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Abstract

Bosonic bunching is a term used to describe the well-known tendency of bosons to bunch together, and which
differentiates their behavior from that of fermions or classical particles. However, in some situations, perfectly
indistinguishable bosons may counter-intuitively bunch less than classical, distinguishable particles. Here, we report
two such counter-intuitive multiphoton bunching effects observed with three photons in a three-mode balanced
photonic Fourier interferometer. In this setting, we show that indistinguishable photons actually minimize the
probability of bunching. We also show that any non-trivial value of the three-photon collective photonic phase leads
to a decreased probability of all photons ending up in the same mode, even as we increase pairwise
indistinguishability. Our experiments feature engineering of partial indistinguishability scenarios using both the time
and the polarization photonic degrees of freedom, and a polarization-transparent 8-mode tunable interferometer with
a quantum-dot source of single photons. Besides the foundational understanding, the observation of these counter-
intuitive phenomena open news perspective in devising more efficient ways of routing photons for advantage in

metrology and quantum computation.

Introduction

A fundamental consequence of bosonic statistics is the
tendency for bosons to occupy the same state, leading to
physical phenomena like Bose-Einstein condensation’ or
the Hong-Ou-Mandel effect™>. In the latter, two identical
photons entering different input arms of a balanced beam
splitter always exit via the same output arm, due to
destructive interference between the two indistinguish-
able paths that make the photons exit from different arms.
It is well known that any distinguishability between the
input photons (e.g., in the frequency or polarization
degrees of freedom) provides which-path information,
consequently degrading quantum interference effects and
resulting in a lower probability for bosons to bunch. Thus,
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the common intuitive behavior is that reducing the degree
of indistinguishability between multiphoton states pro-
vides a monotonic reduction in bunching effects.

In multiphoton interference experiments, several ways
to quantify boson bunching have been proposed*~, and
the precise connection between bosonic bunching and the
distinguishability of the photons is still poorly understood.
While it is generally predicted and experimentally
observed that any amount of distinguishability degrades
boson bunching effects*™®, recent counterexamples have
been found. In Refs. >'° it was theoretically shown that
multimode bunching probabilities, i.e., the probability for
all photons to coalesce in a subset of output modes, are
not always maximized by perfectly indistinguishable
photons. Such anomalous behavior of boson bunching
was predicted to occur only in interference experiments
with 7 or more photons, leaving open the question of
whether other such counter-intuitive features of boson
bunching can be observed in smaller experiments.
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In this work, we study the role of photon indis-
tinguishability in two natural measures of boson bunch-
ing, thus observing their counter-intuitive behavior in
three-photon interference experiments. The first measure
of boson bunching we consider, which we simply refer to
as bunching probability, is the probability of observing
outcomes with two or more photons in the same output
mode. This is also referred to as the probability of colli-
sions in Boson Sampling experiments and, when averaged
over random interferometers, it is known to be larger for
indistinguishable bosons than for distinguishable parti-
cles'"'?, We demonstrate that this average behavior is not
always valid. Focusing on the balanced tritter inter-
ferometer, which has already been used as a testbed for
previous observations on the non-monotonicity of mul-
tiphoton bunching'*'*, we observe experimentally not
only that distinguishability can increase the bunching
probability but that this quantity is, in fact, minimized if
the photons are fully indistinguishable.

The second measure of boson bunching we consider is
the full bunching probability, defined as the probability
that all photons exit the interferometer in a given output
port. It is known that indistinguishable photons have an
exponential enhancement of full bunching in comparison
with distinguishable particles®'>. While other output
configurations are known to have a non-monotonic
behavior of the corresponding probability with respect
to the pairwise distinguishability of the photons”®!*1%17,
full bunching probabilities are widely assumed to decrease
monotonically with pairwise distinguishability, a claim
that is supported by experimental observations”®. We
explicitly show that this, in fact, is only true in restricted
set-ups, where inner products between the functions
describing the internal degrees of freedom of each input
photon (frequency, polarization, etc.) are given by real,
non-negative values. In full generality, the relational
properties of the input quantum states are described by
complex Gram matrices'®. The complex phases needed to
describe such matrices can be related to many different
non-classical effects'® 2. In the context of multiphoton
interference, they are referred to as collective photonic
phases®" and only recently have they been measured in
three- and four-photon experiments'***~** In our work,
we unveil the role of collective photonic phases in the
phenomenon of boson bunching, showing how they non-
trivially affect the interference between paths that lead to
all photons exiting in the same output mode. As a striking
consequence of this, we experimentally demonstrate
situations where full bunching probabilities can increase
even though the pairwise distinguishability between the
photons is decreased. In particular, we experimentally
observe such counter-intuitive features in an advanced
photonic platform based on a quantum-dot source and an
integrated fully-reconfigurable universal and polarization-
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independent interferometer fabricated via the femtose-
cond laser micromachining technology. This is performed
by exploiting the peculiar property of the employed
interferometer, which enables the use of multiple internal
degrees of freedom to prepare classes of states suitable for
the analysis of the role of collective phases in multiphoton
bunching properties.

Results
Theoretical overview about multiphoton
indistinguishability and bunching effects

The set-up we consider consists of an #-mode general
linear-optical interferometer, with one single photon per
input mode. The interferometer is described by a unitary
n x n matrix U, which maps input creation operators to
output creation operators. The indistinguishability of the
photons is completely described by a Gram matrix of
inner products: G;; = (y;|y;), where |y,) is the spectral
function describing all the internal degrees of freedom of
the photon entering input port i'°. This Gram matrix can
be written only in terms of physically relevant, unitary
invariant properties of the set of input spectral functions,
as described in'®. As the case with mixed states
describing the internal degrees of freedom is more
intricate®®, here we will focus on the case of pure spectral
functions.

