lens (CL). The resulting space-spectral electric field is then modulated by a programmable
complex hologram to impose a tailored coherence structure, producing a spatiotemporal incoher-
ent pulsed source. Recombination of the spectrum through a second cylindrical lens and grating,
followed by free-space propagation, reconstructs the pulse, yielding a wave packet with a tailored
spatiotemporal coherence structure at the output plane of the axial-zero-order, characterized by a
randomly fluctuating intensity distribution (b) and stationary statistical correlation (c) in both space

and time.
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displayed in Fig. 1, where we employ a phase-only spatial light
modulator (SLM, Holoeye GAEA-2, 3840 x 2160 pixels with
a 3.74 pm pitch and 60 fps) to tailor the space-frequency am-
plitude and wavefront of the input pulse according to the desired
PSD function, implemented via the complex-amplitude holo-
grams (Sec. 4). In Fig. 2(b), we show the time-integrated spa-
tial and spectral intensity distributions after applying only the

P[x',w(y")] amplitude modulation, yielding a desired Gaussian
profile as an example. As we apply a random phase modulation
0,[x',®(y")], we generate, immediately past the SLM, an en-
semble realization of the incoherent pulsed source with the
instantaneous electric field exhibiting randomly fluctuating
spatial and spectral intensities, as shown in Fig. 2(c). In practice,
the power spectrum of ©,[x', @(y)] is governed by a Gaussian
distribution with a relatively narrow bandwidth (see Note 2 in
the Supplementary Material for details). We generate a complete
ensemble {¥,(x,7)} by sequentially refreshing the random
phases O, [x', @(y")] on the hologram. At each step, we can view
any individual realization ¥, (x,7) as a coherent mode with a
spatiotemporal profile fully retrievable using a Mach-Zehnder-
like scanning interferometer. Briefly, the probe pulse passes
through a pulse compressor composed of a parallel grating and
a right-angle prism, which dechirps it into a Fourier-transform-
limited pulse of ~120 fs (much shorter than the duration of the

Intensity

objective wave packet). This probe pulse then interferes with the
object pulse at a specific local time to produce interference
fringes. By scanning the delay line, we can computationally re-
construct the spatiotemporal profile of each ensemble realiza-
tion from the time-delay dependent interference patterns.

2.3 Spatiotemporal Manipulation of Coherence Width

To demonstrate the versatility of the proposed protocol for
spatiotemporal DOC sculpting, we realize a partially coherent
wave packet described by a generic Gaussian correlation
function with tunable spatial and temporal coherence widths,
yielding a spatiotemporal Gaussian Schell-model (STGSM)
source. The DOC function of the STGSM wave packet is in-
dependent of a selected reference point and takes a concise
Gaussian form as

y(x_,7_) = exp(—x2 /& — 1% /82), (6)

where 6, and 9, stand for temporal and spatial coherence widths.
In Figs. 3(a) and 3(b), we show three-dimensional iso-intensity
surface and phase distributions of an instantaneous ensemble
realization of the generated STGSM ensemble. By combining
the measured amplitude and phase, we obtain a joint probability

Delay line
Py Grating pair

= 4

Camera

I S1

(b) 0 1020 1030 1040
A (nm)
M1 M6 HWP
(c)
,\G" «9[,}79

PB
Femtosecond =

pulsed laser

Sy 1y

M3 SZI M4

(d) W\ Camera

SLu g
L '

Fig. 2 Experimental synthesis and characterization of partially coherent space-time wave packets
with analysis of their propagation dynamics. The ensemble realization of the partially coherent
wave packet is synthesized using a pulse shaper and characterized via a Mach-Zehnder-like
scanning interferometer with a probe pulse. Its propagation dynamics are explored through
free-space propagation and dispersion management. (a), (b), and (c) Spatial and spectral intensity
distributions at specific locations. (d) Schematic of far field propagation of the generated partially
coherent space-time wave packet. M1 — M7, planar mirror; S1, S2, shutters; PBS, polarizing beam
splitter; BS, beam splitter; HWP, half-wave plate; CL, cylindrical lens with a focal length of 10 cm;
SL, spherical lens with a focal length of 50 cm; SLM, spatial light modulator.
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Fig. 3 Manipulation of the spatiotemporal coherence width of an STGSM wave packet. (a) and (b)
Intensity and phase (at y = 0) of an instantaneous ensemble realization of the generated STGSM
wave packet. (c) The complex joint PDF calculated from (a) and (b) exhibits a circular Gaussian
distribution, indicating that the speckle pattern follows Rayleigh statistics. Panels (d)-(g) show
measured |y(x_,7_)[? for different spatial and spectral widths of the PSD function [(d), (1.5 mm,
0.802 THz); (e), (1.25 mm, 0.684 THz); (f), (1 mm, 0.535 THz); (g), (0.75 mm, 0.401 THz)], with
cross-lines and corresponding full widths at half maximum along space and time (the solid lines
represent fitted curves corresponding to the dotted raw data). (h) Coherence width in both space
S and time §, as functions of the spatial and spectral widths of the PSD function. The solid lines

represent the simulation results.

