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in a forty-particle system through a process of scattering mediated by twisted paths
endowed with orbital angular momentum. This platform enables accurate projec-
tions of the scattered pseudothermal system into isolated multiphoton subsystems
governed by quantum dynamics. Interestingly, the isolated multiphoton subsystems
exhibiting quantum coherence produce interference patterns previously attributed
to entangled optical systems. As such, our work unveils novel mechanisms to isolate
guantum systems from classical fields. This possibility opens new paradigms in quan-
tum physics with enormous implications for the development of robust quantum

technologies.
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Introduction

Ever since the birth of quantum physics, there has been a growing interest in the iden-
tification of the boundary between the classical and quantum worlds [1-3]. Over the
past decades, the investigation of quantum many-body systems has facilitated semi-
nal studies that aim to uncover the nonclassical properties of macroscopic systems [2,
3]. The verification of quantum superpositions, wave-particle duality, entanglement,
and decoherence of multiparticle systems has provided some insights on this matter
[2-9]. These studies have shown that quantum multiparticle systems can host many
complex forms of interference and scattering processes that are essential to perform
operations that are intractable on classical systems [10—12]. Recently, the fundamen-
tal physics and technological potential of large multiparticle systems have stimu-
lated the engineering of diverse platforms for their preparation [2, 12, 13]. Typical
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platforms include trapped atoms, quantum dots, superconducting qubits, nitrogen-
vacancy centers, and photonic systems [2, 13]. Due to the remarkable properties of
photons to exhibit quantum properties at room temperature, large quantum photonic
systems constitute a promising platform for the investigation of many-body systems
[12, 14, 15].

Here we isolate the quantum many-body components within a classical pseudother-
mal optical system [12, 15-18]. While most of the isolated multiphoton subsystems
exhibit classical coherence properties and interference dynamics similar to those of the
hosting pseudothermal system, a subset reveals striking quantum coherence properties
that contrast with the behavior of that hosting system. In our work, we extract multipho-
ton quantum subsystems by performing projective measurements of the particle num-
ber of a classical optical system [14, 19, 20]. This measurement scheme enables us to
observe the quantum coherence of many-body subsystems with up to forty interacting
particles. Specifically, we explore the distinctive roles of classical and quantum coher-
ence by measuring multiparticle dynamics of vortices produced by the interference of
random classical light waves [21-24]. Interestingly, we demonstrate that the extracted
many-body systems exhibiting anti-coalescence effects induce correlated interactions.
Furthermore, we found that those multiparticle subsystems exhibiting coalescence pro-
duce anti-correlated dynamics, which are opposite to the macroscopic behavior of the
hosting pseudothermal system [25]. Remarkably, the potential to isolate quantum coher-
ence within classical open systems not only holds fundamental significance for quantum
physics but also presents profound implications for retrieving the quantum features of
open physical systems affected by decoherence processes [26—29].

Results

The formation of dislocations in incoherent random waves has sparked significant
interest in the investigation of vortices in diverse physical systems [21-23, 30-32]. In
this work, we prepared a classical random optical system with many transverse spatial
singularities [17]. This is shown in the first panel of Fig. 1a, where we plot the spatial
intensity distrubtion of our system. This classical system hosts many-body quantum
subsystems whose vortex dynamics are nonclassical and cannot be described using
Berry’s formalism [21, 23, 31]. Remarkably, the constituent many-body subsystems
within the classical random system unveil different spatial structures with distinct
transverse vortex distributions. We extract multiphoton quantum subsystems by
performing projective measurements on Fock states [33]. As described below, these
measurements enable us to collapse the state of the scattered macroscopic system
onto isolated multiphoton subsystems [26]. Interestingly, the extracted probability
distribution of the multiparticle subsystems reported in Fig. 1a exhibit peculiar vor-
tex dynamics. The presence of these vortices imprints an orbital angular momentum
(OAM) spectrum onto our macroscopic system [23, 24]. Here, we characterize its
vortex dynamics by analyzing the OAM correlations of its constituent multiparticle
subsystems. This can be achieved by expressing the inital pseudothermal light field
through the following OAM-dependent density matrix in the Fock state basis, which
we have here written in the coherent-state basis for simplicity as
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Fig. 1 Classical optical system and its constituent quantum many-body subsystems. The classical light

