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To assess the capabilities of photonic quantum systems, it is essential to develop analytical and experimental methods
for probing the underlying optical dynamics. Here, we investigate fundamental constraints arising when multi-photon
states evolve through a quantum linear optical network, showing how such limitations can be overcome when introduc-
ing measurement-induced nonlinearities. Specifically, we analyze bounds related to photon-bunching behavior at the
output of a linear interferometer and test them via a hybrid photonic platform realizing experiments with up to four pho-
tons. When the analysis is extended to a nonlinear regime, such bounds can be violated. We experimentally validate such
behavior by employing an optical architecture featuring measurement-induced nonlinearity, thus introducing dynamics
that go beyond standard linear optics. Our results highlight how the constraints implied by the linear optical formalism
can be used as tools to test and characterize photonic models going beyond quantum linear optical dynamics. © 2026

Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.579537

1. INTRODUCTION

In recent years, quantum linear optical systems have gained sig-
nificant attention as a promising platform for photonic-based
quantum information processing. Within this framework, boson
sampling has emerged as a paradigmatic model to demonstrate
quantum computational advantage, exploiting multi-photon
interference to generate output distributions believed to be classi-
cally intractable [1–4]. Several large-scale implementations have
been reported [5–12], highlighting the need for robust techniques
to characterize the output distributions of linear optical dynamics.
Most previous work has focused on validating these dynamics
against alternative classical or noisy distributions [13–20]. In con-
trast to such validation-focused approaches, here we investigate the
quantum dynamics imposed by a linear optical transformation and
the nature of bosonic interference. Can one identify measurable
bounds, which are intrinsically related to linear dynamics? On the
one hand, this can offer new insights on the capabilities of linear
optical transformations for quantum information processing
purposes. On the other hand, such analysis can become relevant in
the broader context of enhanced photonic schemes [21–23], where
measurement-induced nonlinearities are introduced to go beyond
linear dynamics.

The impossibility of generating arbitrary output states from
the linear optical evolution of a fixed input state is well established
[24]. However, the precise structure of the reachable output space
remains largely unexplored. Several efforts have been made to
characterize this space. One approach focuses on identifying the set
of Fock-space unitary transformations accessible via linear optics
[25,26]. Another line of work is based on algebraic invariants
[27–30], which remain conserved under linear optical evolution.
These approaches already provide valuable information about the
structure of linear optical dynamics, typically relying on the esti-
mation of specific observables or invariant quantities constructed
from photon-counting data.

Here, we take a complementary approach by investigating what
can be learned directly from output state populations, namely
the photon-counting statistics. In contrast to approaches based
on expectation values of observables, the method proposed here
directly probes features of the output photon-number distribution,
and is therefore naturally sensitive to multi-photon interference
effects and particle indistinguishability. We focus in particular on
full-bunching probabilities, which correspond to the events where
all photons are detected in the same output mode. These probabil-
ities have been primarily studied in the context of validating boson
sampling against classical or noisy alternatives [14,31–33], where
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Fig. 1. (a) Conceptual schemes illustrating two photonic architectures:
on the top is a model implementing a purely linear optical evolution; on
the bottom is a model where effective non-linear dynamics are introduced
by measuring part of the photons in auxiliary modes. (b) Illustrative
output distributions corresponding to the two schemes, with a focus on
full-bunching events (colored bars). In the linear optics case (blue), the
bunching probabilities lie below the theoretical bound (dashed line),
while in the non-linear scenario (red), some bunching events exceed it,
highlighting a violation of linear-optical constraints.

photon bunching is known to be enhanced by indistinguisha-
bility. Moreover, bunching probabilities have also been studied
in the context of multi-photon interference effects with partially
distinguishable resources [34,35].

