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Revealing bosonic exchange symmetry in a two-photon temporal wave function
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The wave function of two identical bosons remains invariant under particle exchange—a fundamental quantum
symmetry that underlies Bose-Einstein statistics. We report the experimental observation of bosonic exchange
symmetry in the temporal wave function of photon pairs generated via spontaneous four-wave mixing in a three-
level cold atomic ensemble. The measured two-photon temporal correlations show excellent agreement with
theoretical predictions based on symmetrized bosonic wave functions. In addition, we perform time-resolved
two-photon interference to reconstruct the complex temporal wave function. Both the amplitude and phase
profiles exhibit clear symmetry under photon exchange, providing a confirmation of bosonic exchange symmetry

in the time domain.
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I. INTRODUCTION

In quantum mechanics, exchange symmetry is a fundamen-
tal principle governing the behavior of identical particles that
constitute our universe. For fermions—such as electrons—
exchanging two particles introduces a negative sign in their
joint quantum state, reflecting their antisymmetric wave func-
tion, as illustrated in Fig. 1(a). In contrast, bosons obey a
symmetric exchange rule: swapping their positions leaves
the two-particle wave function unchanged [Fig. 1(b)]. These
contrasting symmetries give rise to two distinct quantum
statistics, Fermi-Dirac statistics for fermions and Bose-
Einstein statistics for bosons, which underpin the structure of
matter and the behavior of many-body quantum systems. Re-
cently, theoretical advances have extended this classification
beyond the fermion-boson dichotomy to include generalized
and fractional (anyonic) statistics with nontrivial permutation
phases [1,2], pointing to broader roles for exchange symme-
try in topologically protected quantum computing and exotic
quantum phases of matter [3—7].

Recent advances in the control and manipulation of in-
dividual quantum systems have made it possible to probe
exchange symmetry in few-particle quantum states. For ex-
ample, the Pauli exclusion principle has been experimentally
confirmed via spin blockade spectroscopy in a double quan-
tum dot system [8], where no two electrons can occupy the
same quantum state. In the Hong-Ou-Mandel (HOM) interfer-
ence experiment [9], two indistinguishable photons incident
on a 50:50 beam splitter always exit the same output port
due to bosonic exchange symmetry. Such bosonic bunching
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(or fermionic antibunching) has also been observed in ul-
tracold atom experiments [10,11]. Although exchange-phase
measurements have been demonstrated with photons [12—14]
and proposed for trapped atoms or ions [15], a measurement of
the symmetric (or antisymmetric) space-time complex wave
function of two identical bosons (or fermions) remains an
outstanding challenge. The definitive signature of exchange
symmetry lies in the complex-valued joint wave function of
the two-particle system, especially in the temporal domain,
where symmetry under time-label exchange reveals intrinsic
particle correlations and indistinguishability. Temporal and
spectral degrees of freedom, in particular, offer a rich land-
scape for exploring novel symmetry-protected interference
phenomena [16,17].

In this work, we report the observation of bosonic ex-
change symmetry in the temporal wave function of degenerate
photon pairs generated from spontaneous four-wave mixing
(SFWM) in a three-level laser-cooled ®Rb atomic ensemble.
The theory derived from symmetrized bosonic wave func-
tions show excellent agreement with two-photon coincidence
measurements. To gain deeper insight, we further perform
two-photon interference to reconstruct the full complex tem-
poral wave function. The observed amplitude and phase are
invariant under photon exchange, revealing the manifestation
of bosonic symmetry in the structure of the two-photon wave
function.

II. EXPERIMENTAL SETUP

Figure 2 presents our experimental platform for generating
and measuring correlated photon pairs. Cold 3°Rb atoms are
loaded into a two-dimensional magneto-optical trap (MOT)
with a length L = 1.5 cm and a temperature of about 10 uK
[18]. After the MOT loading time, the atoms are optically
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FIG. 1. Schematic illustration of exchange symmetry. Exchang-
ing two undistinguishable particles leads to (a) antisymmetrized

wave function W_ for fermions, and (b) symmetrized wave function
W, for bosons.