field in our experiment consists of a random optical field with transverse spatial singularities [21, 30]. This

is reported in the first panel of (a). Interestingly, the pseudothermal light field hosts many-body quantum
subsystems with different distributions of vortices. Our experimental measurement of the spatial distribution
of the many-body subsystems is reported in the other panels of (a). We extract the quantum multiparticle
subsystems from the pseudothermal light field by implementing projective measurements on Fock states
[26]. In panel (b), we report the experimentally measured joint photon-number distribution of our classical
light field. This shows our capability to isolate many-body quantum subsystems with up to forty particles.
The degree of second-order coherence g for the classical system is 1.74, which corresponds to the degree
of coherence of a classical light beam [34]. The OAM correlations for two projected many-body subsystems
consisting of eight and fourteen particles are shown in the right part of (b). These correlations are measured
using the setup depicted in (c). Here we use a digital micromirror device (DMD) to produce a pseudothermal
light field containing multiple independent wavepackets with randomly modulated phases [16, 17]. We pass
the beam through a beam splitter to measure its correlation properties. We add an angular double slit to
study its quantum multiparticle dynamics. The beams reflected by the spatial light modulators (SLMs) are
projected onto specific OAM values and then measured by two superconducting nanowire single-photon
detectors that are used to perform photon-number-resolving (PNR) detection [14, 19, 20]. Our experiment

is finalized by correlating the signals from the detectors (see Materials and methods section). This kind of
measurement enables the isolation of specific quantum dynamics
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The function Py, ¢, (a, B) is a complex-Gaussian probability density function for our
classical random optical system [35]. Here, « and B are the coherent amplitudes of the
two OAM modes ¢1 and £,. Furthermore, the average electric-field amplitudes are rep-
resented by ¢, and oy, and ng,¢; are the respective variances and covariances of these
electric-field amplitudes. More detailed information can be found in the supplementary
information (SI).
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Our classical pseudothermal light field, described by Egs. (1) and (2), hosts many
multiparticle quantum systems. In Fig. 1b, we report the experimental joint photon-
number distribution of our system hosting many-body subsystems with up to forty
photons. Given the classical nature of our random optical field, this can be fully
described using Maxwell’s equations [24, 30, 34]. The differences among the spatial
structures of the multiparticle subsystems in Fig. 1a produce distinct OAM correla-
tions. As shown in Fig. 1b, the strength and nature of these correlations are defined
by the isolated many-body quantum subsystem [36]. The origin of these correlations
is described below, and these measurements were performed using the experimen-
tal setup shown in Fig. 1c. This setup allowed us to measure OAM correlations for
the multiparticle subsystems within the random optical system (see Materials and
methods section for details). The use of photon-number-resolving (PNR) detection
enabled us to collapse the state of the scattered random optical system into isolated
multiparticle subsystems that exhibit different quantum dynamics [20, 26]. The pro-
jection of the classical pseudothermal system into isolated subsystems unveils pecu-
liar quantum dynamics which can be opposite to the classical dynamics of the hosting
system [1-3, 37].

We now discuss the coherence properties of the pseudothermal random system and
its constituent many-body subsystems. Given the classical nature of our hosting sys-
tem, some of its properties can be characterized through the measurement of inten-
sity correlations [33, 34]. Specifically, the OAM correlation measurements can be
described by projecting our pseudothermal system onto the OAM modes ¢; and £5.
The density matrix in Eq. (1) allows us to express the degree of second-order coher-
ence for our random hosting system as

4|neye,|* 4 4Re [MZ e, nzlzz}
(200, + e, 12 2og, + e, 12

gP, ) =1+ 3)