Overall, our goal is not to establish a full validation or certifica-
tion protocol, but rather to introduce a simple and experimentally
accessible witness based on necessary conditions that any evolu-
tion governed by linear optics must satisfy. We derive theoretical
constraints on full-bunching probabilities and experimentally
verify them using a demultiplexed single-photon source, a fully
reconfigurable photonic integrated circuit, and a pseudo-photon-
number-resolving detection scheme based on threshold detectors.
Moreover, we extend our analysis to a class of experiments that
go beyond the linear optics regime. In these setups, analogous to
the ones of [21,22], part of the photons are measured in auxiliary
modes, and post-selection is used to emulate measurement-
induced nonlinearity. We show that, unlike standard linear optical
evolution, such non-linear processes can produce output distri-
butions that violate the full-bunching constraints, revealing their
ability to access regions of the output space that are otherwise
forbidden, as illustrated in the conceptual picture of Fig. 1.

2. CONSTRAINTS ON FULL-BUNCHING
PROBABILITIES

In the following, we introduce several criteria to determine if a
given output state can be obtained with a standard linear optical
boson sampling setup. This approach is related to the output
probabilities of full-bunching events, corresponding to all the
photons emerging in the same mode from the optical evolution.
In particular, we consider a boson sampling experiment with n
photons going through m modes with m ≥ n. A generic input state
in this configuration is given by |s〉 = |s 1, . . . , s m〉, where {s i } is
a set of integers indicating the number of photons in each mode

and
∑m

i=1 s i = n. We then consider the linear optical evolution
of this input state, which can be described by an arbitrary unitary
transformation U ∈ SU(m) of the modes. The probability of
obtaining the output |t〉when the input is |s〉 is given by [1]

P [s→ t] =
|Per(Us,t)|

2

s 1! · · · s m !t1! · · · tm !
, (1)

where Us,t is the n × n matrix obtained by repeating ti times
the i th row of U and s j times the j th column of U , and Per(B)

denotes the permanent of a matrix B [36]. In the following, we
derive constraints on full-bunching probabilities for specific input
states as well as for general input states. To do so, we exploit the
following relation valid for any unitary matrix U ∈ SU(m):

m∑
j=1

|Uij|
2
= 1⇒

n∑
j=1

|Uij|
2
≤ 1, (2)

where we notice that equality holds when n =m. Using Eqs. (1)
and (2), we find polynomial relations for the full-bunching
probabilities, giving rise to different kinds of constraints. In the
following, we address some specific scenarios in more detail.

As a first example, we consider the full-bunching probabilities
for the input |s〉 = |1⊗n0⊗(n−m)

〉 (type A). In the simplest case of
two photons injected into two separate modes—akin to a gener-
alized Hong–Ou–Mandel experiment [37,38]—it is well known
that the probability of full-bunching cannot exceed 1/2 [24,38].
A more general result can be found in [39], where the following
bound on the full-bunching probability is obtained

P A
i := P

[
|1⊗n0⊗(m−n)

〉→ |0⊗(i−1), n, 0⊗(m−i)
〉
]
≤

n!
nn

. (3)

Here, we recover this result with another approach, exploit-
ing Eqs. (1, 2) directly. In particular, we notice that following
Eq. (1) the probability of going from |s〉 = |1⊗n0⊗(m−n)

〉 to
|t〉 = |0⊗(i−1), n, 0⊗(m−i)

〉 can be obtained as

P [s→ t] =
1

n!

∣∣∣∣∣n!
n∏

j=1

Uij

∣∣∣∣∣
2

= n!
n∏

j=1

|Uij|
2, (4)

where we exploited that all rows in the matrix Us,t are equal. The
AM-GM inequality states that the arithmetic mean (AM) of a list
of non-negative real numbers is greater than or equal to its geomet-

ric mean (GM), i.e., n
√∏n

j=1 x j ≤
∑n

j=1 x j /n. Using the inequal-

ity with x j = |Uij|
2 we obtain

P [s→ t] = n!
n∏

j=1

|Uij|
2
≤ n!

