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Quantum coherence, an essential feature of quantum mechanics al-
lowing superpositions of quantum states, is a resource for quantum
information processing. Coherence emerges in a fundamentally dif-
ferent way for nonidentical and identical particles. For the latter, a
unique contribution exists linked to indistinguishability that cannot
occur for nonidentical particles. Here, we experimentally demon-
strate this additional contribution to quantum coherence with an op-
tical setup, showing its amount directly depends on the degree of
indistinguishability and exploiting it in a quantum phase discrimina-
tion protocol. Furthermore, the designed setup allows for simulat-
ing fermionic particles with photons, thus assessing the role of ex-
change statistics in coherence generation and utilization. Our exper-
iment proves that independent indistinguishable particles can offer
a controllable resource of coherence and entanglement for quantum-
enhanced metrology.

Identical particles | Quantum coherence | Quantum metrology

quantum system can reside in coherent superposi-

tions of states, which have a role in the interpretation
of quantum mechanics (1-4), lead to nonclassicality (5, 6)
and imply the intrinsic probabilistic nature of predictions
in the quantum realm (7, 8). Besides this fundamental
role, quantum coherence is also at the basis of quantum
algorithms (9-14) and, from the modern information-
theoretic perspective, constitutes a paradigmatic basis-
dependent quantum resource (15-17), providing a quantifi-
able advantage in certain quantum information protocols.

For a single quantum particle, coherence emerges when
the particle is found in a superposition of the compu-
tational basis of the Hilbert space. For multiparticle
compound systems, the physics underlying the emergence
of coherence is more prosperous and strictly connected to
the nature of the particles, with fundamental differences
for nonidentical and identical particles. A particularly in-
triguing observation is that the states of identical particle
systems can manifest coherence even when no particle
resides in superposition states, provided that the wave-
functions of the particles overlap (18-20). In general, a
special contribution to quantum coherence arises thanks
to the spatial indistinguishability of identical particles,

www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

which cannot exist for nonidentical (or distinguishable)
particles (18). Recently, it has been found that the apti-
tude of spatial indistinguishability of identical particles
can be exploited for entanglement generation (21), appli-
cable even for spacelike-separated quanta (22) and against
preparation and dynamical noises (23-25). The presence
of entanglement is a signature that the bipartite system as
a whole carries coherence even when the individual parti-
cles do not, the amount of this coherence being dependent
on the degree of indistinguishability. We name this spe-
cific contribution to quantumness of compound systems as
“indistinguishability-based coherence”, as a difference with
the more familiar “single-particle superposition-based co-
herence”. Indistinguishability-based coherence qualifies in
principle as an exploitable resource for quantum metrology
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Fig. 1. lllustration of the indistinguishability-activated phase discrimination task. A
resource state pi, that contains coherence on a computational basis is distilled from
spatial indistinguishability. The state then enters a black box which implements a
phase unitary Uy, = 'k k € {1,...,n} on pi. The goal is to determine the
¢ actually applied through the output state pous: indistinguishability-based coher-
ence provides operational advantage to the task.

(18). However, it requires sophisticated control techniques
to be harnessed, especially in view of its nonlocal nature.
Moreover, a crucial property of identical particles is the
exchange statistics, while its experimental study requiring
operating both bosons and fermions in the same setup is
generally challenging.

In this work, we investigate the operational contribu-
tion of quantum coherence stemming from the spatial
indistinguishability of identical particles. The main aim
of our experiment is to prove that elementary states of two
independent spatially-indistinguishable particles can give
rise to exploitable quantum coherence, with a measurable
effect due to particle statistics. By utilizing our recently
developed photonic architecture capable of tuning the
indistinguishability of two uncorrelated photons (26), we
observe the direct connection between the degree of indis-
tinguishability and the amount of generated coherence,
and show that indistinguishability-based coherence can
be concurrent with single-particle superposition-based co-
herence. In particular, we demonstrate its operational im-
plications, namely, providing a quantifiable advantage in
a phase discrimination task (27, 28), as depicted in Fig. 1.
Furthermore, we design a setup capable of testing the
impact of particle statistics in coherence production and
phase discrimination for both bosons and fermions; this
is accomplished by compensating for the exchange phase
during state preparation, simulating fermionic states with
photons, which leads to statistics-dependent efficiency of
the quantum task.