In what follows, we describe in more detail the case of n
= 3 photons, as it is the simplest case where multiphoton
effects play a role. As discussed in'®, the indistinguish-
ability scenario for a 3-photon experiment is completely
characterized by a Gram matrix:

1 yalya)l Ky lws)]
WA 1 (Walys)
Kyalws)l (walws)” 1

1 VZNTIRRV/ N

G =

= vV Au 1 Azgei(p
VA3 Azge_iq) 1

parameterized in terms of the two-photon overlaps A; =
(w:ly;) > and the phase ¢ of the single nontrivial
3-photon Bargmann invariant

Avas = (U W) (Wl ws) (wslyy) = V/A1aArsAgze™
(2)

The phase of Ajy3 is known as a collective photonic
phase'®, and is not accessible in experiments with fewer
than 3 photons. We note that the phase ¢ cannot be
chosen arbitrarily; it was recently shown that the value of
|A153] imposes constraints on the allowed values for ¢,
stemming from the fact that a Gram matrix is positive-
semidefinite®® (see also Supplementary Note 1).
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Here, we will investigate some counter-intuitive beha-
viors of two different figures of merit describing multi-
photon bunching:

* Probability of bunching pg (or collisions), defined as
the probability that at least one output mode has two
or more photons.

* DProbability of full bunching p in the ith output
mode — the probability that all photons come out of
the interferometer in output mode i.We will focus
on analyzing these probabilities for the balanced
tritter, i.e. a Fourier interferometer of three modes,
with 1 photon per input mode (see Fig. 1). For a
given indistinguishability scenario described by a
Gram matrix of the form of Eq. (1), the bunching
and full bunching probabilities depend only on the
3-photon Bargmann invariant and the average two-
photon overlap

A1y + Axz + Az

A- i
- (3)
and are given by'*
1.
pp = 1+ [3A — 4cos(p)|Azs| - 2] @
i 1 A
19<p1; 97 [1+ 3A + 2cos(¢)|A123]] (5)

for any output mode i € {1, 2, 3} (see Ref. '*). Note that for
this balanced Fourier interferometer both pg and pgp
depend on the overlaps A;; only via the arithmetic mean A
and geometric mean |A123| .

Counter-intuitive behavior of pg

There are choices of interferometers for which partial
indistinguishability ~scenarios have higher bunching
probabilities pg than the fully indistinguishable case. The
most extreme case we found for 3-mode interferometers
occurs for the balanced tritter, which is implemented
experimentally in this work and has been previously used
as a testbed for a first experimental analysis on this
aspect'®. In this case, pg is actually minimized by perfectly
indistinguishable photons. Hence, any increase in distin-
guishability (without necessarily requiring a non-trivial
collective photonic phase) will increase the bunching
probability. This is in sharp contrast with the expected
behavior for Haar random matrices where, for example,
distinguishable photons tend to bunch less than indis-
tinguishable ones'”. While counterexamples to this
behavior can be found by generating random inter-
ferometers of small dimensions, this counter-intuitive
behavior becomes rarer as the dimension grows (see
Supplementary Note 2). It is also interesting to point out
that for Fourier interferometers of even dimension with
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Fig. 1 Characterization of the quantum interference of 3 photons
evolving in a 3-mode interferometer. Three photons are injected in
a linear optical network Us implementing the 3-mode Fourier
transform - i.e, a balanced tritter - and we sample from the
distribution p(n;, ny, n3) of photon numbers at the output modes.
From the measured photon number distribution of such a balanced
interferometer, we extract the bunching probability pg and the full
bunching probability peg, as shown in the lower panel. The
polarization and time delays of the photons are manipulated to
prepare indistinguishability scenarios described by a 3 x 3 Gram
Matrix G

indistinguishable photons at the input, all allowed out-
comes lead to bunching due to suppression laws>”®,
meaning that full indistinguishability maximizes bunching
in this case. Further examples of counter-intuitive
bunching phenomena with a higher number of modes
can be found for Fourier interferometers of certain odd
dimensions, or real Hadamard interferometers with
entries +1//n which extremize the permanent™ (see
Supplementary Note 2).

Going back to the three-mode Fourier interferometer,
which is implemented experimentally in this work, it is
natural to ask what kind of distinguishability scenario
maximizes bunching. Using Eq. (4), it can be seen that the
maximum probability of bunching is obtained for the
largest possible negative value of the three-photon Barg-
mann invariant, a scenario characterized by equal overlaps
A; = 1/4 and a collective photonic phase of 7z, which we
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explore experimentally in Section II B. We refer to Sup-
plementary Note 3 for a detailed derivation of the max-
imum and minimum bunching probabilities for the three-
mode Fourier interferometer.

Counter-intuitive behavior of prg '

It is known that full bunching probabilities pgg are
always maximized for fully indistinguishable photons'®,
representing an intuitive behavior. However, pgp fails to
behave in an intuitive way in certain partial indis-
tinguishability scenarios. This follows from a simple result
due to Tichy'®, relating full bunching probabilities in two
different distinguishability scenarios described by Gram
matrices Gi, Ga:

Piy(G1) _ Per(Gy)
Pia(Gy)  Per(Ga)

(6)

where Per( - ) denotes the matrix permanent function.
The calculation of such permanents involves the product
of the Gram matrix elements, thus leading in the
3-photon case to an expression for pffg depending on
the third-order Bargmann invariation as in Eq. (5).
Additionally, Eq. (6) is a more general version of the
full-bunching law discussed in®* that applies also to partial
indistinguishability scenarios. The result above is inde-
pendent of which interferometer is being used, and of the
chosen output mode.