(∑n
j=1 |Uij|

2

n

)n

≤
n!
nn

, (5)

where in the last step we exploited Eq. (2).
Notice that, as shown in [31], the probability in Eq. (4) is simply

reduced by a factor n! for distinguishable bosons. Thus, by replicat-
ing the above analysis, the following stricter bound is obtained for
each full-bunching probability when considering distinguishable
photons: P A−dist

i ≤
1

nn .
We now consider a different kind of input, specifically of the

form |s〉 = |n, 0, . . . , 0〉 (type B). The probability of obtaining
the full-bunching output state |t〉 = |0i−1, n, 0m−i

〉 in this case is
given by
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P [s→ t] = (|Ui1|
2)n . (6)

Here, we used Eq. (1) and exploited the fact that all elements in
the matrix Us,t are equal. We now define P B

1i as the probability of
going from the full-bunching input state |s〉 = |n, 0, . . . , 0〉 to the
full-bunching output |t〉 = |0i−1, n, 0m−i

〉:

P B
1i := P

[
|n, 0⊗(n−1)

〉→ |0⊗(i−1), n, 0⊗(m−i)
〉
]
= (|Ui1|

2)n .
(7)

Using again Eq. (2) we obtain

m∑
i=1

n
√

P B
1i = 1. (8)

Notice that, since the probability in Eq. (6) is identical for
distinguishable photons, the constraint of Eq. (8) also applies in
that case.

A more general bound can be derived for arbitrary Fock states
of the form |s〉 = |n1, . . . , nm〉, with

∑m
j=1 n j = n. In this gen-

eral case, the full-bunching probability admits an upper bound
of the form:

P [s→ t] ≤
n!
nn

m∏
j=1

n
n j
j

n j !
. (9)

A detailed derivation of Eq. (9) is provided in Supplement 1. This
bound, which reduces to Eq. (3) for the previously discussed type
A input, applies also to input states that do not fall into either the
type A or type B classification. Notably, in the case of type B inputs,
Eq. (9) reduces to the trivial condition P [s→ t] ≤ 1, so that
Eq. (8) provides a stronger constraint for this specific case.

3. EXPERIMENTAL SETUP

To test the introduced constraints, we perform boson sampling
experiments across different configurations with up to n = 4
photons and m = 4 modes. We also extend the same constraints
to a non-linear regime where a subset of photons is measured in
auxiliary modes, and the evolution of the remaining photons is
conditioned on the measurement outcome. This strategy, inspired
by the adaptive boson sampling (ABS) paradigm recently stud-
ied both theoretically and experimentally in [21,22], emulates
measurement-induced nonlinearities via post-selection.

The experimental apparatus is based on a hybrid photonic
platform developed specifically for the implementation of multi-
photon experiments [22,29,40–43]. The single-photon source
consists of a quantum dot [44–47], excited at a repetition rate
of 79 MHz in the resonance fluorescence regime [45,48–51].
The emitted photons are time-to-spatial demultiplexed using an
optical scheme based on an acousto-optic modulator. Temporal
and polarization compensation is ensured by delay lines and
polarization control plates, enabling the preparation of up to four
indistinguishable photons.

These photons are injected into an eight-mode fully reconfig-
urable photonic integrated circuit, fabricated using femtosecond
laser-writing techniques [52,53]. The circuit consists of a net-
work of 28 Mach–Zehnder interferometers (MZIs) arranged in
a rectangular mesh according to the scheme of [54]. Each MZI,
equipped with thermo-optically tunable phase shifters [55–58],
acts as a reconfigurable beam splitter. These elementary cells can
be individually programmed, enabling the realization of arbitrary
unitary transformations in SU(m).

In the standard (linear optical) boson sampling regime, the
interferometer is structured into two main sections, an input state
preparation stage and a unitary transformation stage, as detailed
in Supplement 1. The first stage is required to probabilistically
prepare input states featuring more than one photon per mode,
obtaining the generation of specific multi-photon Fock states by
exploiting the Hong–Ou–Mandel effect [37,38]. The evolution
stage then applies random unitary transformations using the
architecture of [54].