density profile (PDF), which is illustrated in Fig. 3(c). The PDF
exhibits a circular Gaussian shape, confirming that the generated
random wave packet by this method follows the Rayleigh statis-
tics and corresponds to a statistically stationary, homogeneous
field.>”” Consequently, |y(x_,7_)|> can be inferred from the
normalized second-order intensity correlation function, which,
in turn, can be evaluated from the intensity autocorrelation
I,(x,7) ® I,(x,7) of the ensemble of the stationary, homo-
geneous fields (see Note 3 in the Supplementary Material for
details). Figures 3(d)-3(g) present our experimental results for
ly(x_,7_)> for variable spatial and spectral widths of the
PSD function, where the dotted and solid curves denote the
cross-lines of the raw data and a Gaussian fit. The measured
ly(x_,7_)[> exhibits a bell (Gaussian) shape in both space
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and time as the generated partially coherent wave packet is ac-
curately described by the Gaussian Schell-model. The full width
at half maximum of the Gaussian fit quantifies the DOC in both
space and time. As the spatial and spectral widths of the PSD
function increase, the spatiotemporal widths of DOC fall off.
In Fig. 3(h), we compare the simulated and experimental results
for the spatiotemporal coherence width for variable spatial and
spectral widths of the PSD function. A close agreement between
the experiment and simulations demonstrates that the spatiotem-
poral coherence widths can be monotonically tuned by adjusting
the PSD function of the partially coherent wave packet. We note
that the minimum achievable coherence widths in space and time
are constrained by the finite spatial-spectral extent of the input
pulsed beam.

Jul/Aug 2026 ¢ Vol. 8(4)
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2.4 Spatiotemporal Manipulation of Coherence
Structure

Beyond the demonstrated ability to tune the coherence widths
in both space and time, our framework can be readily adapted
to tailor the spatiotemporal coherence structure of any partially
coherent wave packet. To showcase this capability, we gener-
ate a space-time Hermite-Gaussian correlated Schell-model
(STHGCSM,, ,) wave packet as a representative example,
whose target spatiotemporal DOC function is defined as

_ H2m(x7/\/§5X)H2”<T,/\/§51) Xp (_i_i>
262 262)°

re,r) =

H2m (O)HZn (0)

where H ,,(-) denotes a Hermite polynomial of order m; 5, and
0, are temporal and spatial coherence widths, respectively.
In the limiting case of m = n = 0, the STHGCSM, ;, reduces
to a generic STGSM wave packet [Eq. (6)]. In Fig. 4(a),
we display the instantaneous intensity of a single ensemble
realization of the generated STHGCSM, ; wave packet. The
experimental and simulated results for [|y(x_,7_)]> of
STHGCSM, ; wave packet follow in Figs. 4(b) and 4(c), re-
spectively. In addition, we also produce HG-correlated parti-
ally coherent wave packets of variable orders m and n,
with the corresponding |y(x_,7_)|* distributions shown in
Figs. 4(d)-4(f). We observe excellent agreement between the
experimentally generated and simulated spatiotemporal coher-

7 ence structures, which all feature non-Gaussian envelopes,
(b) (c)
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Fig. 4 Manipulation of the spatiotemporal coherence structure of an STHGCSM,, , wave packet
and its propagation dynamics analysis. (a) Intensity of an instantaneous ensemble realization of
the generated STHGCSM,, , wave packet. (b) Measured and (c) simulated |y(x_,z_)|? of the
STHGCSM,, , wave packet. (d)-(f) Measured and simulated |y(x_,7_)[? for STHGCSM,, , with
different orders. (g) Instantaneous intensity and corresponding time-integrated intensity of an
STHGCSM; ; wave packet after free-space propagation to the far field. (h) Measured distribution
of coherence structure after free-space propagation to the far field, where the dark (colorful) dotted
lines denote cross-sections of |y(x_,z_)|? after free propagation (at the source). (i) Three-dimen-
sional iso-intensity surface (ensemble averaged over 50 realizations) of the generated
STHGCSM; ; wave packet after propagation under anomalous dispersion.
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confirming a successful generation of HG-correlated structures
in both space and time.