If we restrict ourselves to Gram matrices with real non-
negative entries the intuitive behavior of full bunching is
recovered: any decrease of two-photon overlaps A; =
|<!//i|l//j>|2 results in diminished full bunching probabilities.
However, the explicit dependency of Per(G) on the
complex phases appearing in the Gram matrix, as can be
seen from Egs. (5), (6), clearly shows that pairwise dis-
tinguishability is not sufficient to understand full bunch-
ing phenomena. In fact, for three photons, if we fix the
values of the overlaps A;, a nontrivial collective phase ¢
decreases full bunching probabilities when compared to
the same scenario with ¢ = 0. As a consequence of this,
for any ¢ > 0, it is always possible to find scenarios where
pairwise indistinguishability decreases, but at the same
time, full bunching probabilities increase. More precisely,
it follows from Egs. (5), (6) that a sufficiently small
decrease of pairwise indistinguishability, obtained by
lowering the values of A and |A;,3], can be compensated
in the full bunching probability by tuning the collective
phase ¢ towards 0. This effect is, of course, more pro-
minent when we are allowed large variations of ¢. For this
reason, in the experimental sections, we focus on distin-
guishability scenarios targeting the preparation of states
with A;; = 1/4, which allows for arbitrary changes of the
phase between [*7‘[,]‘[]26, to verify the theoretical
predictions.
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Interestingly, the condition ¢ = 0, which we associate
with counter-intuitive features of full bunching, is also
associated with nonclassicality in other settings. As
examples, the appearance of a non-trivial phase in a
Bargmann invariant describing each scenario is required
for anomalous weak values'®, for nonclassical Kirkwood-
Dirac quasiprobabilities®®, and serves as a basis-
independent witness of coherence'®.

Experimental verification of counterintuitive photon
bunching effects

We now provide an experimental verification of
counter-intuitive effects due to multiphoton quantum
interference, which occur when more than two photons
propagate within a multimode optical interferometer.
The experiment has been carried out employing the
QOLOSSUS photonic machine introduced in®*’, whose
setup is shown in Fig. 2 and described in more detail in
the Methods section and in Supplementary Note 4.
Briefly, the experimental setup can be divided into three
sequential stages, related to single-photon generation
via a Quantum Dot (QD) based source®' 3% multi-
photon state preparation with a bulk time-to-spatial
demultiplexing setup (DMX)**2%373%; and state evolu-
tion with pseudo-photon-number resolved detection
implemented via a reconfigurable integrated photonic
processor (IPP)**~*!, Indeed, in order to engineer
3-photon states described by arbitrary Gram matrices,
one can independently prepare each quantum state |y;)
using either polarization or time-delay. By introducing a
set of half-wave plates, and an additional liquid crystal
plus a time-delay on one of the photons (see Fig. 2a),
one can prepare a set of three-photon states with the
general form:

1) |0), ® (cos(a)|0), + sin(a)[1),)
ly2) = 0}, @ (cos(B)|0), + sin(B)[1),) o
lys) = (*0), + V1—-x*1))®

® (cos(y)]0), +sin(y)e?|1),)

where {[0),, [1),} and {|0),,[1),} are orthogonal states in
the polarization and time-delay basis, (&, 5, y, ¢) are
related to the orientation of the polarization states in the
Bloch sphere, and x is associated to the relative time-
delay. We note that a rigorous description of the time
degree of freedom could be done considering a contin-
uous temporal wave-function picture. However, opera-
tionally, our simplified notation equivalently identifies the
fact that when photon 3 is time-delayed, its temporal wave
function |y5), will have |(/,ti|/,t3)t\2 = x < 1 with the other
two photons (i = 1, 2). After preparing the input state, the
photons are injected in a three-mode balanced Fourier
interferometer implemented by suitably programming an
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Fig. 2 Experimental platform for the verification of counter-intuitive bunching properties: in this experimental verification, we employ the
QOLOSSUS machine, consisting of several interconnected stages. a A Quantum Dot (QD) based single-photon source is excited in a non-
resonant, longitudinal acoustic phonon assisted scheme, operating at cryogenic temperatures, and generating a stream of single photons at regular
time intervals with a repetition rate of 79 MHz. Then, via a time-to-spatial demultiplexer (DMX) employing an acousto-optical modulator, the train of
single photons is divided into three spatially separated modes, which are then temporally synchronized via properly tuned in-fiber delay loops. Inside
the bulk geometry of the DMX setup, in order to independently control the spectral function |¢;) of each of the photons in our resource state, we
add a polarizer and a half-wave plate for each channel (purple and green rectangles). Moreover, a liquid crystal (yellow rectangle) and a time-delay
line are added to one of the channels to obtain full control of both time and polarization degrees of freedom. b The prepared states are then injected
in an eight-mode, fully reconfigurable photonic integrated circuit. The circuit is programmed in two separate blocks. The red module is programmed
as a three-mode balanced Fourier interferometer described by unitary Us where interference occurs. Then each of its three output modes is
manipulated separately in the green block, where, with an additional in-fiber BS, each output mode of the unitary Us is split towards three
independent threshold detectors in a balanced fashion. In such a way, we obtain a setup implementing a Pseudo Photon Number resolving (PPNR)
measurement in order to reconstruct the full photon number output distribution p(ns, n, n3). Legend - QD - Quantum Dot, BPF - Band Pass Filter, POL
- Linear Polarizer, HWP - Half Wave Plate, LC - Liquid Crystal Retarder, AOM - Acousto-Optical Modulator

\

8-mode fully reconfigurable universal integrated
chip®*™*'. The effective three-mode unitary Us imple-
mented on our device, reported in the Methods, has a
trace fidelity of F = |Tr{U}lI5}|/3 = 0.99922(4) with
respect to the ideal transformation Us. By employing a
pseudo-number resolved detection setup (see Fig. 2b), we
are able to fully reconstruct the output probability
distribution p(n;, n,, n3) and thereby recover both the
total full-bunching probability ppp, associated with a given
three-photon Gram-matrix G:

(8)
and the bunching probability:

pB(G) =1 _p(L 1,1; G) (9)

(see Fig. 1), where with G we indicated explicitly the
dependence on the Gram matrix.