pumped to the ground state |1), as depicted in the energy
level diagram in Fig. 2(a). SFWM [19-22] is driven by a
pair of pump (w,, 795 nm) and coupling (w., 795 nm) laser
beams, counterpropagating at an angle 8 = 5° with respect to
the longitudinal z axis, as illustrated in Fig. 2(b). The pump
is blue-detuned by A, from the |1) — |3) transition, while
the coupling laser is resonant with the |2) — |3) transition.
The spontaneously generated and phase-matched Stokes (w;,
|3) — |2)) and anti-Stokes (w;, |3) — |1)) photons, moving
backward along the z axis, are collected by two opposing
single-mode fibers (SMFs) and detected by two single-photon
counting modules (SPCMs 1 and 2: Excelitas SPCM-AQRH-
16-FC). The two-photon coincidence is analyzed using a
time-to-digital converter (Fast Comtec P7888). All optical
fields are configured with the same circular polarization
(o). The hyperfine ground states |1) and |2) are separated
by A, = 2w x 3.04 GHz. Under phase-matching conditions,
there are two equally weighted generation paths for each pho-
ton pair: (1) the Stokes photon is detected by SPCM 1 and the
anti-Stokes photon by SPCM 2, and (2) the reverse detection
configuration. By tuning the pump detuning to A, = Ay,
the Stokes and anti-Stokes photons become frequency de-
generate (w50 = wys0 = wp) and thus indistinguishable, both
experiencing the same linear propagation dispersion caused
by electromagnetically induced transparency (EIT) [23,24].
As their spatial degrees of freedom are fixed (selected by
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FIG. 2. Exchange symmetric photon-pair generation via spon-
taneous four-wave mixing (SFWM) in a laser-cooled ®*Rb atomic
ensemble prepared in a magneto-optical trap (MOT). (a) Energy-
level diagram of the three-level 3°Rb atomic system. (b) Schematic
of the SFWM optical setup. A/4: quarter-wave plate; PBS: polarizing
beam splitter; F; : narrow-band optical filters; SMF: single-mode
fiber; SPCM: single-photon counting module.

the SMFs), in the following, we investigate the two-photon
temporal wave function of these degenerate photon pairs. Our
experimental setup also ensures the generated paired photons
are indistinguishable in spectral and polarization modes.

III. THEORY OF TWO-PHOTON TEMPORAL WAVE
FUNCTIONS WITH EXCHANGE SYMMETRIES

Assuming the Stokes and anti-Stokes photons can be la-
beled according to their respective atomic transitions, the
degenerate two-photon temporal wave function can be ex-
pressed as [25,26]

W(ty, tas) = (Oldas(tas)as(ts)| W) = e 0 EH iy (), (1)

where |V) is the two-photon state, a; and a,; are the pho-
ton annihilation operators, wy is the central frequency, and
T =t, — t, is the relative delay between the photons arriv-
ing at their detectors. The relative two-photon temporal wave
function v (7) is given by

v = = / dw (@)D (@ )e ™", @)
27

where @ = w,; — wy is the frequency detuning of the anti-
Stokes photon. The nonlinear coupling coefficient is

—i2,Q2:y130Du32/(2113L)
(Ap + iy — Mo + iyis) (@ + iyi2)]
where @, and €2, are the Rabi frequencies of the pump and
coupling lasers, respectively. OD is the optical depth for the
[1) — |3) transition, j,,, are dipole matrix elements, and L is
the medium length. y;3 = 27 x 6 MHz is the natural lifetime
determined dephasing rate between |1) and |3). y;» = 27 X
0.025 MHz is the ground-state dephasing rate between |1) and
|2). The phase-matching function ® (e ) is given by

k(@) — k(-@) + (kp — ko)IL
2

« ei[k(w)-&-k(—w)]L/Z’ (@)

K(w) =

3)

O(w) = sinc|:

where the wave number k(@) = ko/1 + x (@), with ky =
wp/c and c being the speed of light in vacuum. Here, k, =
wp/c and k. = w./c are the pump and coupling laser wave
numbers, respectively. The linear susceptibility under EIT
conditions is
40D Y13 @ + iy

koL |Qc|* — 4@ + iyi3)(@ +iyi)

As discussed earlier, under perfect phase matching, there
exist two indistinguishable and equally probable photon-pair
generation paths: one where the Stokes photon is detected by
SPCM 1 and the anti-Stokes photon by SPCM 2, and the other
with the reverse detection configuration. Because the photons
are indistinguishable, it is fundamentally impossible to assign
a Stokes or anti-Stokes label at the detectors. To account for
exchange symmetry, we consider the symmetrized (bosonic)
and antisymmetrized (fermionic) two-photon wave functions
at the detectors, given by

Woi(ty, 1) = e [y () £ Y (=1)], (6)

2

x(@) = (&)

where T =1, —t;, and the “4” and “—” signs correspond
to bosonic and fermionic exchange symmetry, respectively.