In extended configurations that do involve intermediate mea-
surements, a subset r ≤ n of photons is detected in k ≤m auxiliary
modes, akin to the aforementioned adaptive boson sampling (ABS)
architecture [21,22], which is described in detail in Supplement 1.
The measurement outcome p= (p1, . . . , pk) determines a con-
ditional linear unitary evolution of the modes V ( p) applied to the
remaining n′ = n − r photons over the remaining m′ =m − k
output modes. This procedure, although implemented via post-
selection, effectively emulates a measurement-induced non-linear
process. Thus, the implementation of the protocol via post-
selection does indeed allow one to test the linearity bounds in
effective non-linear dynamics.

Photon detection is performed using superconducting
nanowire single-photon detectors. Since standard threshold
detectors do not resolve photon numbers, we adopt a probabilistic
pseudo-number-resolving scheme, as detailed in Supplement 1.
Each output mode is split into four auxiliary modes using a cascade
of 50:50 beam splitters, allowing us to reconstruct probabilities
of output Fock states, including bunching events where at least
one ni ≥ 2. The final statistics are obtained by collecting coinci-
dences across auxiliary modes and correcting for the corresponding
detection probabilities. To account for the probabilistic nature of
both state preparation and detection, all data are post-selected on
events where all n (or n′) photons are detected in different auxiliary
modes.

4. TESTING THE CONSTRAINTS IN LINEAR
OPTICS

We now present the results of our experimental tests. To begin
with, we consider the simplest configuration with n = 2 photons in
m = 2 modes. In this case, we have only type A inputs such as |1, 1〉
or type B inputs such as |2, 0〉. We measure the full-bunching
probabilities as obtained after evolving these inputs with 1000
different randomly drawn unitary transformations U ∈ SU(2).
In Fig. 2(a), we show scatter plots of the obtained probabilities
for the two configurations, highlighting the constraint region for
|1, 1〉 and the constraint curve for |2, 0〉, given by Eqs. (3) and (8),
respectively. We see that both constraints are well satisfied, as
detailed in the first row of Table 1. In the first plot, we also high-
light the additional constraint P (20)= P (02) (red dashed line),
which holds for the input state |1, 1〉, as one can easily see from
the representation in the Fock basis of the unitary evolution (see,
e.g., [24]). Our experimental results also show evidence of this
behavior, although small deviations are observed, likely due to
slight imbalances in detector efficiency calibration.

To further test the constraints, we increase the number of
photons and modes, considering configurations up to n = 4 and
m = 4. In all the different configurations, we test the constraints
for both types A and B scenarios. For m = 4 cases, we restrict our
analysis to type A inputs due to the limited interferometer depth,

https://doi.org/10.6084/m9.figshare.32023890
https://doi.org/10.6084/m9.figshare.32023890
https://doi.org/10.6084/m9.figshare.32023890
https://doi.org/10.6084/m9.figshare.32023890
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Fig. 2. (a) Scatter plot for the full-bunching probabilities as obtained with boson sampling experiments with randomly extracted U ∈ SU(2) with input
|1, 1〉 (type A) and |0, 2〉 (type B). We show with a gray square the constraint region for input |1, 1〉 and with an orange dashed line the constraint curve for
input |0, 2〉. We also show with a red dashed line the additional constraint P (20)= P (02) for the |1, 1〉 input. (b), (c) 3D scatter plot for the full-bunching
probabilities as obtained with boson sampling experiments with randomly extracted U ∈ SU(3) with (b) 2-photon inputs: |1, 1, 0〉 (type A) and |2, 0, 0〉
(type B), and (c) 3-photon inputs: |1, 1, 1〉 (type A), |2, 1, 0〉 and |3, 0, 0〉 (type B). In the plots, the constraints are represented by the colored surfaces (gray
cube for type A inputs, green cube for |2, 1, 0〉 input, and orange surface for type B inputs). (d) 3D Scatter Plot for 3 of the 4 full-bunching probabilities as
obtained with boson sampling experiments with randomly extracted U ∈ SU(4) with 4-photon type A input |1, 1, 1, 1〉. In the plot, the type A constraint
is represented by the gray cube. In all cases, error bars are given by uncertainties in photon counts due to Poisson statistics, and we highlight in red the points,
which are not compatible within the error bars with the corresponding constraint.