Results

Indistinguishability-based coherence. To introduce the
idea of coherence activated by spatial indistinguishability
(18), we start from a simple scenario where the wave-
functions of two identical particles with orthogonal pseu-
dospins, | and 1 overlap at two spatially-separated sites,
L and R. Omitting the unphysical labeling of identical
particles thanks to the no-label formalism (29), the state
is described as |¥) = |¢ |, ¢ 1), with ) =|L) +r|R)
and [¢") =1'|L) + r'|R) denoting the spatial wavefunc-
tions corresponding to the two pseudospins. We stress
that the no-label formalism adopted here reveals very

2 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

suited for our investigations requiring a tunable degree
of spatial indistinguishability of identical particles. In
the Materials and Methods section, we provide a more
thorough discussion about the advantages of the no-label
formalism in describing identical particle systems.

Let us use spatially localized operations and classical
communication, i.e., the SLOCC-framework (21), to ac-
tivate and exploit the operational coherence. Projecting
onto the operational subspace B = {|Lo, R7) ;0,7 =|,1}
yields the normalized conditional state (18)

1
- Nk

with A%z = /|lr']2 + |I'r]2, and the exchange phase fac-
tor n = 1(—1) originates from the bosonic (fermionic)
nature of the indistinguishable particles. We see that,
although each particle starts from an incoherent state
(namely, ¢ 1), [¢' 1)) in the pseudospin computational
basis, the final state |Urr) overall resembles a coherent,
nonlocally-encoded qubit state in the compound basis
B under sLOCC. Also, considering that this coherence
vanishes when the two particles are nonidentical thus indi-
vidually addressable (18), the emergence of coherence in
|¥pr) essentially hinges on the spatial indistinguishability
of the identical particles, in strict analogy to the emer-
gence of entanglement between pseudospins (21, 26, 30).

The coherence of the state of Eq. (1) is independent
of the bosonic or fermionic nature of the particles be-
cause of the specific choice of the initial single-particle
states. However, in general, particle statistics plays a
role in determining the allowed spatial overlap properties
of identical particles and is thus crucial for the coher-
ence of the overall state of the system. Hence, we shall
extend our experimental investigation to a state where
these fundamental aspects can be observed. Taking again
a scenario with two indistinguishable particles, one of
the particles is now initialized with innate coherence in
the pseudospin basis, i.e., the initial two-particle state
reads [¥') = ¢ |,¢'s"), where |s') = a|T) + b||) with
|a|? +|b|?> = 1. Projecting onto B generates the three-level
distributed state (18)

|WLR) (r'[LLR ) +nlr[LTRY)),  [1]

|¢m):‘%4WW@%R¢%HWW+UWHLLRD
LR
+anl'r [L 1, R ), [2]

where Ni% = +/a2(|lr']2 + |I'r[2) + b2|lr’ + nl'r[2. In this
state, indistinguishability-based coherence coexists with
single-particle superposition-based coherence, giving rise
to an overall multilevel coherence in the operational basis

B.
A photonic coherence synthesizer. We prepare two-level
and three-level indistinguishability-based coherence by uti-

lizing the photonic configuration shown in Fig. 2. The
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Fig. 2. Experimental configuration.

p ~BS
]
BS

‘ﬂ

(a) Preparation of coherent resource states by implementing sSLOCC on indistinguishable particles. Photon pairs with orthogonal

polarization states are prepared by pumping a /3-barium borate (BBO) crystal. The two-photon wavefunctions are distributed in two spatial regions, with the indistinguishability
tuned by the half-wave plates (HWPs) #1 and #2. The purple boxes represent the beam combiners are inserted to overlap the wavefunctions of two indistinguishable photons.
The inset shows the detailed configuration of the beam combiner. For the activation of two-level coherence (lower subplot), a beam displacer (BD) combines the propagating
paths of the two incoming photons; for the three-level case (upper subplot), an additional HWP initializes the polarization state of one of the photons, the horizontally- and
vertically-polarized wavefunction amplitudes of the photon are then successively joined in the propagating path of the other photon with a pair of BDs and a HWP in between.
(b) Discrimination of different phases. The Franson interferometer creates two phase channels with different configurations, which is adjusted by the HWP sandwiched
between two quarter-wave plates (QWPs). The polarization analysis device (PAD) comprises a QWP, a HWP, a polarizing beam splitter (PBS) and a single-photon detector.