013721-2



REVEALING BOSONIC EXCHANGE SYMMETRY IN A ...

PHYSICAL REVIEW A 113, 013721 (2026)

[ (s72)

o Experiment

— B+C4

N
a
o

Coincidence counts
—
o
o

x1010

[ (s72)

Coincidence counts

FIG. 3. Two-photon temporal wave functions at different optical depths (OD). (a), (b) OD = 7; (c), (d) OD = 25. (a), (c¢) Theoretical
temporal wave functions ¥ (7) and ¥ (—1) of Stokes—anti-Stokes photon pairs. (b), (d) Measured two-photon coincidence counts (red circles),
compared with theoretical predictions f.+C.(7) based on symmetrized (bosonic, +, red solid line) and antisymmetrized (fermionic, —, blue
dashed line) wave functions. Other experiment parameters are 2, = 27 x 88.8 MHz and 2. = 27 x 20.7 MHz.

Let £ denote the duty cycle, ; the joint detection efficiency
(including fiber coupling efficiency, filter transmissions, and
detector efficiencies), T the total data acquisition time, and
8t the time-bin width of the SPCMs. The two-photon coinci-
dence counts are then given by

Ci(r) = EnT St [Wa(ty, )I* = EnTSt Y () £ ¥ (—1)%
7)

In our experimental setup, the parameters are n = 0.05, T =
1200 s, 6t =2 ns, with £ = 1.5% forOD =7 and € = 1.2%
for OD = 25. In the following, we investigate how this tem-
poral coincidence measurement reflects the bosonic nature of
photons.

IV. WAVEFORM COMPARISON BETWEEN
THEORY AND EXPERIMENT

Figure 3 presents both theoretical and experimental results
for different optical depths (OD). At OD = 7 [Fig. 3(a)], the
temporal wave function () is neither symmetric [ (7) =
¥ (—1)] nor antisymmetric [ (t) = —y¥(—1)], yet there ex-
ists a substantial overlap between ¥ (t) and i (—7). This
partial overlap leads to pronounced interference effects in
the two-photon correlations, depending on whether bosonic
or fermionic exchange symmetry is applied, as described by
Egs. (6) and (7). In Fig. 3(b), we compare the experimentally
measured two-photon coincidence counts with theoretical
predictions 8. C1(7), where B, are vertical scaling factors op-
timized to best fit the data. The symmetrized (bosonic) result,

B+Cy (1), shows excellent agreement with the experimental
measurements. In contrast, the antisymmetrized (fermionic)
prediction, S_C_(t), deviates significantly, particularly in the
form of oscillatory features at || > 50 ns, which are not
observed experimentally. The fitted scaling factor 8. = 0.7
for the symmetrized case indicates great agreement with the
measured coincidences in amplitude, close to the ideal value
of 1 where the discrepancy may arise from the system loss.
In contrast, the antisymmetrized prediction requires a notably
larger scaling factor, f_ = 16.5, to match the data range.
This mismatch grows even more pronounced at OD = 25. As
shown in Fig. 3(c), the overlap between ¥ (t) and ¥ (—71)
increases, enhancing the sensitivity to exchange symmetry.
Figure 3(d) again compares the experimental data with theory,
showing that the bosonic prediction 8 C(t) (with 81 = 1.0)
closely matches the measurement, while the fermionic model
B_C_(7) requires an unphysical scaling factor of B_ = 179.5
to approximate the measured coincidence level. The large
B_ values clearly reflect the incompatibility between the
antisymmetric (fermionic) wave function and experimental
observations.

