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Quantum theory stipulates that if two particles are identical in all physical as-

pects, the allowed states of the system are either symmetric or antisymmetric

with respect to permutations of the particle labels. Experimentally, the sym-

metry of the states can be inferred indirectly from the fact that neglecting the

correct exchange symmetry in the theoretical analysis leads to dramatic dis-

crepancies with the observations. The only way to directly unveil the symmetry

of the states for, say, two identical particles is through the interference of the

two-particle state and the physically permuted one, and measuring the phase

associated with the permutation process, the so-called particle exchange phase.

Following this idea, we have measured the exchange phase of indistinguishable
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photons, providing direct evidence of the bosonic character of photons.
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In three spatial dimensions, quantum physics distinguishes between two fundamental types

of particles, bosons and fermions (1). As a result, indistinguishable bosons satisfy the Bose-

Einstein statistics and indistinguishable fermions obey the Fermi-Dirac statistics. Simply put,

this means that fermions cannot occupy the same quantum state, as dictated by the Pauli ex-

clusion principle (2), while bosons are allowed to ‘condensate’ into the same state (3). Quite

remarkably, these distinctive characteristics are key ingredients that give form to all the existing

elements and fields as we know them in the universe.

From a theoretical perspective, it has been postulated that the correct statistics for bosons

and fermions can only be observed provided the associated states are symmetric and anti-

symmetric, respectively (4). This means that, under permutations of the labels of any pair

of particles, the allowed states of a system of N identical bosons must remain unchanged,

P̂i,j |N bosons〉 = |N bosons〉, while the states of a system of N identical fermions must un-

dergo a sign change, P̂i,j |N fermions〉 = − |N fermions〉 (5). Here, P̂i,j represents the per-

mutation operator that interchanges the labels of the i’th and j’th particle, where i and j are

arbitrary.

Certainly, the (anti-)symmetric nature of identical particle states has very profound implications

for quantum science and technology (6). In this respect, perhaps the most prominent example is

the so-called Hong-Ou-Mandel effect (7), which gives rise to maximally mode-entangled two-

photon states by interfering two indistinguishable photons (7). Importantly, the observation of

mode-entanglement only depends on the symmetry of the two-photon wave function (6).

Quite recently, it has been realized that (anti-)symmetric multi-particle states belong to a very

special set of quantum states referred to as decoherence-free subspaces (8), that is, quantum

states that are immune to the impact of environmental noise. Even more importantly, it has

been shown that quantum superpositions of indistinguishable states provide a natural control

for the generation of noise-free entanglement (9), and they represent a source of quantum co-
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herence, even when the associated particles are prepared independently (10). It is worth to

remark that, contrary to what was thought in the past, the entanglement of identical particles is

truly physical (11) and it is known to provide the metrological advantages for estimating phase

shifts in systems of identical bosons (12).

Beyond explorations of the advantages offered by quantum indistinguishable particles, many au-

thors have investigated the validity of the symmetrization postulate in a variety of experiments

ranging from spectroscopy (13,14,15), via quantum chemistry (16) to ultracold atoms (17). Yet,

in all those experiments the postulate has been demonstrated indirectly, e.g. by examining the

absence of particular states which are forbidden by the postulate (18, 19, 14, 20). In physical

terms, the (anti-)symmetrization of the states implies the existence of a definite relative phase

between the constituent states (21). This concept is more intuitively illustrated for the particu-

lar case of two indistinguishable particles occupying two different spatial modes x and y with

equal probability amplitude 1/
√
2. Thus, the only possibility that satisfies the symmetrization

postulate is

|Ψ〉 = 1√
2

(

|x〉 |y〉+ eiφx |y〉 |x〉
)

, (1)

with φx = 0 for bosons and φx = π for fermions. The argument φx is termed the particle

exchange phase (EP) and, in principle, it is amenable to direct measurement (22). Clearly, such

a measurement of the EP would reflect directly the fundamental physical symmetry of the asso-

ciated states (21).