BS: non-polarizing beam splitter.

correspondence between photon’s polarization and pseu-
dospin reads |H) ~ [1), |V) ~ |}), with |H) and |V)
identifying horizontal and vertical polarization, respec-
tively. As shown in Fig. 2(a), frequency-degenerate pho-
ton pairs are generated by pumping a beamlike type-II
B-barium borate (BBO) crystal via spontaneous para-
metric down-conversion (31), and sent to the main setup
via two single-mode fibers, respectively. The two-photon
initial state |[H) ® |V) is uncorrelated, and two half-wave
plates (HWPs, #1 and #2) with their orientation set at
22.5° and 0/2, respectively, are utilized to adjust their po-
larizations. Each of the two initially uncorrelated photons
then passes through a polarizing beam splitter (PBS),
which distributes their spatial wavefunctions between two
remote sites, L and R, according to the polarization state.
Next, additional HWPs at 45° are inserted in different
paths to revert the photons’ initial polarization.

The activation of functional quantum coherence from
spatial indistinguishability of two photons is achieved by
a beam combiner comprised of a set of beam displacer
(BD) arrays. A beam displacer is a birefringent calcite
crystal with a suitably cut optical axis leading the vertical
and horizontal polarizations of photons to separate par-
allelly. For the preparation of the two-level state |UR),
the beam combiner is comprised of the setup already em-
ployed in the demonstration of polarization-entanglement
activation by spatial indistinguishability (26) (see the
lower inset of Fig. 2(a)). Explicitly, a BD on each site
combines the propagating directions of the two photons,
in which the horizontally polarized photon is displaced
while the vertically polarized photon does not change the
propagating direction. At this point, the spatial wave-
functions of the two photons become overlapped, allowing
for preparing the state |Urr) via SLOCC. A pair of polar-

K.Sun etal

ization analysis devices (PADs) can be inserted after the
beam combinerto cast polarization measurement, and the
coincidence photon counting process realizes the desired
projection onto the distributed basis B. To prepare the
three-level state |®rr), an elaborate beam combiner setup
is appended on each site, L and R (see the upper inset of
Fig. 2(a)). We defer the detailed description and setup
mechanism to the Materials and Methods section.

As a first observation, we want to prove the direct
quantitative connection between produced coherence and
spatial indistinguishability of photons, in analogy to what
has been done for the entanglement (26). In fact, in
the present experimental study, the resource of interest
is quantum coherence; such a preliminary analysis is es-
sential in view of its controllable exploitation for the
specific quantum metrology protocol. This analysis is
performed for the two-level state |¥Urg) resulting from
the original elementary state |¥). Various methods have
been proposed to quantify coherence (27, 32-35). Here,
we adopt the /1 norm of the density matrix p, that is
Ci(p) = Xizjlpijl (32). The system is prepared in
U r(0)) =cos@ LT, R ) +sinf|L |, R1), and its mea-
sure of coherence in the basis B is C, (¥rr) = |sin 26 |.
The coherence completely stems from the indistinguisha-
bility of the photons, as it vanishes at the limit = kr/2
(k integer number), i.e., when the two photons are distin-
guishable.