To quantitatively determine agreement between the theory
and experimentally measured waveforms, we compute the
waveform fidelities F., defined as

1 [dr @) [Cou(D)
T [ dt C(OI dt Coxp(T)]

where Ce(7) is the experimentally measured coincidence
counts. We obtain F, = 96.87% > F_ = 88.75% for OD =

®)

+
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FIG. 4. Measurement of the complex temporal wave function
of degenerate photon pairs using time-resolved two-photon inter-
ference. (a) Experimental setup for reconstructing the two-photon
complex temporal wave function generated via backward SFWM.
(b) Two-photon coincidence counts (C.C.) measured before the beam
splitter (BS), representing the squared amplitude of the temporal
wave function. (c) Reconstructed phase profile of the two-photon
temporal wave function. The solid lines in (b) and (c) are theoretical
plots.

7,and Fy = 99.23% > F_ = 88.09% for OD = 25. Both the
correlation profiles (measured by F ) and fitted scaling factors
(B+) support the conclusion that the experimentally measured
two-photon temporal wave functions obey bosonic exchange
symmetry.

V. EXCHANGE SYMMETRY IN PHASE AND AMPLITUDE

To unambiguously verify bosonic exchange symmetry,
we measure the phase profile of the two-photon temporal
wave function using time-resolved two-photon interference
[27]. As illustrated in Fig. 4(a), the initially circularly po-
larized, counterpropagating photon pairs are converted into
linearly polarized modes via quarter-wave (A/4) plates and
then coupled into polarization-maintaining (PM) SMFs. The
fiber outputs are set to orthogonal polarizations: horizontal
(P, <) and vertical (P, ¢), with P, rotated by a half-wave
(1/2) plate. The relative (optical) time delay Az between the
two paths can be varied by setting the length difference of
the PM SMFs. The photons are subsequently combined at
a 50:50 beam splitter (BS), whose output ports (3 and 4)
pass through polarizers P; and P4 and are detected by two
SPCMs (D3 and Dy). Polarizer P; consists of a half-wave
plate followed by a polarizing beam splitter (PBS), while

P, includes a quarter-wave plate, a half-wave plate, and a
PBS. Further experimental details are provided in Ref. [27].
The amplitude profile of the two-photon wave function is
obtained from the coincidence counts measured before the
BS [Fig. 4(b)]. To reconstruct the phase, we collect 12 sets
of coincidence measurements under different combinations
of polarization projections (P; and P4) at a distinct relative
delay Ar = 1.0 ns. The extracted phase profile ¢(7) is shown
in Fig. 4(c). With the measured amplitude and phase, we can
define and compute the state fidelity as follows,

_ | [ dt W (T)Wexp(T)I?
[ dt|Wn(D) IS dt|Wexp(T)I?]

where Wy, (7) and Weyy(7) are the theoretically predicted and
experimentally reconstructed biphoton complex wave func-
tions. We obtain the state fidelity to be F = 97.02%. The
observed symmetry in both the amplitude and phase functions
confirms that the temporal wave function of the two indistin-
guishable photons exhibits bosonic exchange symmetry.

€))

VI. CONCLUSION

In summary, we have observed bosonic exchange sym-
metry in the temporal wave function of indistinguishable
photon pairs generated via SFWM from a cold atomic en-
semble. By measuring two-photon temporal correlations at
varying optical depths, we confirmed that the experimental
coincidence profiles agree with symmetrized theoretical pre-
dictions and are inconsistent with antisymmetric alternatives.
Furthermore, through time-resolved two-photon interference,
we reconstructed both the amplitude and phase of the complex
temporal wave function and verified its exchange symmetry.
These results provide a time-domain confirmation of bosonic
exchange symmetry and offer an alternative route toward
probing fundamental quantum physics in few-particle sys-
tems. We note that any residual distinguishability between the
paired photons can influence the measured temporal wave-
function. For example, a slight spectral mismatch introduces
a time-dependent relative phase in the two-photon wave
function, and imperfect polarization matching degrades the
two-photon interference measurements for phase reconstruc-
tion. Consequently, we carefully optimize the alignment of the
experimental setup to ensure that the generated photon pairs
are indistinguishable in their spectral and polarization modes.
The small discrepancies observed between theory and experi-
ment are likely attributable to these residual imperfections in
indistinguishability.
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