In what follows, we report results associated with dif-
ferent families of Gram matrices engineered by suitably
preparing input states as in Eq. (7). We note that the
overall quantum state prepared in our setup will depend
on all internal degrees of freedom of the photon states.
In other words, one can write the internal state of each
photon i as |y) = ), ® ), ® |11}, Here, [y), is
associated with the properties of the quantum dot
emission itself and related to the maximum pairwise

overlap achievable between photon pairs when they are
aligned both in time and polarization, i.e., A;}‘a" =
[{x; |)(/>0|2. Conversely, |¢;), and |v;),, describe the internal
states in the time and polarization degrees of freedom,
respectively, which are tuned in the experiment. Here-
after, the pairwise overlaps A; have been estimated by
measuring the visibilities Vf}'OM of independent Hong-
Ou-Mandel experiments carried out by suitably recon-
figuring the IPP, and correcting for the bias effect
introduced by the presence of a multi-photon compo-
nent due to the non-zero second-order correlation
function g®(0) = 0. This effect is taken into account by
using the approach of*?, which evaluates the impact of
this imperfection in the general scenario where the noise
photon has an overlap M, with the principal photon
emitted by the source. In the limit M, — 0, holding for
the QD source employed in this experiment, this leads to
the following relation between overlap,Nvisibility, and
second-order correlation function A; = [VZ.[OM +
22(0)]/[1 — g@(0)] with A; < 1.

Experimental observation of counter-intuitive behavior of
bunching

The adoption of a polarization-insensitive technology
for our IPP*' allows us to probe multi-photon inter-
ference effects generated by manipulation of the polar-
ization degree of freedom in the state preparation stage.
We generated triads of polarization states lying on a
great circle of the Bloch sphere, e.g. the plane spanned
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Fig. 3 Measured and expected probabilities of bunching pg and full bunching pgg, with control of photon polarization or time delay. The
measured and simulated probability distributions p(n;, n,, n3), over the output Fock states, are shown: a in the case in which only the photon
polarizations are manipulated by half-wave plates in order to obtain three states in the x — z plane of the Bloch sphere; b in the nearly
indistinguishable case and ¢, in the case in which only an adjustable time delay is applied to one channel. The probabilities of bunching pg(G) = 1 —
p(1,1,1; G) and full bunching peg = p(3, 0, 0; G) + p(0, 3, 0; G) + p(0, 0, 3; G) are obtained from the measured and simulated distributions, as a function
of the average overlap A which varies according to d, the polarization, and e the time delay configuration. Here, the (dashed) lines represent a (ideal)
model of bunching and full-bunching expected at the output, with either a polarization-based or time-based Gram matrix preparation. As
highlighted in the Supplementary Material, we can account for sources of experimental noise such as imperfections in the three-mode unitary
implementation and a non-unit single photon purity of the source, with good agreement between experiment and the numerical prediction
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by the eigenvectors of o, and o,. In particular, using only
the half-wave plates we can prepare states with x = 1, y
=0and S =a + din Eq. (7). Moreover, we choose a = §
leading to a real Bargmann invariant quantified as
Ajz3 o cos(a) cos(ar) cos(2a), since with such a choice of
states it can be shown that the triad phase associated
with Aj,3 is either O or 7. The comparison between the
measured and simulated probability distributions asso-
ciated with two different Gram matrices with triad phase
0 or m are reported in Fig. 3a, b. In particular, they
correspond to the nearly fully indistinguishable case, in
which & = 0 and A; = AZ.‘“X (Fig. 3a), and to the case in
which the pairwise overlaps are balanced, @ = /3 and
Ay ~ A7 /4 (Fig. 3b). In addition to these extremal
conditions, we engineered ten more Gram Matrices by
varying « in the interval [0, 7z/3]. Therefore, in Fig. 3d,
we plot both the full bunching probability prg(G) and
the bunching probability pg(G) as a function of the
average overlap A associated to each experimental point,
and we compare the trends with a theoretical prediction,
which includes the main sources of imperfections

according to a detailed model**° (see Supplementary

Note 5 for further details). These measurements clearly
show a counter-intuitive behavior of the bunching
probability, since it decreases as we increase the average
two-photon overlap.

A similar behavior can be obtained by only manipulat-
ing the temporal degree of freedom. In particular, by
preparing each of the three streams of single photons with
aligned |V) polarization and delaying one of them with
respect to the other two, we can obtain the family of states
in Eq. (7) corresponding to &« = 8 = y = 0, while x is tuned
by the introduction of a fine temporal delay. As argued
in'*, the manipulation of the time degree of freedom does
not affect the triad phase, which can only assume a null
value with the use of a QD-based source (see Supple-
mentary Note 4 for more details). Varying the parameter
x, we engineered 10 different Gram matrices, and the
results are reported in Fig. 3c—e. In particular, in Fig. 3c
we compared the experimental and simulated probability
distribution for the experimental data with the lowest
average indistinguishability A = 0.576(3). In Fig. 3e we
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report both the bunching and full bunching probability as
a function of A: again, one can see that the bunching
probability counter-intuitively decreases as the average
two-photon overlap increases.

