
What is nonclassical about 
uncertainty relations?

Lorenzo Catani

Joint work with Matt Leifer, Giovanni Scala, David Schmid and Rob Spekkens

arXiv:2207.11779

Gdańsk - 03/08/2022

https://arxiv.org/abs/2111.13727


What is contextual about 
uncertainty relations?

Lorenzo Catani

Joint work with Matt Leifer, Giovanni Scala, David Schmid and Rob Spekkens

arXiv:2207.11779

Gdańsk - 03/08/2022

https://arxiv.org/abs/2111.13727


Contents

• Motivation

• Uncertainty relations

• Operational theories

• Ontological models and Noncontextuality

• Main result

• Conclusion



Contents

• Motivation

• Uncertainty relations

• Operational theories

• Ontological models and Noncontextuality

• Main result

• Conclusion



Motivation

2/27

• The basic phenomenology of features usually considered as truly nonclassical
is exhibited in theories admitting of a noncontextual ontological model.
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R. W. Spekkens, in Quantum Theory: Informational Foundations and Foils, pp 83-135, Springer Dordrecht (2016).
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*L. Catani, M. Leifer, D. Schmid and R.W. Spekkens, arXiv:2111.13727 (2021).
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• The basic phenomenology of features usually considered as truly nonclassical
is exhibited in theories admitting of a noncontextual ontological model.

• Which aspects of those phenomena witness contextuality?

Motivation
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Motivation

• There exist theories that manifest uncertainty relations but also admit of a 
noncontextual ontological model.

• Which aspects of uncertainty relations witness contextuality?
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W. Heisenberg (1901-1976)

H.P. Robertson  (1903-1961)

<latexit sha1_base64="7ynXO9OWJbFu//iZtTx3Og7GwYI="></latexit>

�A2�B2 �
���
h[A,B]i

2

���
2

<latexit sha1_base64="YRS9SotKphutDYC159AIe3tJXxM=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFexD2qFk0kwbmmSGJFMoQ7/CjQtF3Po57vwbM20FFT1w4XDOvdx7TxAzqrTjfFi5tfWNza38dmFnd2//oHh41FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnmFxnfmdKpKKRuNOzmPgcjQQNKUbaSPdTJCkSmKhBseTYl/Wqd+FBx3acmleuZsSrVbwydI2SoQRWaA6K7/1hhBNOhMYMKdVznVj7KZKaYkbmhX6iSIzwBI1Iz1CBOFF+ujh4Ds+MMoRhJE0JDRfq94kUcaVmPDCdHOmx+u1l4l9eL9Fh3U+piBNNBF4uChMGdQSz7+GQSoI1mxmCsKTmVojHSCKsTUYFE8LXp/B/0vZst2pXbr1S42oVRx6cgFNwDlxQAw1wA5qgBTDg4AE8gWdLWo/Wi/W6bM1Zq5lj8APW2yd1SpDb</latexit>

variances

<latexit sha1_base64="r9i8ICXtJZONPEBnZckoVH/ykPM="></latexit>

expectation value
of

commutator

<latexit sha1_base64="9zcXiukvzfCi8FluybD2EVJNYW0=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LbPRxOQWzMVjBPOAJIbZSW8yZHZ2mZmNhJD/8OJBEa/+izf/xslDUNGChqKqm+4uPxZcG0I+nJXVtfWNzdRWentnd28/c3BY11GiGNRYJCLV9KkGwSXUDDcCmrECGvoCGv6wMvMbI1CaR/LWjGPohLQvecAZNVa6q1CJfcBG8RGnopvJEpcU8iVSwsTNE684J4QUirlz7FkyQxYtUe1m3tu9iCUhSMME1brlkdh0JlQZzgRM0+1EQ0zZkPahZamkIejOZH71FJ9apYeDSNmSBs/V7xMTGmo9Dn3bGVIz0L+9mfiX10pMUOxMuIwTA5ItFgWJwCbCswhwjytgRowtoUxxeytmA6ooMzaotA3h61P8P6nnXK/gXtzksuWrZRwpdIxO0Bny0CUqo2tURTXEkEIP6Ak9O/fOo/PivC5aV5zlzBH6AeftE0tCkmg=</latexit>

Can be trivial
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<latexit sha1_base64="k0Bj6QVafEEZ7vF1+sOOBCnTbnw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIsgCGWmFHVZ1IXLCvaBnbFk0jttaCYzJBmhlO7c+CtuXCji1l9w59+Y1llo64HAuefcy809QcKZ0o7zZeUWFpeWV/KrhbX1jc0te3unoeJUUqjTmMeyFRAFnAmoa6Y5tBIJJAo4NIPBxcRv3oNULBY3epiAH5GeYCGjRBupY+97l8A1wa27Mj7GOKtuTeX1ALsdu+iUnCnwPHEzUkQZah370+vGNI1AaMqJUm3XSbQ/IlIzymFc8FIFCaED0oO2oYJEoPzR9I4xPjRKF4exNE9oPFV/T4xIpNQwCkxnRHRfzXoT8T+vnerwzB8xkaQaBP1ZFKYc6xhPQsFdJoFqPjSEUMnMXzHtE0moNtEVTAju7MnzpFEuuSelynWlWD3P4sijPXSAjpCLTlEVXaEaqiOKHtATekGv1qP1bL1Z7z+tOSub2UV/YH18A6hOlqI=</latexit>