Instructively, the spatiotemporal coherence structure governs
the evolution of the intensity profile of a partially coherent wave
packet in space and time. To illustrate this point, we experimen-
tally study the propagation characteristics of the generated
STHGCSM wave packets in dispersionless and anomalously dis-
persive regimes. We show a schematic of the free-space propa-
gation setup in Fig. 2(d). A spherical lens is employed to examine
the far-field evolution. On the other hand, temporal dispersion of
the medium can be engineered in free space by encoding a pre-
chirp phase term exp(i,@>z/2) onto the hologram.* First, when
the STHGCSM, ; wave packet propagates to the focal plane of
the lens in free space (without dispersion), the resulting far-field
instantaneous three-dimensional iso-intensity surface (top) and
the time-integrated intensity distribution directly recorded by
the camera (bottom) are shown in Fig. 4(g). Due to the absence
of temporal dispersion, the partially coherent wave packet with
the HG-correlated structure splits into only two distinct spatial
lobes while preserving its temporal profile. In this case, unlike
conventional two-dimensional transverse spatial evolution, the
duality between the spatial and temporal diffusion equations is
completely broken,” resulting in asymmetric propagation dy-
namics in the spatial and temporal domains. Consequently, the
coherence structure |y(x_,7_)[?> in the far-field remains un-
changed in the temporal dimension, but is significantly degraded
spatially due to diffraction, as demonstrated in Fig. 4(h). Notably,
preserving the temporal coherence structure enables confidential
data transport in free space. To this end, the statistical DoFs of
light serve as controllable information channels.'®"” In the ano-
malously dispersive regime in the presence of a group delay
dispersion of 0.5 ps?, the STHGCSM, ; wave packet splits into
two distinct lobes in both space and time, yielding a characteristic
four-lobe intensity profile (consistent with the simulation results
provided in Note 4 in the Supplementary Material). This behavior
is experimentally confirmed in Fig. 4(i), which shows measure-
ments obtained by ensemble averaging over 50 realizations.

3 Discussion and Conclusion

In conclusion, we have advanced theoretically and demonstrated
experimentally a protocol to modulate the spatiotemporal coher-
ence of random light fields within the framework of the spatio-
temporal analogue of the classic van Cittert-Zernike theorem that
we have formulated. By imprinting a random wavefront with de-
signed amplitude modulation onto an input chirped laser pulse,
we have attained precise control over the spatiotemporal coher-
ence width and structure of the resulting statistically stationary,
homogeneous wave packet. We have experimentally demon-
strated the generation of space-time Gaussian Schell-model
sources with tunable spatial and temporal coherence widths, as
well as the wave packets featuring Hermite-Gaussian field corre-
lations of variable order in both spatial and temporal dimensions.
The propagation dynamic of these partially coherent wave pack-
ets qualitatively differs from that of quasimonochromatic partially
coherent beams with the same structure of spatial field correla-
tions. Specifically, during free-space propagation, the coherence
structure degrades spatially due to diffraction but remains intact
temporally. In the anomalous dispersion regime, the spatiotempo-
ral coherence structure, in turn, actively governs the evolution of
the light field in both space and time.

Notably, the partially coherent space-time wave packets
demonstrated here are spatiotemporally separable in both
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their intensity and correlation structures. However, this
framework can be readily extended to spatiotemporally non-
separable states by adopting a coupled PSD function.
Besides, the generated partially coherent space-time wave
packets exhibit a nearly uniform intensity distribution across
the spatiotemporal plane. Overcoming this limitation will be
crucial for fully unlocking the potential of these intriguing
forms of structured light. In addition, although the square
of the modulus of the coherence structures is characterized
through autocorrelation operations, the DOC is inherently
a complex-valued quantity. A complete characterization of
its real and imaginary components generally requires exten-
sive statistical averaging over many realizations, making the
measurement process time-consuming. This limitation may
be alleviated by implementing self-reference-based measure-
ment schemes.”?!