Triad phase dependence of probabilities of bunching and full
bunching

As a next step, by acting simultaneously on both the
time and polarization photonic degrees of freedom, we
can highlight the effects due to a complex-valued Gram
matrix. In particular, we focused on engineering a set of
states (see Fig. 4a) with a = n/4 + §, B = /4 — & and
cos(y) = sin(y) = 272 and a variable phase ¢ as in Eq.
(7). This choice of parameters, for § ~ %, allows us to
generate the family of Gram matrices characterlzed by

A; ~ 1 and a variable triad phase ¢. This can be done by
properly tuning the free parameters x and ¢, where x
affects only the overlaps while ¢ also affects the Gram
matrix phase ¢. We note that the latter parameter is in a
one-to-one and monotonic relationship with the polar-
ization state’s phase ¢, and ¢ = ¢ holds only if ¢ =0, £ 7.
In particular, we engineered 9 different state triplets, with
the corresponding bunching and full bunching prob-
abilities reported in Fig. 4b as a function of the measured
triad phase. In Fig. 4c we show the comparison between
the theoretical and experimental probability distribution

associated with three different conditions characterized by

Aj ~3 and the triad phases ¢ = { — 3.127, 0.578,
2.178}. As highlighted in Fig. 4b, by varying the triad
phase ¢ carried by the Gram matrix, a counter-intuitive
modulation of the (full) bunching probabilities is
obtained, which cannot be directly related to the knowl-
edge of only the overlaps Aj;. Indeed, the experimentally
obtained (full) bunching probability deviates consistently
from the shaded regions, representing the expected
bunching probabilities with a real-valued Gram matrix,
while also being consistent with numerical simulations
carried out considering a suitable noise model of our
experimental implementation.

Experimental observation of counter-intuitive behavior of
full bunching

In the previous sections, we have considered Gram
matrices preparations describing three-photon states, as
in Eq. (1), manipulated both in the polarization and time
degrees of freedom. This has allowed us to directly verify a
counter-intuitive behavior of the bunching probability p,,
i.e. the probability that at least two out of three photons
exit in the same output of a balanced Fourier inter-
ferometer, showing non-trivial trends as a function of the
average overlap A or the triad phase ¢ of the 3-photon
Bargmann invariant as in Eq. (2). We now show that, by
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engineering appropriately both the overlaps and the phase
of a 3-photon Gram matrix, it is possible to observe a
counter-intuitive behavior arise even with respect to the
full-bunching probability pgs. More specifically, we are
able to find suitable preparations (A) and (B) such that
Py > piy even though &Y <A and Al < [Al)).
We start with the same state prepared in the previous
section, i.e, with & = /4 + &, f = n/4 — &8 and cos(y) =
sin(y) = 2712,

If one fixes 6 =%, for any choice of the polarization
phase ¢ one can also tune the time-delay parameter x so
that \/A;; ~ . By keeping fixed the average overlap A, ),
as in the previous section, one obtains a full bunching
probability monotonically increasing with ¢, when ¢
increases from — m to 0. Again, such a choice of ¢ is in a
one-to-one correspondence with the induced triad phase
@. Interestingly, given a fixed value of ¢ and x, by
increasing A up to the point in which the 3-state average
overlap Z(d),x) (8) attains its minimum, pgp(¢, x, 8) behaves
as a monotonically decreasing quantity with 8. Overall,
this procedure gives us experimental access to Gram
matrices whose prp decreases with increasing average
overlap A. In Fig. 5, we report an experimental mea-
surement of such behavior, where we show the experi-
mentally measured pgg as a function of the measured
average overlap A. For the five left-most points in the
Figure, which have been prepared with a fixed phase ¢ =
¢ = 0, we find an intuitive monotonically increasing
behavior of pgz(A). However, by changing also the value
of ¢ through the polarization phase ¢ one can observe a
trend where the full-bunching probability decreases for
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increasing values of A (the respective values of all relevant
measured quantities and additional information can be
found in Supplementary Note 6). In Supplementary Note
6 we show that prg shows the same qualitative counter-
intuitive dependence as a function of the geometric mean
|A1a5]* of the overlaps. Thus, our results show that by
careful engineering of indistinguishability scenarios
involving both polarization and time degrees of freedom,
one can observe a counter-intuitive behavior of the full
bunching probability.

Discussion

In this work, we experimentally investigated counter-
intuitive behavior of (full) bunching probabilities in
3-photon interference experiments with a balanced tritter.
We observed that increasing distinguishability can lead to
a larger probability of bunching events, where two or
more photons coalesce in the same output mode. This can
be associated with specific symmetries of the tritter, which
forbid outcomes with two photons in the same output
mode if the input photons are fully indistinguishable®®,
We have also experimentally verified the counter-intuitive
behavior of full bunching, i.e., events with 3 photons in
the same output, a more challenging experiment requiring
a careful manipulation of pairwise overlaps between
photonic wavefunctions describing polarization and time
degrees of freedom. This enabled the demonstration of a
scenario where an increase of pairwise indistinguishability
together with a precise engineering of a triad phase'*
actually resulted in a decrease of the full bunching
probabilities. Our work highlights the complex interplay
between bosonic indistinguishability and boson bunching
phenomena, the understanding of which is crucial for the
development of photonic quantum technologies such as
quantum computing and quantum metrology due to the
relevant roles of indistinguishability and relational infor-
mation for photonic state generation and processing'®*°.

Materials and Methods
Experimental apparatus

As stated in the main text, the experimental apparatus
can be divided into three sequentially connected stages:
generation of single-photon states, their manipulation
with a time-to-spatial demultiplexing setup to generate a
chosen 3-photon Gram matrix, state evolution, and
reconstruction of the output probabilities obtained by
suitably  reconfiguring an  integrated  photonic
interferometer.