Experimentally, the only way to measure phase differences is via interferometry. That is, to

observe the EP we have to superpose a reference state |x〉 |y〉, with its physically permuted ver-

sion eiϕ |y〉 |x〉. However, care has to be exercised: Exchanging the position, or other physical

properties, of two identical particles yields a final state exhibiting a phase factor ϕ composed

not only of the EP but it also contains an extra phase shift φg whose origin is purely geomet-
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ric (23). Essentially, the geometric phase is an observable phase accumulation that is acquired

by the states of physical systems whose dynamic is cyclic, i.e., when the states return to their

initial configuration (24, 25). In other words, when considering the actual experimental imple-

mentation of exchanging the states of two identical particles one cannot ignore the geometric

phase associated with this exchange.

In this work, we report on the observation of the particle exchange phase for indistinguish-

able photons. For our experiments, we have implemented an interferometer that superposes a

reference state of two indistinguishable photons occupying two spatial modes with its physi-

cally permuted version (26). Our direct measurements yield φx = (−0.04 ± 0.07) rad, which

imposes less stringent bounds on a possibly anomalous photon exchange phase than previous

indirect measurements as reported in (15, 27). Concurrently, our observations reveal a geomet-

ric phase φg = π, which is expected from a swap operation on identical particles (28).

Our experimental setup is based on the state-dependent-transport protocol as laid out in

(26). It consists of two coupled Mach-Zehnder interferometers sharing the input ports and

coupled to each other by a swap beam splitter (swap-BS), which is realized using a polar-

ization beamsplitter (PBS), Fig. (1-a). Here, we use the convention that the PBS’s reflect

(transmit) vertically-polarized (horizontally-polarized) light. As input we launch two collinear

orthogonally-polarized photons into port 1, which are routed to paths 1 and 2 using a PBS,

yielding the state |↔1, l2〉. Using a half-wave plate (HWP), we transform this latter state into

| ↔1
, ↔2〉, which is a diagonally-anti-diagonally polarized two photon state on paths 1 and 2,

respectively. Crucially, impinging the state | ↔1
, ↔2〉 onto the swap-BS generates the refer-

ence state |↔1, l4〉 and a permuted version of it |l3,↔2〉, Fig. (1-b). Notice we disregarded

the contributions |↔1,↔2〉 and |l3, l4〉, where both photons are transmitted or reflected on the
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swap-BS, in post-selection.

As required by the state-dependent-transport protocol, up to this point the two-particle states

have not overlapped. Consequently, the total wave function lacks any meaningful symmetry

property (21). We then use two 50-50 beamsplitters to overlap the reference and the permuted

states. To obtain the relative phase we need a convenient observable for the interfered states

such that its expectation value yields a cross-term whose argument is the total phase. This ob-

servable is found to be the combined photon coincidence rate between the four detectors at the

outputs

〈Π̂〉 ≡ 〈n̂1n̂4 + n̂2n̂3 − n̂1n̂3 − n̂2n̂4〉 =
1

2
cos(φ1 + φ2 + π − φx), (2)

where φ1 and φ2 are two known reference phases, which are adjusted deterministically using

the two mirrors in arms 1 and 2 attached to two piezo-elements. In Fig. (2) we present a detailed

description of the complete interferometer implemented for our experiments, including the state

preparation and the measurement stage.

The reference phases φ1 and φ2 are obtained by separately launching a diagonally-polarized,

attenuated laser beam into the input-port 2 and taking the difference of the single-photon click-

rates between the detectors (n̂1, n̂2) and (n̂3, n̂4) to give 〈n̂2− n̂1〉 = 1
2
cos (φ1) and 〈n̂3− n̂4〉 =

1
2
cos (φ2), see Fig. (3-a). Since the attenuated laser source has a small probability of emitting

two photons (an unwanted contribution at this measurement stage) we discarded all detection

events where two detectors clicked within a window of 400 ns.