To quantify the spatial indistinguishability of the
two photons we use the entropic measure (23) Z =
(2

e 1pLR10gp£P)U where pLR = |Ir'/NERI? (pLF){ =
[l'r /N5 |?) refers to the probability of finding the photon
from 1/1 and ¢’ (¢ and ) ending at L and R, respec-
tively. For our setup, one has Z = — cos?  log(cos? §) —
sin? f log(sin? ). The experimental result for the measure-
PNAS | March 30,2022
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ment of coherence versus indistinguishability is plotted in
Fig. 3(a), clearly revealing the monotonic dependence in
accord with theoretical predictions. The inset shows the
result of quantum state tomography at § = /4, which has
a fidelity of 0.988 to the maximally coherent state. Here-
after, the error bars represent the 1o standard deviation
of data points, which is deduced by assuming a Poisson
distribution for counting statistics, and resampling over
the collected data (36). The Poisson-type uncertainty
propagation method is widely adopted in the error esti-
mation of various photonic experimental contexts, e.g.,
the test of non-local realism (37), boson sampling (38),
integrated photonics (39), and fiber-based scenarios (40).

Phase discrimination. Having generated tunable
coherence using sLOCC, we apply it in the phase discrim-
ination task to demonstrate the operational advantage
due to indistinguishability and the role of particle statis-
tics. The formal definition of phase discrimination task
is as follows: a phase unitary among n possible choices
Up = €'%%% k€ {1,...,n} is randomly applied on an ini-
tial state p;, with a probability of py, where the generator
of the transformation G = > or=t., Wor [Lo,RT) (Lo, R7|
is diagonal on the computational basis (w,, are arbitrary
coefficients) and >;'_, p = 1. We shall identify the ¢y,
that is actually applied with maximal confidence from
the output state pout, by casting positive operator-valued
measurements (POVMs). Here, we focus on the n = 2
scenario with ¢; = 0, ¢2 = ¢, and solve the task using
the experimentally feasible minimum-error discrimination
(41, 42).

We first investigate phase discrimination with the two-
level state and, without loss of generality, choose the
generator G = L+, R {)(LT,R ]| (obtained fixing we =
1 and wyy = wyp = wy = 0). Consequently, the output
states after being affected by Uy read

1

Tk =
=

(Ir' [L LR A) +nl're’® D2 L1, R 1)), [3]

and they are discriminated by a POVM (a von Neu-
mann projective measurement in this case) comprising
two projectors IT = {f[l, ﬁg}: when II}, clicks, the phase
is identified as ¢j. By this definition, the chance of mak-
ing an error is Payy = py (U [II |01 + po (U211 |¥2), and
is lower bounded by the Helstrom-Holevo bound (43, 44),

namely, Pey > 3 <1 — \/1 —4p1p2 |<‘I’1|“I/2>|2

For a

two-level coherent state, it is straightforward to identify
the measurement projectors II; and IT, (18).

The phase discrimination game is experimentally re-
alized using the setup of Fig. 2(b). The photons in the
state |Urr) on the site R are sent into an unbalanced
Mach-Zehnder interferometer (UMZI), while the photons
on the site L are directly detected. We put a HWP
between two QWPs fixed at 45° to build a phase gate,
and place one phase gate into each of the arms after a
non-polarization beam splitter (BS). In the short arm

4 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX
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Fig. 3. Experimental result for the two-level state |¥'1,g). The points and curves
represent experimental results theoretical predictions, respectively. (a) Quantifi-
cation of coherence Cj, versus the two-photon indistinguishability Z. The inset
shows the real part of the density matrix for the input state |¥rg(7w/4)) de-
duced by quantum state tomography. The basis correspondences read |HV) ~
ILT, RJ),|VH) ~|LJ, R7).(b) The error probability Pe,, of phase discrimi-
nation versus the phase parameter ¢, with & = 7 /4 to give maximal coherence and
p1 = 0.44. The dashed line shows the Helstrom-Holevo bound without coherence.