Our work can be distinguished from the first experimental
demonstration of spatiotemporal coherence manipulation in a
broadband incoherent field generated by a statistically station-
ary LED source by Yessenov et al.*® In Ref. 48, partial spatial
coherence is tightly linked to temporal incoherence through
ingenious spatiotemporal spectral correlations. In this paper,
we have employed a narrowband and chirped ultrafast pulsed
source to produce statistically stationary wave packets of light
of controllable spatiotemporal coherence with the aid of judi-
cious frequency-to-time mapping. Furthermore, our protocol
enables access to both spatial and temporal coherence, render-
ing the tailored coherence structure spectrally independent.
This capability may facilitate precise synchronization of inter-
acting partially coherent pulses and enhance the efficiency of
nonlinear processes.’” Moreover, the proposed scheme for
spatiotemporal coherence manipulation can be extended to
other incoherent sources,”® such as random lasers, LEDs,
and ASE sources, to sculpt sophisticated partially coherent
space-time light fields or tailor the speckle statistics. In addi-
tion, the synthesis speed and efficiency can be further boosted
by integrating a 2D holographic pulse shaper with high-speed
modulators, nanophotonic platforms, and multimode optical
systems.” Such advancements may unlock promising applica-
tions in coherent quantum control, light-matter interactions,
and nonlinear imaging in multiple-scattering media, and pro-
vide deeper insights into fundamental phenomena such as light
transport properties.’" %!

4 Appendix: Methods

4.1 Spatiotemporal Synthesis Using a Spatial Light
Modulator

In the experiment, we used a chirped Gaussian pulse beam from a
lab-built fiber laser source, with a spatial rms radius of ~2 mm
and a spectral bandwidth of ~20 nm centered at 1030 nm
[Fig. 1(a)]. The pulse, having a linear pre-chirp of 40.045 ps?
(while higher-order dispersion terms can be neglected in dilute
air) and a Fourier-transform-limited duration of 120 fs, is incident
at an angle of §; = 46 deg onto a reflective blazed grating with a
groove density of N = 1200 lines/mm. This pre-chirp can be
precisely controlled through group-delay-dispersion engineer-
ing using an SLM. The first-order diffraction (m = +1) dis-
perses the beam horizontally, providing a spectral angular reso-
lution of A8;/AA= mN/cos 8; =0.08 deg /nm. The dis-
persed beam is subsequently collimated by a cylindrical lens
with a focal length of f = 100 mm and projected onto an SLM
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with a pixel pitch of 3.74 pm, covering a spatial extent of AL =
2f tan Af,;/2 = 2.8 mm. This setup yields a frequency-to-pixel
mapping of w, = 4.76 x 107> rad fs~' pixel™' on the SLM. The
angular frequency corresponding to the central wavelength is iden-
tified by introducing a 0 — z phase step at y = y,. Consequently,
the applied frequency coordinate is related to the physical spatial
coordinate through @(y') = w,(y" — y;)/3.74, which gives rise
to the space-to-time mapping: 7, = r3@(y’) /2a. This relation es-
tablishes a direct correspondence between spatial modulation at
the pulse shaper and the effective temporal coordinate of the
chirped pulse. The chirp (dispersion) coefficient is incorporated
into the calculation of the corresponding complex amplitude func-
tion as a scaling parameter, thereby eliminating the influence of
the initial pulse chirp on the generation of coherent structures.

4.2 Precise Spatial-Spectral Control for Generating an
Incoherent Source Ty (v;, Vz)

To generate an incoherent source characterized by I'y(vy, v5), we
express the field of the source as a superposition of uncorrelated
coherent modes, such that [ (v(,v,o) = (F,(v{) - Fi(v2)),
where F,(v) represents a random realization of the incoherent
source,” expressed as F,(v) = \/P(x’,x7')e!®(<7) The set
of random phases {0, } is assumed to obey a Dirac delta corre-
lation, ensuring statistical independence of different realizations.
To synthesize the field F,(v) of the incoherent source in the
(x,7') plane, we exploit the linear temporal dependence of the
instantaneous frequency inherent to a linearly chirped ultrafast
pulse. Owing to this property, the space-time modulation of
F,(v) can be equivalently implemented as a purely spatial modu-
lation through the space-to-time (frequency) mapping, yielding
F,(v) = /P, @(y)]e® @0 To encode the spatial-spectral
wavefront of the input pulsed beam into the above coherent
modes, a set of phase-only holograms exp(i®,,) is produced us-
ing the following complex-amplitude algorithm, given by?"*¢

®,(x,y) = mod{@n X, @(y")] + z - sinc' /P, @(y)]

— gox' sinc™'\/P[xX @ (y")], 27[},
®)

where sinc™!(+) is an inverse sinc function (see Note 5 in the
Supplementary Material) and g, the frequency of a linear phase
ramp, the depth of which is contingent upon the PSD function.
@(y') = kv’ = 2ar’ /1§ represents the mapping from a physical
spatial coordinate to a temporal frequency (see Sec. 4.1). In
the SLM, ©,, can be approximated as a colored-noise phase with
a narrow bandwidth (see Note 2 in the Supplementary Material).
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