Single photon source

In this work single photons are generated via a Quan-
tum Dot (QD) based source®*?, We employ an InGaAs
QD?*7% operated at a repetition rate of RR ~ 79 MHz in
the so-called Longitudinal Acoustic (LA) phonon-assisted
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excitation scheme®. In this non-resonant excitation
scheme, a pulsed pump laser is shone on the source with a
wavelength of 927.2 nm, slightly blue-detuned from the
relevant QD excitonic state, found to be at 927.8 nm. In
such a way, filtering between the emitted single photons
and the residual pump laser can be obtained via a set of
three band-pass filters set at the single photon wave-
length®®. At the output of the single-photon source, we
measured on avalanche photodiode detectors (APDs) a
single-photon rate of ~ 3.5 MHz, achieving with a single-
photon purity of g(z)(O) ~ 0.017(3) evaluated via a standard
Hanbury-Brown-Twiss setup. The measured pairwise
photon indistinguishability at source level was found to be
Viaom ~ 0.90(1), measured via a Hong-Ou-Mandel
experiment implemented in a time-unbalanced Mach-
Zehnder interferometer” by interfering photons separated
by At = 2.

Three-photon resource preparation

Then, the single photon stream is directed to a time-to-
spatial demultiplexing setup with a single-mode fiber. In
this stage, photons are initially steered, by means of an
acousto-optical-modulator, into one output channel at a
time for a time duration of T ~ 180 ns, resulting in a total
of three different occupied spatial modes. Thereafter, fiber
delays are employed for the synchronization of the single
photons on the different output channels of the device,
akin to the scheme described in*****"*, Note that in order
to accomplish the task of this experiment, a polarization
and a time delay control of each photon is implemented in
this stage. The average pairwise photon indistinguishability
at the output of the demultiplexing setup, due to large time
separation, it is found to be V ~ 0.85.

Gram matrix preparation
Indeed, for any Gram matrix of dimension # it is always
possible to find a set of # quantum states {[y;)}, such that
Gy = (y,]y;). One way to obtain such quantum realization
of a Gram matrix is via the so-called Cholesky decom-
position*®. Namely, the rank r of a Gram matrix corre-
sponds to the dimension of the vector space spanned by
the states {|y;)}, and there exist a unique decomposition
G=LL! (10)
where L is a lower-triangular matrix. From the rows of L,
we can read out the entries of the quantum states realizing
the desired Gram matrix. For n = 3, the fact that L is
lower triangular means that these have the form:

vy = 11)
Y2) = a[l) +af2)
|‘//3> = .31|1>+:32|2>+/33|3>

(11)
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if the matrix has full rank. If it has rank » = 2, then 83 = 0.
As said, a representation of this form (resulting in a lower-
triangular L) is unique. However, if we apply the same
unitary U to all the states, we obtain a different physical
realization of the same Gram matrix.

To physically realize the three-photon states necessary
to generate any given #n = 3 Gram matrix, we employed
polarization and time delay control to achieve tuning of
the state {[y;)} of each component comprising our three-
photon resource. Specifically, polarization control consists
of a linear polarizer and a half-wave plate (HWP), toge-
ther with a liquid crystal (LC) retarder placed in the third
output of the DMX. Here, an additional tunable delay line
is inserted to reduce, if needed, the degree of distin-
guishability in the time degree of freedom. In such a way,
we can prepare states with the general form of Eq. (7).
Physically, tuning of the polarization parameters {a, S, y}
is obtained via the HWPs; tuning of ¢ is induced by the
LC and finally, the parameter x can be modulated via the
time-delay-line.

State evolution and measurement

Then, the three photon resource with each photon
prepared in state {|y;)} is injected in modes {3, 4, 5} of
an eight-mode fully reconfigurable integrated photonic
processor (IPP)*’, obtained via femto-second laser
writing**, The IPP is composed by a mesh of 28 Mach-
Zehnder interferometers, arranged in a rectangular
shape which has been shown® to be able to implement
any unitary transformation between input and output
modes. Our IPP is built to operate in a polarization-
insensitive fashion*' meaning that the unitary transfor-
mation implemented by the circuit does not change
whatever polarization state is injected at the input. This
unique property of femtosecond-laser-written photonic
circuits decouples the polarization and the path degrees
of freedom of the photons, and thus one can use the
former to prepare the desired Gram matrix without
affecting the tritter and pseudo-number-resolving
transformations implemented on chip. Program-
mability of the circuit with high-fidelity to any given
target unitary Usg is obtained via thermo-optical phase
shifters®® whose induced optical response has been
characterized in order to be able to implement any given
transformation. The experiment involved programming
the device in two different blocks, as described in the
main text.

We characterized the effective unitary Us being pro-
grammed into the device with standard methods*” rely-
ing on the measurement of the pairwise output visibility
when injecting a two photon state in the input of the
interferometer and adapted to our setup as already
described in*°. We found the moduli of the effective
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unitary to be:

0.5998(9) 0.5563(9) 0.575(1)
|Us| = | 0.5471(8) 0.5906(9) 0.593(1) (12)
0.584(1) 0.585(1) 0.563(1)
with phases
0 0 0
arg(ls) = [ 0 2.135(4) —2.106(4) (13)
0 —2.081(4) 2.158(4)

achieving a fidelity with the ideal balanced three-mode
Fourier interferometer:

1 1 1
u3 — i 1 ei2n/3 ei4n/3 (14)
V3 1 /3 ,isn/3

of F = |Tr{U}ls}|/3 = 0.99922(4).