In Eq. (2) we have included an additional phase π to account for the geometric phase contributed

by the physical swap-operation on the two-photon states. Indeed, and as alluded to above, the

relative phase between the states is not only determined by the particles’ fundamental statistics

φx, but also by the dynamic phase φd and the geometric phase φg, as defined by Aharonov and

Anandan (24). In general, the physical swapping of the quantum states of two indistinguishable

particles yields φg = π, while the dynamic phase φd = 0 vanishes (29).
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To measure Π̂ as a function of the total reference phase (φ1 + φ2), we first send calibration

photons to determine the actual phases φ1 and φ2. Next, we launch photon pairs (post-selected

detection rate of ≈ 4200 pairs/min) and measure photon coincidences to obtain 〈Π̂〉. By repeat-

ing this process and changing the voltages applied to the two piezo elements after each mea-

surement, we collect the coincidences for several values of (φ1+φ2), as shown in Fig. (3-b). In

order to exclude indeterministic thermal fluctuations of φ1 and φ2 we set the accumulation time

for one measurement point to ≈ 1 seconds, which is much smaller than the time-scale (several

hours to days) over which thermal phase drifts have been observed in our setup.

Notably, for the observable Π̂ the losses, dark counts, and imperfect indistinguishability (86

± 5 % in our case, where 100% corresponds to perfect indistinguishability) only contribute as

a visibility reduction, and as an offset in the 〈Π̂〉-signal, which is independent of φ1 and φ2.

Since the particle exchange phase φx is given as a horizontal displacement of 〈Π̂〉 along the

(φ1 + φ2)-axis, our results are therefore robust against systematic errors due to experimental

imperfections (29).

Fig. (3-c) depicts the measured coincidence rate, 〈Π̂〉, for different values of (φ1 + φ2) (blue

dots). The data points are sorted into bins of width 0.1 radians, with respect to the sum (φ1+φ2),

and the mean value of the bins is calculated with the standard error as an uncertainty, Fig. (3-d).

To model the measured data and to determine the phase experimentally we use a slight variation

of Eq. (2), 〈Π̂〉 = A cos(φ1+φ2−φx+π)+C, where the amplitude A has to be positive and C

describes a constant offset. Both constants characterize the combined effects of the brightness

of the two-photon source, detection efficiencies, detector noise, distinguishability of the photon

pairs and the integration times. As explained in (29) these effects do not contribute to a hori-

zontal displacement of the signal (along the (φ1 + φ2)-axis) and, therefore, have no systematic

impact on the obtained value for the EP φx. This feature makes the present interferometric
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method robust against experimental imperfection. The fit (red solid line) in Fig. (3-d) reveals an

exchange phase of φx = (−0.04±0.07) radians (95% confidence interval). This result includes

an exchange phase of zero revealing the symmetric nature of the two-photon state and agrees

with the expectation that photons are indeed bosons. Furthermore, this result demonstrates that

it is crucial to consider the geometric phase of the swapping process, otherwise our measure-

ments would lead to the erroneous conclusion that two-photon states are anti-symmetric.

It is interesting to note that many textbooks introduce the symmetrization postulate stating that

quantum mechanical systems comprising N identical particles are either totally symmetric or

anti-symmetric under the exchange of any pair of particles (5,30). Such statement seems to im-

ply that the physical situation must remain unaffected if the particles are physically exchanged.

However, as demonstrated here, that is not the case, and our work will serve as reference to

correctly address the symmetrization postulate. Furthermore, our results provide a first bound

for a possibly non-vanishing exchange phase of photons, and is a starting point for precision

measurements on tests of the symmetry of multi-particle wavefunctions.

We have developed an interferometric technique to directly measure the particle exchange

phase of photons. To the best of our knowledge, this is the first direct interferometric measure-

ment of the particle exchange phase. Within the margin of error our results confirm the sym-

metric nature of states that consist of two indistinguishable photons. Additionally, we demon-

strated that it is crucial to consider the additional geometric and dynamic phase accumulated

during the state-dependent transport protocol. Our implementation did not lead to the observa-

tion of any deviations from the expected exchange phase. Looking forward, our optical setup

may be further improved and optimized towards enhanced accuracy. For example, a brighter

and more stable photon pair source would allow for longer measurement times. Also the setup

may be implemented using integrated and passively stable optical elements. In the next years

a steady increase in accuracy and reduction of the bound for a non-vanishing exchange phase
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can be achieved. Experimental tests of the exchange phase with other (Fermionic) particles

would be highly attractive as well. Besides being, to the best of our knowledge, the first di-

rect measurement of the exchange phase, our work puts forward an experimental technique to

generate and certify spatially symmetrized two-photon states, which can find applications in

transferring quantum information through random media (8), or to test entanglement of identi-

cal particles (12). Finally, our experiment is another example of how non-classical photon pair

sources have now entered the field of precision measurements to investigate the validity of very

fundamental laws of quantum mechanics (31).
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Figure 1: (a) Conceptual sketch of the interferometric setup. In the first measurement step,

a diagonally-polarized attenuated laser beam is incident on input-port 2 (blue beam) and split