This expression certifies the classicality of the hosting system reported in Fig. 1b.
The detailed derivation of Eq. (3) can be found in the SI. Despite the classical nature
of our photonic system, we show that this macroscopic behavior results from the col-
lective dynamics of nonclassical many-body subsystems. Notably, one can access their
quantum dynamics by projecting the random optical field into its constituent multi-
particle subsystems [14, 19, 20]. The coherence of these isolated subsystems can be
described through the following coherence function

Tr [ fey ¢, 111, 12) (11, 2]
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Here, the coherence function g(z)(€1,€2,n1,n2) allows identifying the classical

§2y, 0,11, mp) =

or quantum processes of coherence of the multiparticle subsystems that form the
hosting random optical field [25, 38]. As shown in Fig. 2a, the properties of coher-
ence g<2>(n1,n2) of the extracted subsystems oscillate as the number of particles
increase (n — 00). Despite the many multiparticle subsystems exhibiting quantum
coherence, most multiparticle subsystems exhibit classical properties of coherence.
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Fig. 2 Classical and quantum coherence of many-body subsystems. As indicated in (a), the extracted
multiparticle subsystems can exhibit either classical (5% (n1,n2) > 1) or quantum (§@ (n1,ny) < )
properties of coherence. Interestingly, these properties vary with the number of particles in the extracted
many-body systems. In this case, we are reporting multiparticle systems that do not carry OAM. Despite
the many multiphoton subsystems exhibiting quantum coherence, most of the multiphoton subsystems
exhibit classical properties of coherence. Indeed, the quantum dynamics hosted by the pseudothermal
light field are overwhelmed by the classical properties of coherence of the majority of the constituent
subsystems. The theoretical predictions were calculated based on Egs. (3) and (4). Furthermore, we report
the classical OAM correlations of the random macroscopic system in the first row of (b). These correlations
are quantified through the second-order coherence function g©@ (£1, £5). The second and third rows
therein report similar correlation peaks for symmetric multiparticle subsystems with eight (ny = 4,n, = 4)
and fourteen (n1 = 7,n, = 7) photons. These correlations are quantified through the coherence function
3D (€4, 5,71, n2). Remarkably, the fourth and fifth rows in (b) demonstrate the existence of OAM-correlation
holes for asymmetric subsystems with five (01 = 1,n, = 4) and eight (ny = 1,n, = 7) photons.
Interestingly, these processes lead to generalized forms of multiparticle interference that we explore using
the angular double-slit structure in Fig. 1c. As reported in (c), we observe multiparticle Hanbury Brown
and Twiss interference as we scan the OAM of the extracted subsystems with Gy, £2,n1,n2) > 1[24].
Notably, the many-body subsystems characterized by 3@ (€1, £2,n1,n2) < Texhibit a type of multiparticle
Hong-Ou-Mandel effect as shown in (d) [39]