Reconstruction of the photon number distribution

In our implementation, we employ a Pseudo Photon
number resolving (PPNR) technique, following the same
approach of Ref. **. The goal is to employ threshold
detectors to be able to reconstruct the photon number
distribution p(ny, 1y, n3), with Yn; = 3, at the output of
the implemented three-mode unitary transformation Us.
To this end, each output mode of {3 is independently
split - through a beam splitter cascade providing balanced
splitting ratios - towards a set of three auxiliary modes.
The output of each auxiliary mode is then measured via
avalanche photodiodes (APDs), i.e. threshold detectors,
with a quantum efficiency typically ranging in the interval
y ~ 0.3 — 0.35 for the employed photon wavelength. In
such a way, the presence of 1, 2, or 3 photons in one of the
output modes of Us can be probabilistically discriminated
by counting the number of 1-, 2- and 3-fold events
between the detectors placed in the corresponding aux-
iliary modes. Note that the whole experiment is run in a
regime where only three-fold events - registered between
three of a total of nine detectors - are considered. Overall,
one can solve a combinatorial problem to find the prob-
ability that a given photon-number configuration (1, 1,
n3) is detected by three independent APDs in the PPNR
configuration. Namely, the probability Py, ny, 13)) Of
detecting as a three-fold event a given output
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configuration {n;, ny, ns} - or its permutations - can be
written as:

PI({3,0,0}) = 27P/9
PIK({2,1,0}) = 2P/3
PIK({1,1,1)) =

(15)

Therefore, in order to reconstruct the full photon-number
distribution via PPNR, the number of registered three-fold
events N (ny, ny, n3) have to be corrected as:

N(m,ny,n3) = N(ny,ny, n3) /P ({ny, ny, m3}) (16)

Such a three-fold event table is then normalized to obtain
an experimental estimation of the relevant photon
number distribution p(ny, 1, n3).

Acknowledgements

This work was supported by the FET project PHOQUSING ("PHOtonic Quantum
SamplING machine” - Grant Agreement No. 899544), by the European Union’s
Horizon Europe research and innovation program under EPIQUE Project (Grant
Agreement No. 101135288), and by ICSC - Centro Nazionale di Ricerca in High
Performance Computing, Big Data and Quantum Computing, funded by
European Union - NextGenerationEU. LN and EFG acknowledge support from
FCT - Fundacgéo para a Ciéncia e a Tecnologia (Portugal) via project CEECINST/
00062/2018. CF acknowledges support from FCT — Fundagao para a Ciéncia e a
Tecnologia (Portugal) via PhD Grant SFRH/BD/150770/2020. DJB and EFG
acknowledge support from Brazilian funding agencies FAPER) and CNPq.

Author details

'Dipartimento di Fisica, Sapienza Universita di Roma, Roma, Italy. “International
Iberian Nanotechnology Laboratory (INL), Braga, Portugal. *Istituto di Fotonica
e Nanotecnologie, Consiglio Nazionale delle Ricerche (IFN-CNR), Milano, Italy.
4Dipartimento di Fisica, Politecnico di Milano, Milano, Italy. °Instituto de Fisica,
Universidade Federal Fluminense, Niter6i — RJ, Brazil

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflict of interest
G.Co, F.C, and RO. are co-founders of the company Ephos (https://www.
ephos.io). The other authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541377-026-02250-4.

Received: 7 July 2025 Revised: 11 February 2026 Accepted: 15 February
2026
Published online: 29 June 2026

References

1. Bloch, J, Carusotto, J. & Wouters, M. Non-equilibrium bose-einstein con-
densation in photonic systems. Nat. Rev. Phys. 4, 470-488 (2022).

2. Hong, C.K, Ou, Z. Y. & Mandel, L. Measurement of subpicosecond time intervals
between two photons by interference. Phys. Rev. Lett. 59, 2044-2046 (1987).

3. Bouchard, F. et al. Two-photon interference: the hong-ou-mandel effect. Rep.
Prog. Phys. 84, 012402 (2021).

4. Spagnolo, N. et al. General rules for bosonic bunching in multimode inter-
ferometers. Phys. Rev. Lett. 111, 130503 (2013a).


https://www.ephos.io
https://www.ephos.io
https://doi.org/10.1038/s41377-026-02250-4

Rodari et al. Light: Science & Applications (2026)15:292

22.

23.

24.

25.

Carolan, J. et al. On the experimental verification of quantum complexity in
linear optics. Nat. Photonics 8, 621-626 (2014).

Shchesnovich, V. S. Universality of generalized bunching and efficient
assessment of boson sampling. Phys. Rev. Lett. 116, 123601 (2016).

Niu, X-L. et al. Observation of a generalized bunching effect of six photons.
Opt. Lett. 34, 1297-1299 (2009).

Ferreri, A. et al. Temporally multimode four-photon Hong-Ou-Mandel inter-
ference. Phys. Rev. A 100, 053829 (2019).

Seron, B, Novo, L. & Cerf, N. J. Boson bunching is not maximized by indis-
tinguishable particles. Nat. Photonics 17, 702-709 (2023).

Pioge, L. et al. Anomalous bunching of nearly indistinguishable bosons. Print
at https//doi.org/1048550/arXiv.2308.12226 (2024).

Aaronson, S. & Arkhipov, A. The computational complexity of linear optics.
Proceedings of the 43rd annual ACM symposium on Theory of Computing. ACM
2011, 333-342.

Arkhipov, A. & Kuperberg, G. The bosonic birthday paradox. Geom. Topol.
Monogr. 18, 1-7 (2012).

Spagnolo, N. et al. Three-photon bosonic coalescence in an integrated tritter.
Nat. Commun. 4, 1606 (2013b).