�X2 +�Z2 � 1

<latexit sha1_base64="0UrWhVrP5Eb/WEgz3ad1drnpNiM=">AAACNHicbZDLSgMxFIYzXmu9VV26CRbBjWWmFHVTKOpCcFPBXqAzlkx6pg3NZIYkI5TSh3Ljg7gRwYUibn0G04uibQ8EPv7/HE7O78ecKW3bL9bC4tLyympqLb2+sbm1ndnZraookRQqNOKRrPtEAWcCKpppDvVYAgl9DjW/ezH0a/cgFYvEre7F4IWkLVjAKNFGamau3UvgmuD6Xb7ociLaHIaMXTnm41/xRzFmETvz9GYma+fsUeFZcCaQRZMqNzNPbiuiSQhCU06Uajh2rL0+kZpRDoO0myiICe2SNjQMChKC8vqjowf40CgtHETSPKHxSP070SehUr3QN50h0R017Q3FeV4j0cGZ12ciTjQIOl4UJBzrCA8TxC0mgWreM0CoZOavmHaIJFSbnNMmBGf65Fmo5nPOSa5wU8iWzidxpNA+OkBHyEGnqISuUBlVEEUP6Bm9oXfr0Xq1PqzPceuCNZnZQ//K+voGIr6ouQ==</latexit>

�X2 = hX2i � hXi2 = 1� hXi2
<latexit sha1_base64="xRrKxi8wqf4xj6lmg3mOtaLY8aQ=">AAACNHicbZDLSgMxFIYz9VbrrerSTbAIbiwzpaibQlEXgpsK9oKdWjLpaRuayQxJRiilD+XGB3EjggtF3PoMZtoq2vZA4OP/z+Hk/F7ImdK2/WIlFhaXlleSq6m19Y3NrfT2TkUFkaRQpgEPZM0jCjgTUNZMc6iFEojvcah6vfPYr96DVCwQN7ofQsMnHcHajBJtpGb6yr0Argm+vcsVXE5Eh0PM2JVjPvoVfxRjFrAzT2+mM3bWHhWeBWcCGTSpUjP95LYCGvkgNOVEqbpjh7oxIFIzymGYciMFIaE90oG6QUF8UI3B6OghPjBKC7cDaZ7QeKT+nRgQX6m+75lOn+iumvZicZ5Xj3T7tDFgIow0CDpe1I441gGOE8QtJoFq3jdAqGTmr5h2iSRUm5xTJgRn+uRZqOSyznE2f53PFM8mcSTRHtpHh8hBJ6iILlEJlRFFD+gZvaF369F6tT6sz3FrwprM7KJ/ZX19AzAqqME=</latexit>

�Z2 = hZ2i � hZi2 = 1� hZi2

<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

XIn the case of Pauli       and       measurements,

.

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

Given that and

‘ 

<latexit sha1_base64="hNCAKn1Hg35ZVbFJHi+ZaUsJ1wU=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIAwzpajLohuXFewFO2PJpKdtaCYzJBmhlL6HG1/FjQtFXAkufBvTdoTaeiDk4//PITl/mHCmtOt+W0vLK6tr67mN/ObW9s6uvbdfU3EqKVRpzGPZCIkCzgRUNdMcGokEEoUc6mH/auzXH0AqFotbPUggiEhXsA6jRBupZRd9TkSXA25gX07pvohP8a98Nyv75vKcll1wHXdSeBG8DAooq0rL/vTbMU0jEJpyolTTcxMdDInUjHIY5f1UQUJon3ShaVCQCFQwnOw2wsdGaeNOLM0RGk/U2YkhiZQaRKHpjIjuqXlvLP7nNVPduQiGTCSpBkGnD3VSjnWMx0HhNpNANR8YIFQy81dMe0QSqk2ceROCN7/yItSKjnfmlG5KhfJlFkcOHaIjdII8dI7K6BpVUBVR9Iie0St6s56sF+vd+pi2LlnZzAH6U9bXD79Mnrk=</latexit>

hXi2 + hZi2  1.