Table 1. Constraints on Full-Bunching Probabilities for Different Linear Optics Scenarios
a

# Photons
(n) # Modes (m) Input State |s〉 Constraint on Full-Bunching Probabilities # States

States Satisfying
the Constraints

2 2 |1, 1〉 (type A) P (20)≤ 1
2 , P (02)≤ 1

2 1000 100%
|0, 2〉 (type B)

√
P (20)+

√
P (02)= 1 1000 95.5% (99.7%)

2 3 |1, 1, 0〉 (type A) P (200), P (020), P (002)≤ 1
2 500 100%

|0, 0, 2〉 (type B)
√

P (200)+
√

P (020)+
√

P (002)= 1 500 98.2% (100%)

3 3 |1, 1, 1〉 (type A) P (300), P (030), P (003)≤ 2
9 1000 100%

|1, 0, 2〉 P (300), P (030), P (003)≤ 4
9 1000 100%

|0, 3, 0〉 (type B) 3
√

P (300)+ 3
√

P (030)+ 3
√

P (003)= 1 1000 99% (99.8%)

2 4 |0, 1, 1, 0〉 (type A) P (2000), P (0200), P (0020), P (0002)≤ 1
2 400 100%

3 4 |1, 1, 1, 0〉 (type A) P (3000), P (0300), P (0030), P (0003)≤ 2
9 1250 100%

4 4 |1, 1, 1, 1〉 (type A) P (4000), P (0400), P (0040), P (0004)≤ 3
32 120 100%

aFor each configuration, indicated with m and n, type A inputs include inputs, which are equivalent to |1n0m−n
〉 up to permutation, while type B inputs are equiva-

lent to |n, 0, ... , 0〉. P (i) denotes the probability of obtaining the outcome |i〉. The last two columns report the number of measured states and the fraction of states
satisfying the constraints, considering as successful states those compatible with the corresponding constraint within the error bars (first value) and within twice the
error bars (value in parentheses). Error bars are computed with bootstrapping techniques, considering standard Poissonian uncertainties on the experimental measure-
ment events.

which prevents the implementation of state preparation layers
required for multi-photon-per-mode inputs. Additionally, in the
n = 3, m = 3 scenario, we examine the input state of the form
|s〉 = |2, 1, 0〉, which does not fall under type A or type B classi-
fications, but for which we can use the generalized constraint of
Eq. (9). The derived constraints for each scenario, obtained using
Eqs. (3), (8), and (9), are summarized in Table 1. The experimen-
tally measured full-bunching probabilities for each configuration
are presented through scatter plots in Figs. 2(b)–2(d), where the
constraint regions are highlighted in different colors: gray cubes for
type A inputs, orange surfaces for type B inputs, and green cube for

