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Fig. 1. Path integration diagram and measurement method: (a) Propagators: the propagation from (Za,ts) to (zm,t); (b) pro-

tocol to measure the propagators. To measure K (@m,t;Za,ta), the quantum state [¢) and pointer |0) are prepared first. Then,

at time tq , a coupling operation {7 couples the positional wave function of the probe system with the pointer. After the evolution,

the system is projected to position @m at t, and K (Zm,t;Ta,tqa) can be read out from the pointer.
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Fig. 2. Schematic diagram of the experiment: (a) The evolution and detection region; (b1) initial state preparation; (b2) coupling of

wave function and pointer; (b3) state evolution; (b4) post-selection of position and the readout of the pointer; (b5) measurement of

the wave function.
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Fig. 3. Measured wave function of single photon and
K" (z,t =20 mm/c;0,0). The green diamond and purple
triangle represent the real and imaginary parts of the wave
function, respectively. The red dot and the blue square

show the real and imaginary parts of the K’ (z,t=
20 mm/c;0,0) at ¢ =20 mm/c.
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Fig. 4. Theoretical and experimental results of K¢(xp,tp; Ta,ta) over time. The vertical axis is the evolution time ¢, the horizontal

axis is the transverse position z. The colormaps represent the magnitude of the real or imaginary part of K¢(z,t; Za,tq) . Evolu-

tion time is measured from 0 to 30 mm/c at 1 mm/c interval. Transverse positions are measured from —0.2 mm to 0.2 mm at

8 um intervals.
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Fig. 5. Measured propagators of photons in free space. The
red and blue lines are the results of theoretical calculations
of the real and imaginary parts of the propagators, and the
red circles and blue squares are experimentally measured
data.
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Fig. 6. The classical path of photons in free evolution de-
rived from the principle of least action. The solid line shows
the classical path in free evolution obtained from the theor-
etical calculation, and the discrete point is the classical
path position in free evolution obtained from the experi-

mental data of the propagator.
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Fig. 7. Classical trajectories in the harmonic potential. The
solid line shows the classical path in the harmonic poten-
tial obtained by theoretical calculation, and the discrete
point is the classical path position in the harmonic poten-

tial obtained by the experimental data of the propagator.
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Abstract

The propagator plays a central role in path integral theory and therefore has significant value in various
fields of modern quantum physics, where path integral representations can be used. However, owing to the fact
that it has not been directly measured in experiment, progress of experimental studies of quantum systems
based on path integral representations has been seriously limited. Recently, we proposed a propagator
measurement scheme based on the direct measurement of the wave function and successfully performed the first
experimental measurement of the propagator by using a single photon experiment. Furthermore, in this study,
the quantum principle of least action is demonstrated for the first time. This research successfully addresses the
technical challenges of path integral experimental studies. In this work, we review the research progress in this
field, including a brief introduction to the basic concepts and research progress of direct wave function
measurement, and a detailed description of the theoretical model, experimental design, and experimental results
of propagator measurement. Finally, we introduce an important application example, which can serve as the
experimental demonstration of the quantum principle of least action through propagator measurement. The
research progress of propagator measurement reviewed in this work will provide important references for future

experimental studies by using this method.
Keywords: quantum measurement, propagator, path integrals, quantum principle of least action
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