Consequently, the quantum dynamics within the pseudothermal system are overshad-
owed by the classical coherence properties of the majority of the constituent mul-
tiphoton subsystems. The contributions from all these isolated subsystems lead to the
classical properties of the pseudothermal light beam [24]. Furthermore, the classical
OAM correlations of the hosting system are reported in the first row of Fig. 2b. Shar-
ing similarities with the classical system, extracted multiparticle subsystems contain-
ing the same number of particles exhibit correlation peaks in their OAM distribution.
As indicated by the second and third rows of Fig. 2b, the strength of these correlation
peaks scales with the number of particles in the isolated subsystem. Here, the four-
teen-particle subsystem (n; = 7,1y = 7) shows stronger OAM correlations than its
eight-particle counterpart (n; = 4,1 = 4). Interestingly, the detection of multipho-
ton subsystems with different numbers of particles in each arm demonstrates the
presence of OAM-correlation holes as indicated in the fourth and fifth rows of Fig. 2b.
This first observation of correlation holes unveils the presence of quantum coher-
ence governing interactions among certain many-body subsystems that constitute
the classical hosting system [25, 38]. Remarkably, multiparticle subsystems charac-
terized with classical properties of coherence (g (€1, £, n1,73) > 1) produce many-
body Hanbury Brown and Twiss interference when an angular double-slit structure
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is placed in the source [24]. These measurements showing multiparticle anti-coales-
cence are reported in Fig. 2c. Moreover, the angular double-slit interference of the
multiparticle subsystems exhibiting OAM-correlation holes ( §(2>(£1,£2,n1,n2) <1
produce the multiparticle coalescence reported in Fig. 2d [39]. This effect is mediated
by a multiparticle Hong-Ou-Mandel effect in subsystems with up to eleven particles.
We now discuss the implications of multiparticle coalescence and anti-coalescence for
the formation of correlated and anti-correlated interference patterns produced by the
extracted multiphoton subsystems. These effects can be explored through the scattering
of the classical hosting system by the angular double-slit structure shown in Fig. 1c. In
this case, we project the scattered multiparticle subsystems in one of the arms into dif-
ferent OAM modes, from £; = —15 to £1 = 15, whereas the scattered subsystems in the
second arm are projected into £ = 3 (see Materials and methods section for additional
information). Given the presence of OAM correlations in classical light [24], the correla-
tions between the two arms lead to the formation of an interference pattern with a peak
around ¢; = 3, as shown in Fig. 3a. As expected, most of the constituent multiphoton
subsystems produce interference patterns similar to those of the hosting system. Due
to the anti-coalescence effects mediating these interference processes (§® (1, n3) > 1),
the patterns in Fig. 3b also exhibit a peak around ¢; = 3. Nevertheless, the extracted
many-body systems with a larger number of particles produce quantum-enhanced vis-
ibilities which surpass that of the classical hosting system. Remarkably, the coalescence
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Fig. 3 Observation of correlated and anti-correlatated interference of extracted multiphoton subsystems.
The scattering of our random pseudothermal system by a double-slit structure produces the classical
interference pattern shown in (a). This pattern was obtained by projecting the scattered random field in one
of the arms into different OAM modes, from £; = —15to €1 = 15, whereas the scattered photons in the
second arm are projected into £, = 3.The separation between the slits is 77 /6 radians and their widths are
/12 radians. The overwhelming presence of multiparticle subsystems with §? (n1,n,) > 1in Fig. 2 induce a
correlation shift of three units to the right. These kinds of many-body subsystems exhibiting anti-coalescence
dynamics produce other correlated structures with a peak at £ = 3. We report these measurements in

(b). Interestingly, the visibility of these interference patterns increases with the number of particles in the
subsystem, enabling a quantum-enhanced visibility for the many-body subsystem with eleven particles

(n1 = 6,n; = 5). Despite the direct correspondence between the interference structures in (a and b), there
are quantum processes of coherence inducing the increasing visibilities in (b) that surpass that of the classical
hosting system in a. Remarkably, the projection of the classical pseudothermal system into the many-body
subsystems in (c) unveils a different interference structure. The coalescence dynamics hosted by these

kinds of subsystems, characterized by (n1,n2) < 1, produce anti-correlated interference patterns with

a peakat £; = —3. Even though the isolated quantum subsystems in (c) were extracted from the classical
pseudothermal field in (@), they exhibit different correlation dynamics

Page 6 of 10



You et al. PhotoniX

(2024) 5:39

of multiparticle subsystems ( 2% (n1,m3) < 1) leads to the formation of remarkably dif-
ferent interference structures. Specifically, the extracted multiphoton subsystems pro-
duce the anti-correlated interference structures reported in Fig. 3c. Surprisingly, these
multiparticle interference patterns reveal a peak at £; = —3. For nearly two decades,
this behavior has been attributed to OAM-entangled photons [40], which exhibit OAM
anti-correlations due to the conservation of OAM in spontaneous parametric down-
conversion processes [41]. Surprisingly, in our experiment, these nonclassical multipho-
ton subsystems were extracted from a classical optical system. Notably, our theoretical
model, which utilizes a complex-Gaussian probability density function, successfully cap-
tures all the features observed in our experiment.