the specific |2, 1, 0〉 input. In all cases error bars are associated with
experimental data considering uncertainties in photon detection
counts due to Poisson statistics. In Table 1, we also provide a sum-
mary of our results across different experimental configurations.
For each scenario, varying both the number of modes m and the
input state |s〉, we list the number of recorded states, each with a
different random unitary transformation U ∈ SU(m). The table
also includes the fraction of states satisfying the constraints. For
both equality and inequality constraints, we consider as success-
ful states those whose full-bunching populations are compatible
with the corresponding constraint surface or volume within their
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Fig. 3. (a)–(c) Schematics of the experimental configurations with m = 8 total modes and n = 3 (a) or n = 4 (b), (c) input photons, used to probe
measurement-induced non-linear dynamics. The scheme we employ corresponds to an ABS implementation, where the measurement-induced
adaptive evolution is emulated via post-selection. Nonlinearity is introduced by measuring r = 1 (a), (c) or r = 2 (b) photons in
k = 6 (a) or k = 5 (b), (c) auxiliary modes, resulting in effective output states with n′ = n − r photons in m′ =m − k modes: (n′ = 2, m′ = 2) (a),
(n′ = 2, m′ = 3) (b), and (n′ = 3, m′ = 3) (c). (d) 2D scatter plot of the experimentally measured bunching probabilities for the n′ = 2, m′ = 2 case.
Full-bunching constraints under linear optics are shown as: gray square (|1, 1〉 input) and orange dashed line (|0, 2〉 input). (e) 3D scatter plot of bunching
probabilities for n′ = 2, m′ = 3. Full-bunching constraints under linear optics are represented by: gray cube (|110〉 input) and orange surface (|200〉 input).
(f ) 3D scatter plot for n′ = 3, m′ = 3, with linear-optical boundaries given by: gray cube (|111〉), green cube (|210〉), and orange surface (|300〉). In all cases,
red points indicate output states that violate all the corresponding constraints within experimental uncertainties, which are estimated from single-photon
counts assuming Poisson statistics.

experimental error bars. Notably, when considering an uncertainty
range of twice the experimental error bars, at least 99% of the states
result compatible with the constraint boundaries, showing that
full-bunching probability constraints act as an effective necessary
condition for the output distribution of boson sampling exper-
iments. We stress that, since satisfying the bounds is a necessary
but not sufficient condition for linear optical evolution, these
results should not be interpreted as a certification of linear optical
dynamics, but rather as a verification that the necessary condition
is satisfied in the probed configurations.

5. TESTING THE CONSTRAINTS IN NON-LINEAR
DYNAMICS

We extend here our analysis of full-bunching probabilities to
a regime that goes beyond standard linear optical evolution by
introducing measurement-induced nonlinearities. As detailed in
Section 3, in an optical implementation corresponding to an ABS
protocol, a subset of the photons is measured in auxiliary modes,
and the subsequent evolution of the remaining photons depends
on the measurement outcome, with the whole process emulated via
post-selection.

Figures 3(a)–3(c) illustrate the conceptual schemes of the
employed ABS configurations. We performed experiments with

n = 3 or n = 4 input photons injected into the eight-mode inter-
ferometer. In the implemented schemes, all photons evolve under
an initial unitary transformation U0, and a subset of r = 1 or
r = 2 photons is measured in k = 6 or k = 5 auxiliary modes,
leading to a measurement outcome encoded in the bit-string p.
The unmeasured photons then propagate through a second uni-
tary transformation V ( p), which is adaptively conditioned to the
outcome p. This results in effective output states with n′ = 2 or
n′ = 3 photons in m′ = 2 or m′ = 3 modes.

In Figs. 3(d)–3(f ), we report scatter plots of the measured
full-bunching probabilities for the output states obtained in the
different scenarios. These distributions are compared with the
theoretical boundaries imposed by linear optics for equivalent
scenarios, that is, for the same number of output photons n′ and
modes m′. We stress that, since the derived bounds provide nec-
essary conditions for linear optical evolution, any violation of
these bounds directly witnesses dynamics beyond linear optics.
Table 2 summarizes the corresponding results, reporting the total
number of reconstructed states and the fraction that violate all
applicable linear-optical constraints within the experimental
uncertainty. Specifically, we observe violations in 47.2% of the
states for (n′ = 2, m′ = 2), 7.6% for (n′ = 2, m′ = 3), and 4.9%
for (n′ = 3, m′ = 3). In all cases, a significant fraction of states
lies beyond the boundaries defined by linear optics, providing a
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Table 2. Constraints on Full-Bunching Probabilities Tested in the Non-Linear Regime with n′ = 2 or n′ = 3 Output
Photons in m′ = 2 or m′ = 3 Modes

a

n′ m′ Equivalent Fock State Constraint on Full-Bunching Probabilities # States
States Violating All