of UMZI, the choice of the phase gate angle leaves the
state |¥1r) unchanged, while in the long arm, a relative
phase ¢ between |L |, R 1) and |[L 1, R |} is imported. A
movable shutter (not shown) is placed in one of the arms
to adjust the parameters p; and po. After the UMZI, the
photons are projected on the desired state. Since |V R) is
a two-level coherent state, the measurement projectors I,
and II, defined in the basis {ILL, RT), ILT, RJ)} are
realized in the corresponding subspace from the product
(single-particle) state measurement. This procedure is
as follows. On the site L (R), the polarization projector
is O, = [x) (x| with [x) = a[t) + B) (O = [x) (X']
with |x’) =o' 1) + 8" [{)). The product projector is thus
Or, Q@OA{{7 leading to the two-photon projector |¥,g) (Vo]
with |Ueg) =af’ LT, R])+ Ba’ L], RT) in the sub-
space of interest {|L J, R 1), L1, R {)}. Thanks to the
final PAD unit of the setup of Fig. 2(b), the parameters
{a, B, &, B’} can be adjusted to perform the desired
projective measurements f[l, I, and eventually obtain
the error probability of discrimination Pi,,.

We directly measure the error probability of phase
discrimination for various ¢ at p; = 0.44 by employing the
maximally coherent state [Wrg(7/4)) and optimizing over
the measurement settings of II; and II;. The experimental
result, matching well with the theoretical prediction,

1

Por == (1 — /T 2p1(1 — p1)(1 + cos ¢)) 4

is shown in Fig. 3(b). Note that without coherence, the
best strategy of phase discrimination is to constantly guess
the phase with greater probability, yielding P, = p1
(top dashed line). The reduced P, thus unravels the
almost ubiquitous advantage of indistinguishability-based
coherence.

Emulating different particle statistics. The symmetric
form of Eq. (3) prevents the exchange phase factor 7
from affecting the outcome of |¥y g )-based phase discrimi-
nation task. However, when the three-level coherent state,
|PLr), is utilized in the same task, the intrinsic statistics
of the indistinguishable particles renders the situation
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more complicated. The bosonic nature of the photons
guarantees zero exchange phase, a property both from the
quantum axiom and experimentally testable (45). Hence,
the quantum states prepared in our setup naturally has
7 = +1. Throughout this section, we fix one of the pho-
tons at maximal superposition state |s') = (|1) + [1))/V/2,
i.e., set a = b for simplicity which is implemented with
setting both HWPs, placed before the first BD in the three-
level setup, to be 22.5°. Choosing the mixing parameters
asl =10 =r =7+ (I' =r = 0) maximizes (destroys)
the bosonic indistinguishability; this is experimentally
achieved by setting the orientation of both HWPs #1 and
#2 be 22.5° (7/4).

On the other hand, photonic simulations of the dy-
namics of fermionic (46-48) and non-Abelian anyonic sys-
tems (49) may provide additional insights for the exotic
physics therein. From the observation that 1 in Eq. (2)
can be absorbed into I’; a viable investigation of fermionic
systems with n = —1 can be achieved using our setup:
by setting 8 = —x /4, we invert the sign of I’ to simulate
indistinguishability-activated coherence of fermionic par-
ticles. Note that the previous simulations of fermionic or
anyonic behavior via photons inevitably rely on either a
highly entangled singlet state as the input state or non-
local mathematical correspondences like Jordan—Wigner
transformation to supply the anti-symmetric exchange
behavior. Both methods limit the scalability of simulation
and scramble some topological order. In stark contrast,
the applicability of our simulation method, which directly
emulates the exchange properties of identical particles by
harnessing the spatial indistinguishability of photons, is
not limited by the above hurdles.

The prepared states emulating bosonic, distinguish-
able and fermionic particles are characterized via
quantum state tomography, and the results are pre-
sented in Fig. 4(a). The three cases have fidelity of
98.4%, 97.5%, and 97.7%, respectively. For the bosonic
case, the outcome authenticates the presence of coherence
between all three vectors of the computational basis shown
in Eq. (2). For the distinguishable case (I’ = r = 0), the
coherence is in contrast solely inherited from one of the
particles, and localized on the site R. For the fermionic
case, the resulted state in Eq. (2) interestingly becomes a
two-level state, | g (7/4)), since the destructive interfer-
ence almost completely eliminates the amplitude on the
basis |L J,R ]). And this matches the prediction of Pauli
exclusion principle where the pseudospins of two particles
are opposite. In our experiment, the exchange phase is
obtained via the tomographic results as (0.988 £ 0.016)w
supporting a fermion-like exchange behavior of the pho-
tons due to the compensation. Note that a minus sign
appears in the coefficient of the |L |, R 1) terms, which is
attributed to the m-phase acquired by the photons upon
reflected by PBS.

