Indefinite Causal Order Advantage for Noisy Metrology
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Quantum physics allows for nonclassical causal structures where the order of events is indefinite.
Events in such processes are said to have an indefinite causal order (ICO) [1]. ICO provide a
significant advantage in quantum metrology by increasing the precision in parameter estimation
protocol—even in the presence of noise [2,3]. Here we experimentally demonstrate that using
indefinite causal order to probe noisy channels and a to-be-measured channel can withstand
arbitrarily more noise than any quantum system with definite causal order, even if the probe is fully
mixed and one of the noisy channels erases all information [3]. We investigate indefinite causal order
advantages in quantum metrology by making use of polarisation and spatial degree of freedom of
single photons. The experimental setup is shown in figure 1. A maximally mixed probe—the target,
implemented with the transverse spatial mode of the beam—is sent through a quantum switch which
is realised in a Sagnac configuration.
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Fig. 1: Schematic of the experimental setup. The target and control state of the quantum switch is the
transverse spatial mode and the polarisation of the photon respectively. A is the mixing channel implemented
by continous rotation of a pair of cylindrical lenses and B is the unitary operation. HWP: Half wave plate,
PBS: Polarising beam splitter, SPAD: Single photon avalanche diode.
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