50:50 on the first PBS. The λ/2-waveplate brings the separate beams 1 and 2 back into diag-

onal polarization and they are again split with a 50:50 ratio on the second PBS. The beams

acquire a phase-difference φ1 (φ2) between the paths 1 and 2 (3 and 4) and after recombination

on the non-polarizing beam splitters we observe typical Mach-Zehnder interference fringes in

the differences of the single-photon counts. In the second stage, two indistinguishable pho-

tons in orthogonal polarization are injected simultaneously into input-port 1 (red beam). Ac-

cordingly, they are separated at the first PBS and rotated to (anti-)diagonal polarization at the

λ/2-waveplate. At the second PBS we consider two possible paths of the two-photon state. (b)

One path where the photon in beam 1 is transmitted and the photon in beam 2 is reflected and

the other path, where the photon in beam 1 is reflected and the photon in beam 2 is transmit-

ted. Both possible paths contribute to the coincidence rates between detectors in the (1,2)-arm

and the (3,4)-arm. The interferometric superposition of these two paths, ultimately reveals the

exchange phase of photons.
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Figure 2: Complete interferometer setup. Indistinguishable photon pairs (red line) are launched

into the interferometer (post-selected pair detection rate of ≈ 4200 pairs/min) using a polariza-

tion maintaining single mode fiber. The half-wave-plate-A (HWP-A) rotates the polarization of

the photons to horizontal/vertical so that PBS1 splits them deterministically into two paths, as

required by state-dependent transport protocol. A linear polarizer in the interferometer arm 2

is used to suppress the photons reflected at PBS2 with the undesired polarization. Both inter-

ferometer arms contain a mirror attached to a piezo-element to enable the deterministic control

of the reference phases φ1 and φ2. A periscope in each arm combines the different heights.

Due to the orientation of the mirrors in the periscopes, the polarization of photons in the upper

path changes with respect to photons in the lower path. This is compensated by an additional

HWP so that the two paths can interfere at the beam splitters BS1 and BS2. Linear polariz-

ers (LP) after each output of BS1 and BS2 filter out photons with an undesired polarization.

The photons are collected into single mode fibers – which also facilitates the optimal alignment

of the optical paths – and guided to the individual detectors. Each arm is monitored by one

avalanche photodiode (APD) and one superconducting single photon detector (SSPD), in order

to maintain the symmetry between the interferometer arms. We correlate the detector signals

with a time tagging module (PicoQuant MultiHarp 150). The second input port (blue line) of

the interferometer connects the attenuated laser beam with the interferometer. HWP-B rotates

the polarization of the beam to diagonal polarization, leading to an equal splitting ratio at PBS1.

Finally, automated mechanical shutters at the input ports control whether the photon pairs or the

attenuated laser are sent into the interferometer.
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Figure 3: Measurement results. (a) Mach-Zehnder interference fringes observed over a time

interval of 20 min, while the attenuated laser is fed into the setup. On the top we show the

evolution of the differences of the normalized single-photon click-rates 〈n̂2 − n̂1〉 (blue curve)

and 〈n̂3 − n̂4〉 (red curve) while changing the voltage applied to the piezo-elements. Note, that

the discontinuous jumps correspond to the points where the applied saw-tooth voltage signal

reverts to its minimum. From these measurements we obtain the corresponding reference phases