We are now in the position to investigate the role of
particle statistics in the phase discrimination task. The

K.Sun etal
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Fig. 4. Experimental result for three-level state |®1,r ). (a) The real part of the den-
sity matrix for the input states |®1,r) of bosonic, distinguishable (I’ = r = 0)
and fermionic particles (simulated), deduced by quantum state tomography, with
6 = =4m/4 to give maximal coherence. The magnitude of the imaginary part
of the density matrices are smaller than 0.07. The basis correspondences read
[HV) ~ |[L 1, R1),[VH) ~ L], R1),and |[VV) ~ L |, R ). (b) The
error probability Pe,r of phase discrimination versus ¢ for bosonic, distinguishable
and simulated fermionic particles with p; = 0.50. The experimental results are
presented by dots with error bars in different appearances. The solid curves are the
theoretical predictions with w + = 1, wsy =2andw | = 3.

corresponding operations Uy, are again realized using the
phase gates within the UMZI, yielding two output states
|®F) (18) written as

|<I)k> = (a(lr’eiwu@c L], RT)+ nl/Teiwn(bk ILt,R 1))
+b(lr’ + nllr)eiww(ﬁk |L \L’ R \L>)/NE>R [5}

Here, we set wyy = 1, wy, = 2 and wyy = 3 in the
generator G. Unlike the two-level situation, in this three-
level coherent case we need to place an UMZI on each
site L and R. The UMZI has a path difference equiv-
alent to 2.7ns between the long and short paths, and
the coincidence interval is set at 0.8ns. The quantum
states affected by the two phase operations in the UMZIs
are registered separately (50, 51). We adjust the elec-
tric delay of the coincidence module to pick out the
events that the two photons had taken the long/short
and short/long paths, which correspond to the state after
being affected by U; and Us, respectively. Moreover, for
the measurement of the three-level system, to minimize
the error probability of discrimination P, three projec-
tors ﬂl, f[g and f[g are required where Ef’ﬁl = I and
Tr(ll3 | @i ) (Pig|] = Tr[lls | @2, ) (®25]] = 0. The pro-
jectors II; (i =1, 2, 3) consist of three linearly indepen-
dent basis vectors B’ = {|[L T,R }),|[LJ},R1),|IL{,R{)}
(see details in the Materials and Methods section). Sim-
ilarly to the method used above for the two-level state,
these three projectors are also extracted from the sub-
space of the product projectors on the two sites L and R

and implemented by the PAD unit of the setup.
Fig. 4(b) reports the measured error probabilities for
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phase discrimination with the three-level states. A clear
discrepancy between the credibility of phase discrimina-
tion using different kinds of particles can be observed.
Particularly, both types of indistinguishable particles pro-
vide advantage over distinguishable ones within the range
of ¢ € (3£, %), but fermions further outperform bosons
by a difference in P, of 0.119 at ¢ = w. This can be
intuitively interpreted by recalling that the exchange inter-
action of fermions prevent them from occupying the same
state, so the wavefunction amplitude disperses between
different states and produces large amount of coherence.
In contrast, bosons tend to bunch on a single state, so the
applicable coherence is reduced. The experimental result
for the fermionic three-level case, as shown in Fig. 4(b),
appears similar but not identical to a reported two-level
case given in the earlier text (see Fig. 3(b)). In the exper-
imental configuration here, the wavefunction amplitude
of |L J,R |) vanishes due to the destructive interference
when two trajectories of indistinguishable particles coa-
lesce on the BD. Also, the two discrimination games are
subject to slightly different subchannel probabilities p;.