Menssen, A. J. et al. Distinguishability and many-particle interference. Phys. Rev.
Lett. 118, 153603 (2017).

Tichy, M. C. Sampling of partially distinguishable bosons and the relation to
the multidimensional permanent. Phys. Rev. A 91, 022316 (2015).

Tichy, M. C. et al. Four-photon indistinguishability transition. Phys. Rev. A 83,
062111 (2011).

Ra, Y-S. et al. Nonmonotonic quantum-to-classical transition in multiparticle
interference. Proc. Natl. Acad. Sci. USA 110, 1227-1231 (2013).

Oszmaniec, M, Brod, D. J. & Galvdo, E. F. Measuring relational information
between quantum states, and applications. N. J. Phys. 26, 013053 (2024).
Wagner, R. & Galvéo, E. F. Simple proof that anomalous weak values require
coherence. Phys. Rev. A 108, L040202 (2023).

Wagner, R. et al. Quantum circuits for measuring weak values, Kirkwood-Dirac
quasiprobability distributions, and state spectra. Quantum Sci. Technol. 9,
015030 (2024).

Shchesnovich, V. S. & Bezerra, M. E. O. Collective phases of identical particles
interfering on linear multiports. Phys. Rev. A 98, 033805 (2018).

Jones, A. E. et al. Multiparticle interference of pairwise distinguishable photons.
Phys. Rev. Lett. 125, 123603 (2020).

Pont, M. et al. Quantifying n-photon indistinguishability with a cyclic inte-
grated interferometer. Phys. Rev. X 12, 031033 (2022).

Faleo, T. et al. Entanglement-induced collective many-body interference. Sci.
Adv. 10, eadp9030 (2024).

Jones, A. E. et al. Distinguishability and mixedness in quantum interference.
Phys. Rev. A 108, 053701 (2023).

26.

28.

29.

30.

32.

33.

34.

35.

39.

40.

41.

42.

43.

45.

Page 11 of 11

Fernandes, C. et al. Unitary-invariant witnesses of quantum imaginarity. Phys.
Rev. Lett. 133, 190201 (2024).

Lim, Y. L & Beige, A. Generalized hong-ou-mandel experiments with bosons
and fermions. N. J. Phys. 7, 155 (2005).

Tichy, M. C. et al. Zero-transmission law for multiport beam splitters. Phys. Rev.
Lett. 104, 220405 (2010).

Wanless, I. M. Permanents of matrices of signed ones. Linear Multilinear Algebra
53, 427-433 (2005).

Rodari, G. et al. Semi-device-independent characterization of multiphoton
indistinguishability. PRX Quantum 6, 020340 (2025).

Heindel, T. et al. Quantum dots for photonic quantum information technol-
ogy. Adv. Opt. Photonics 15, 613-738 (2023).

Senellart, P, Solomon, G. & White, A. High-performance semiconductor
quantum-dot single-photon sources. Nat. Nanotechnol. 12, 1026-1039
(2017).

Gazzano, O. et al. Bright solid-state sources of indistinguishable single photons.
Nat. Commun. 4, 1425 (2013).

Somaschi, N. et al. Near-optimal single-photon sources in the solid state. Nat.
Photonics 10, 340-345 (2016).

Ollivier, H. et al. Reproducibility of high-performance quantum dot single-
photon sources. ACS Photonics 7, 1050-1059 (2020).

Thomas, S. et al. Bright polarized single-photon source based on a linear
dipole. Phys. Rev. Lett. 126, 233601 (2021).

Anton, C. et al. Interfacing scalable photonic platforms: solid-state based muilti-
photon interference in a reconfigurable glass chip. Optica 6, 14711477 (2019).
Pont, M. et al. High-fidelity four-photon GHZ states on chip. npj Quantum Inf.
10, 50 (2024).

Clements, W. R. et al. Optimal design for universal multiport interferometers.
Optica 3, 1460-1465 (2016).

Flamini, F. et al. Thermally reconfigurable quantum photonic circuits at tele-
com wavelength by femtosecond laser micromachining. Light Sci. Appl. 4,
e354 (2015).

Pentangelo, C. et al. High-fidelity and polarization-insensitive universal pho-
tonic processors fabricated by femtosecond laser writing. Nanophotonics 13,
2259-2270 (2024).

Ollivier, H. et al. Hong-ou-mandel interference with imperfect single photon
sources. Phys. Rev. Lett. 126, 063602 (2021).

Horn, R. A. & Johnson, C. R. Matrix analysis. (Cambridge: Cambridge University
Press, 2012).

Ceccarelli, F. et al. Low power reconfigurability and reduced crosstalk in
integrated photonic circuits fabricated by femtosecond laser micromachining.
Laser Photonics Rev. 14, 2000024 (2020).

Laing, A. & O'Brien, J. L. Super-stable tomography of any linear optical device.
Print at https.//doi.org/1048550/arXiv.1208.2868 (2012).


https://doi.org/10.48550/arXiv.2308.12226
https://doi.org/10.48550/arXiv.1208.2868

	Experimental observation of counter-intuitive features of photonic bunching
	Introduction
	Results
	Theoretical overview about multiphoton indistinguishability and bunching effects
	Counter-intuitive behavior of pB
	Counter-intuitive behavior of pFB

	Experimental verification of counterintuitive photon bunching effects
	Experimental observation of counter-intuitive behavior of bunching
	Triad phase dependence of probabilities of bunching and full bunching
	Experimental observation of counter-intuitive behavior of full bunching


	Discussion
	Materials and Methods
	Experimental apparatus
	Single photon source
	Three-photon resource preparation
	Gram matrix preparation
	State evolution and measurement
	Reconstruction of the photon number distribution

	Acknowledgements