Discussions

While extensive research has been devoted to investigating the nonclassical properties of
macroscopic quantum systems [1-9], this work provides the first direct evidence of the
quantum signatures of the classical world. Our measurements of the quantum dynamics
of a classical system demonstrate the contrasting nature between the so-called classical
and quantum worlds [1-10, 13, 37, 42]. Our observations reveal the dramatic role that
classical and quantum coherence has in the behavior of multiparticle systems. This was
demonstrated through a process of multiparticle scattering mediated by twisted paths
endowed with orbital angular momentum. The flexibility of our platform enabled us
to isolate quantum and classical processes of coherence by performing measurements
of the orbital angular momentum and the particle number of multiphoton wavepack-
ets containing up to forty particles. The identification of different coherence conditions
allowed us to observe the occurrence of correlated and anti-correlated processes of scat-
tering among the multiphoton wavepackets that form a classical photonic system. Fur-
thermore, our work outlines novel mechanisms to extract and isolate quantum systems
from open classical systems [26, 27]. This possibility opens new paradigms in quantum
physics with enormous implications for the development of robust quantum technolo-
gies [27]. We believe that our discoveries unveil universal properties of many-body
systems that are relevant for diverse fields ranging from condensed matter to nuclear
physics [2, 10, 13, 43].

Materials and methods

Source preparation

As shown in Fig. 1c, we utilized a continuous-wave laser operating at a wavelength of
532 nm. The initial beam is spatially cleaned and expanded using a 4-f system to match
the size of the digital micromirror device (DMD, DLP LightCrafter 6500 Evaluation
Module). In our experiment, we generate a pseudothermal light beam with engineered
photon statistics. To experimentally generate pseudothermal multiphoton states, we
dynamically modulate the laser beam’s spatial properties of coherence by display-
ing random phase screens generated through the Kolmogorov model of turbulence
on the DMD [17]. The Kolmogorov phase screen is given by ¢ = Re(]:_l(Mﬂ)),
where M isﬁtéhe elrllcoded random matrix, and the approximated power spectral density
¢ ~ 0.023r, 3~ 3. Here, Re(z) indicates the real part of a complex number z, 71 is the
inverse Fourier transform, and fis the spatial frequency of the light field. Particularly, the
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encoding of Kolmogorov phase screens in a DMD is achieved through amplitude-only
spatial light modulation. These generated Kolmogorov phase screens are encoded into a
video at a rate of 60 frames per second and displayed on the DMD. Another 4-f system
and an iris are used to filter the first diffraction order of the beam reflected off the DMD.

Experimental setup and measurements

In order to project our system into two separate OAM modes, we first divide the beam
from the DMD in two with a 50:50 beam splitter. These beams illuminate two angular
double-slits on two spatial light modulators (SLMs) [24]. The SLMs are also used to
display phase holograms which induce a shift in the beams’ OAM spectra. Specifically,
if we are interested in measuring the OAM £ in arm one, then we will shift that arm’s
OAM spectrum by —¢. This produces a beam with a new OAM distribution such that
its Gaussian mode occurs with the same frequency as the £ mode of the initial beam.
These shifted beams are then coupled into two single-mode fibers (whose fundamental
modes are Gaussian). This process of shifting the OAM spectrum and then coupling into
single-mode fibers constitutes our protocol for OAM projection [44]. These fibers then
direct photons to two superconducting nanowire single-photon detectors (SNSPDs) that
perform photon number resolving (PNR) detection [14, 19, 20].

Implementation of photon-number-resolving detection

In order to perform PNR detection with our SNSPDs, we use the surjective photon
counting method described in Refs. [19, 45]. Specifically, the photons are detected by the
SNSPDs and then recorded by a time tagger. The collected data is then divided into time
bins of 1 us, which corresponds to the coherence time of our CW laser. Since the dead
time of our SNSPDs is small compared to the length of the time bin, the measurements
are guaranteed to be in a single-temporal-mode field. Finally, the number of events in
each time bin are counted to retrieve photon number statistics.
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