Discussion

Coherence activated from spatial indistinguishability is
a fundamental contribution to the quantumness of mul-
tiparticle composite systems intimately related to the
presence of identical particles (subsystems). It cannot
exist between different types of quanta, that is, in sys-
tems made of nonidentical (or distinguishable) particles.
Due to its intrinsic nonlocal trait, in order to apply
the indistinguishability-based coherence in quantum in-
formation tasks, transformations and measurements on
the resource state must admit direct product decom-
position into local operations, which are achieved by
sLOCC. We note that in the case of two identical par-
ticles, Schmidt decomposition recovers our capability to
perform all possible measurements (52). Therefore, ap-
plying indistinguishability-based coherence between three
or more quanta will be an open research route.

In this paper, we have experimentally investigated
indistinguishability-based coherence, demonstrating its
operational usefulness in a quantum metrology protocol.
Our photonic architecture is capable of tuning the degree
of spatial indistinguishability of two uncorrelated photons,
and adjusting the interplay between indistinguishability-
based coherence and single-particle superposition-based
coherence to synthesize hybrid, multilevel coherence from
two non-orthogonal pseudospins. This has allowed us to
prepare via sLOCC various types of resource states by
devising and implementing a beam combiner, and char-
acterize the operational coherence via the phase discrim-
ination task. Our results highlight, in a comprehensive
fashion, the fundamental and practical aspects of control-
lable indistinguishability of identical building blocks for
quantum-enhanced technologies.

A particularly interesting feature of our setup is that

6 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

it has been devised in such a way that both bosonic
and fermionic statistics can occur in the resource states,
thus enabling the possibility to directly observe how
the nature of the employed particles affects the effi-
ciency of the quantum task. The present experiment
also shows that, within the usual first quantization ap-
proach with fictitious labels to describe identical par-
ticle states, the superpositions of a two-particle state
and its permuted version enforced by the symmetrization
postulate gives rise to true, physical entanglement (e.g.,
WLy 1) o S a@ W e +nld' 1)@ g),
where fictitious labels A and B have been adopted). This
result can be seen as a confirmation of what one can
deduce from a recent experiment to directly measure the
statistics exchange phase of photons (45, 53), where a
quantum interference between a reference state and its
physically exchanged version is created. In our experi-
ment, such an entanglement, due to the enabled quantum
coherence, is entirely contained in the elementary state
of two independent spatially-indistinguishable photons
expressed in the no-label formalism, with the particle
statistics imprint emerging in the final state after the
sLOCC measurement. As an outlook, it would be in-
teresting to develop a similar experiment with actual
fermions. Platforms with devices realizing linear optics
operations with fermions, such as electrons, would be the
best candidates. To this purpose, one may use quantum
dots as sources of single electrons that can be emitted
on demand (54), initialized in given spin states (55), and
sent to quantum point contacts operating like electronic
beam splitters (56, 57). Atomic circuits may also be em-
ployed to control single electrons (58). Our experiment
thus paves the way to suitably exploit these different plat-
forms to investigate indistinguishability-enabled quantum
coherence with real fermions.

We finally remark that the observed phenomena in our
experiment do not only follow a mapping of a fermionic
state into a photonic system. Indeed, they recover fun-
damental traits of the original fermionic system. For ex-
ample, we have observed that the m-exchange (fermionic)
phase from optical compensation causes the photonic
wavefunction on the symmetric state to vanish. This
observation is in strict analogy to the Pauli exclusion
principle found for real fermions forbidding multiple occu-
pations of the same state: both these behaviors originate
from the destructive interference due to the exchange of
identical fermionic particles in the superposed two-particle
states. Therefore, our work also constitutes an eligible
quantum simulation of different kinds of identical parti-
cles and may shed further light on the characterization
of this kind of compound systems, including anyons. No-
tably, the investigation of anyonic braiding may facilitate
fault-tolerant quantum computation and information pro-
cessing protocols (49, 59). To this end, our setup provides
a pathway to address this problem naturally and intu-
itively. These studies constitute one of the main prospects
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motivated by the present work and will be investigated
in the near future.

Materials and Methods

In this section, we start with a comprehensive discussion
of the merit of the no-label formalism in the description of
identical particles. We then present the detailed procedure for
generating multilevel coherence via particle indistinguishability
and applying it in a quantum metrological task.