Constraints

2 2 |1, 1〉 (type A) P (20), P (02)≤ 1
2 108 47.2%

|2, 0〉 (type B)
√

P (20)+
√

P (02)= 1

2 3 |1, 1, 0〉 (type A) P (200), P (020), P (002)≤ 1
2 850 7.6%

|2, 0, 0〉 (type B)
√

P (200)+
√

P (020)+
√

P (002)= 1

3 3 |1, 1, 1〉 (type A) P (300), P (030), P (003)≤ 2
9 800 4.9%

|2, 1, 0〉 P (300), P (030), P (003)≤ 4
9

|3, 0, 0〉 (type B) 3
√

P (300)+ 3
√

P (030)+ 3
√

P (003)= 1
aFor each equivalent Fock input state, the corresponding theoretical constraint under linear optical evolution is indicated. In the last two columns, we report the total

number of experimentally reconstructed output states and the fraction of them that violate all the corresponding constraints within the error bars.

clear experimental signature of measurement-induced non-linear
dynamics.

To further support this interpretation, we performed numeri-
cal simulations of the same ABS configurations implemented
experimentally, sampling each time O(103) random unitary
transformations U0. The simulations predict violation fractions
of 52.6%, 14.5%, and 6.7% for the cases (n′ = 2, m′ = 2),
(n′ = 2, m′ = 3), and (n′ = 3, m′ = 3), respectively. These val-
ues are in good qualitative agreement with the experimentally
observed fractions. The systematically smaller violation rates
observed experimentally are consistent with experimental imper-
fections. In particular, partial photon distinguishability is expected
to reduce multi-photon interference effects and therefore sup-
press full-bunching probabilities, leading to a reduction in the
observed violation rates. Other imperfections are expected to
have a more limited impact on the observed violations. In our
experiment, propagation losses inside the photonic circuit are
mode-independent by construction and can be effectively mod-
eled as a global loss channel acting after an otherwise unitary
transformation. As such, they do not affect the relative output
probabilities relevant for the bounds considered here. Residual
mode-dependent effects, such as variations in detector efficiencies,
are independently calibrated and accounted for in the data analysis.

In Supplement 1, we discuss the scalability of this witness-
ing approach, namely the behavior of violation rates as both the
number of output photons and modes increase, providing ana-
lytical scaling arguments together with numerical simulations.
Importantly, we show that the typical full-bunching probabili-
ties for random unitaries decrease rapidly with increasing system
size, leading to an exponential suppression of violation rates. As
a consequence, both the identification of suitable interferometer
configurations and the statistical estimation of the corresponding
probabilities become increasingly demanding as the number of
photons and modes grows. For this reason, the witnessing method
proposed here is best suited for small- to intermediate-scale
systems.

6. DISCUSSION

In this work, we derived and experimentally tested fundamental
constraints on boson sampling output probabilities, specifically
focusing on full-bunching events. These constraints highlight
intrinsic limitations of linear optics in generating arbitrary output
states, showing that certain output populations are inherently
bounded by the nature of bosonic interference. As such, they

offer new insights into the structure of boson sampling output
distributions and the limitations of linear-optical transformations.

We then extended our investigation to experimental con-
figurations that include intermediate measurements, thereby
introducing effective non-linear dynamics through post-selection.
In this regime, we observed a non-negligible fraction of output
states that violate the full-bunching constraints derived for linear
optics. This provides direct evidence that measurement-induced
processes can access regions of the output space that are otherwise
forbidden by purely linear evolution.

Taken together, these results show that full-bunching probabil-
ities provide a simple and experimentally accessible witness of the
boundary between linear and non-linear quantum optical behavior
in small- to intermediate-scale systems, where moderate photon
numbers and non-negligible collision probabilities allow for the
direct observation of measurement-induced non-linear effects.
In this regime, they can serve as a practical tool for benchmarking
near-term photonic platforms aiming to go beyond standard linear
optics.
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