φ1 and φ2 (bottom). (b) Total reference phase (top) and combined coincidence rate 〈Π̂〉 (bottom)

as they evolve in time. (c) Scatter-plot of all measured value pairs (φ1 + φ2, 〈Π̂〉) (≈ 90 min

measurement time in total). Since the slope of cos(φ1(2)) vanishes at φ1(2) = 0, π, the associated

uncertainty in the estimation of φ1 and φ2 diverges at these points. Therefore we consider

only data points where φ1 and φ2 are within an interval of [t, π − t] with t = 0.25 rad (blue

points). This interval is also indicated by the dashed horizontal lines in (a). (d) We sort the

data points into bins with respect to the total reference phase and perform a least-square error

fit of 〈Π̂〉 = A cos(φ1 + φ2 + π − φx) + C, which yields φx = (−0.04 ± 0.07) rad (95%

confidence interval, adjusted R2 = 0.89, RMSE = 1.9 Counts) and confirms the symmetry of

the two-photon wavefunction.
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(a) Conceptual sketch of the interferometric setup. In the �rst measurement step, a diagonally-polarized
attenuated laser beam is incident on input-port 2 (blue beam) and split 50:50 on the �rst PBS. The λ/2-
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λ/2-waveplate. At the second PBS we consider two possible paths of the two-photon state. (b) One path
where the photon in beam 1 is transmitted and the photon in beam 2 is re�ected and the other path,
where the photon in beam 1 is re�ected and the photon in beam 2 is transmit ted. Both possible paths
contribute to the coincidence rates between detectors in the (1,2)-arm and the (3,4)-arm. The
interferometric superposition of these two paths, ultimately reveals the exchange phase of photons.



Figure 2

Complete interferometer setup. Indistinguishable photon pairs (red line) are launched into the
interferometer (post-selected pair detection rate of ≈ 4200 pairs/min) using a polarization maintaining
single mode �ber. The half-wave-plate-A (HWP-A) rotates the polarization of the photons to
horizontal/vertical so that PBS1 splits them deterministically into two paths, as required by state-
dependent transport protocol. A linear polarizer in the interferometer arm 2 is used to suppress the
photons re�ected at PBS2 with the undesired polarization. Both interferometer arms contain a mirror
attached to a piezo-element to enable the deterministic control of the reference phases 1 and 2. A
periscope in each arm combines the different heights. Due to the orientation of the mirrors in the
periscopes, the polarization of photons in the upper path changes with respect to photons in the lower
path. This is compensated by an additional HWP so that the two paths can interfere at the beam splitters
BS1 and BS2. Linear polarizers (LP) after each output of BS1 and BS2 �lter out photons with an
undesired polarization. The photons are collected into single mode �bers – which also facilitates the
optimal alignment of the optical paths – and guided to the individual detectors. Each arm is monitored by
one avalanche photodiode (APD) and one superconducting single photon detector (SSPD), in order to
maintain the symmetry between the interferometer arms. We correlate the detector signals with a time
tagging module (PicoQuant MultiHarp 150). The second input port (blue line) of the interferometer
connects the attenuated laser beam with the interferometer. HWP-B rotates the polarization of the beam
to diagonal polarization, leading to an equal splitting ratio at PBS1. Finally, automated mechanical
shutters at the input ports control whether the photon pairs or the attenuated laser are sent into the
interferometer.



Figure 3

Measurement results. (a) Mach-Zehnder interference fringes observed over a time interval of 20 min,
while the attenuated laser is fed into the setup. On the top we show the evolution of the differences of the
normalized single-photon click-rates nˆ2 − nˆ1 (blue curve) and nˆ3 − nˆ4 (red curve) while changing
the voltage applied to the piezo-elements. Note, that the discontinuous jumps correspond to the points
where the applied saw-tooth voltage signal reverts to its minimum. From these measurements we obtain
the corresponding reference phases 1 and 2 (bottom). (b) Total reference phase (top) and combined
coincidence rate IIˆ (bottom) as they evolve in time. (c) Scatter-plot of all measured value pairs (1 + 2,
IIˆ) (≈ 90 min measurement time in total). Since the slope of cos(1(2)) vanishes at 1(2) = 0, π, the
associated uncertainty in the estimation of 1 and 2 diverges at these points. Therefore we consider only
data points where 1 and 2 are within an interval of [t, π − t] with t = 0.25 rad (blue points). This interval
is also indicated by the dashed horizontal lines in (a). (d) We sort the data points into bins with respect to
the total reference phase and perform a least-square error �t of IIˆ = A cos(1 + 2 + π − x) + C, which
yields x = (−0.04 ± 0.07) rad (95% con�dence interval, adjusted R2 = 0.89, RMSE = 1.9 Counts) and
con�rms the symmetry of the two-photon wavefunction.
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