Practical merits of the no-label formalism. The no-label for-
malism describing identical particles is a powerful tool suitable
for various practical scenarios. Its main features are as follows:
(i) it avoids fictitious labels which may complicate the analysis,
(ii) directly encompasses bosons and fermions on the same
footing; (iii) allows for the natural introduction of a contin-
uous degree of spatial indistinguishability of experimentally-
friendly use (23); (iv) permits to access physical entanglement
by sLOCC (21, 29).

By virtue of the no-label formalism in our analysis, the
difference between the particle (statistics) exchange behaviors
can be completely absorbed in a different exchange phase of
the final state obtained by sLOCC. Therefore, the no-label
formalism can facilitate the photonic simulation of fermionic
exchange by compensation of the exchange phase. Moreover,
its equivalence with the standard formalism on the mathemat-
ical level guarantees that, when we map the bosonic state into
the fermionic Hilbert space, the result will remain unchanged
even from the viewpoint of the standard formalism (i.e., from
both first quantization approach with fictitious labels and
second quantization approach, see also: References (19, 60—
62). For all these reasons, the no-label formalism has been
largely adopted during recent years for both theoretical and
experimental analyses (26, 30, 63, 64).

Generation of multilevel coherence. Here, we describe
the procedure of generating the three-level, hybrid
(indistinguishability- and superposition-based) coherence with
beam combiner. The initial state |¥') = |¢ |, ¢'s") =
|t |,9' (a1 +b |)) is realized by placing another HWP before
the first BD on each site, L and R, to modify the pseudospin
of [¢') from [1) to a|t) + b|l). This is followed further by
a ogz-compensation causing the 1’ component to evolve to
b|1) + al|l); the effect of the compensation is also absorbed
into the HWP. Inside the beam combiner, two BDs sand-
wiching a HWP oriented set at 22.5° at each site form a
Mach-Zehnder interferometer. After the first BD in the inter-
ferometer, the photonic wavefunction corresponding to the first
term of b|1) 4+ al), i.e. b|T), is displaced to the path of the
other photon whose pseudospin is |[{), and the remaining part
a |[|) passes directly. At this stage, the HWP fixed at 22.5°
implements a Hadamard transformation on the spin states to
erase the original path information of the two photons. The re-
maining part on the lower path now reads a(|¢’ 1)+[¢' 1))/v/2,
and the second BD merges its first term, a |1’ 1) /v/2, to the
middle path which contains |1 |, by’ ) /v/2. As the result,
for the three output paths of the interferometer, the wave-
function of the upper one reads |¢ 1,01’ 1) /v/2, the middle
path consists of the wavefunction |+ |, (a T +b ]) /v/2, while
the remaining part, a/v/2 |4 1), locates in the bottom path.

K.Sun etal

Thus, we only need to extract photons in the middle path, in
which [{) and a|1) + b]|}) are combined together, and discard
photons located on the other two paths—these photons do not
contribute to the final counting events. Following the same
measurement method introduced above, the three-level state
|®1r) underpinning the system is finally activated.

Phase discrimination with three-level system. Comparing
with the two-level case, some subtlety underlies the mea-
surement of the three-level system: first, because Eq. (2)
is spanned by three linearly independent basis vectors B =
{LNR),ILLRD,|LI,R L)}, a POVM consisting of only
two rank-1 projectors cannot satisfy the requirement of com-
pleteness. As such, even the discrimination of two phases
will require additional projectors. Second, the projectors that
minimize the probability of committing errors are generally
entangled and thus not directly viable. To resolve these issues,
we construct two auxiliary projectors, orthogonal to both of
the states |<I>k>, to construct a POVM II = {fh, ﬁz,ﬁ3,ﬂ4}
in the direct sum dilated 4-dimensional space B, so that ev-
ery element of the POVM admits the product expansion
I, = |Ls,Rs’) (Ls,Rs’|, with s and s’ being the localized
pseudospin states, and the POVM recovers the probability dis-
tribution on B’. Any experimental trial that eventuates in the
detection on the auxiliary projectors is counted as an incorrect
discrimination, regardless of the actual phase applied.
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