Uncertainty relations
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Operational theory in a prepare and measure scenario:

Preparation

Measurement and outcome

Predicted statistics

<latexit sha1_base64="+nU/KWqFVEf08tfUljDGl5R7qjs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHqX1VqzVqnf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOsh4zd</latexit>

P

<latexit sha1_base64="vNqqNlUCgpVRSR3wILoXf9JN5Ho=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKSp4KXrxIlSwH9AuJZtm29AkuyRZYVn6I7x4UMSrv8eb/8a03YO2Phh4vDfDzLwg5kwb1/12Ciura+sbxc3S1vbO7l55/6Clo0QR2iQRj1QnwJpyJmnTMMNpJ1YUi4DTdjC+nfrtJ6o0i+SjSWPqCzyULGQEGyu178961yhF/XLFrbozoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foaVYYTTSamXaBpjMsZD2rVUYkG1n83OnaATqwxQGClb0qCZ+nsiw0LrVAS2U2Az0oveVPzP6yYmvPIzJuPEUEnmi8KEIxOh6e9owBQlhqeWYKKYvRWREVaYGJtQyYbgLb68TFrnVe+iWnuoVeo3eRxFOIJjOAUPLqEOd9CAJhAYwzO8wpsTOy/Ou/Mxby04+cwh/IHz+QPLEo6S</latexit>

M, y

<latexit sha1_base64="i/x8mSv3GWwi7JFpl4qUwcl+u8k=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBEqSEmkqMuiGzdCBPuAtpTJdNIOnUzCzEQJaT/FjQtF3Pol7vwbJ20W2npg4HDOvdwzx4sYlcq2v42V1bX1jc3CVnF7Z3dv3ywdNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TljW8yv/VIhKQhf1BJRHoBGnLqU4yUlvpmqRsgNfK81J1WksndmXvaN8t21Z7BWiZOTsqQw+2bX91BiOOAcIUZkrLj2JHqpUgoihmZFruxJBHCYzQkHU05CojspbPoU+tEKwPLD4V+XFkz9fdGigIpk8DTk1lQuehl4n9eJ1b+VS+lPIoV4Xh+yI+ZpUIr68EaUEGwYokmCAuqs1p4hATCSrdV1CU4i19eJs3zqnNRrd3XyvXrvI4CHMExVMCBS6jDLbjQAAxP8Ayv8GZMjBfj3fiYj64Y+c4h/IHx+QN6a5N/</latexit>

P(y|M,P )
<latexit sha1_base64="r4ONS8ZQdHcVqCXtbIrqNGwAYVE=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSKuiy6cSNUsA9oSphMb9uhkwczk0KIWbnxV9y4UMSt3+DOv3GaZqGtBy6cOede5t7jRZxJZVnfxtLyyuraemmjvLm1vbNr7u23ZBgLCk0a8lB0PCKBswCaiikOnUgA8T0ObW98PfXbExCShcG9SiLo+WQYsAGjRGnJNY+cCdBUZm4DO7QfKpy/IXPT5OE2c82KVbVy4EViF6SCCjRc88vphzT2IVCUEym7thWpXkqEYpRDVnZiCRGhYzKErqYB8UH20vyMDJ9opY8HodAVKJyrvydS4kuZ+J7u9IkayXlvKv7ndWM1uOylLIhiBQGdfTSIOVYhnmaC+0wAVTzRhFDB9K6YjoggVOnkyjoEe/7kRdI6q9rn1dpdrVK/KuIooUN0jE6RjS5QHd2gBmoiih7RM3pFb8aT8WK8Gx+z1iWjmDlAf2B8/gDVDJlg</latexit>

~sP · ~ey|M

<latexit sha1_base64="CDRkJzRPYeGfe0YJ3QwKKMF370Y=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7EPaoWTSO21oMjMkmUIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSNsGG4EthOFVAYCW8Hobua3xqg0j6NHM0nQl3QQ8ZAzaqz01B0jy/S0V++VK27VnYOsEi8nFchh81/dfsxSiZFhgmrd8dzE+BlVhjOB01I31ZhQNqID7FgaUYnaz+YLT8mZVfokjJV9kSFz9fdERqXWExnYpKRmqJe9mfif10lNeONnPEpSgxFbfBSmgpiYzK4nfa6QGTGxhDLF7a6EDamizNiOSrYEb/nkVdK8qHpX1cuHy0rtNq+jCCdwCufgwTXU4B7q0AAGEp7hFd4c5bw4787HIlpw8plj+APn8wcG3ZCR</latexit>

~sP

<latexit sha1_base64="ssNR0DtjT2v+CdmKRCLz4FzjpWE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxYtQwX5AG8pmO22XbjZxd1MIMb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM8yPOlHacb6uwsrq2vlHcLG1t7+zulfcPmiqMJcUGDXko2z5RyJnAhmaaYzuSSAKfY8sf30z91gSlYqF40EmEXkCGgg0YJdpIXneCNMWslyZPd1mvXHGqzgz2MnFzUoEc9V75q9sPaRyg0JQTpTquE2kvJVIzyjErdWOFEaFjMsSOoYIEqLx0dnRmnxilbw9CaUpoe6b+nkhJoFQS+KYzIHqkFr2p+J/XifXgykuZiGKNgs4XDWJu69CeJmD3mUSqeWIIoZKZW206IpJQbXIqmRDcxZeXSfOs6l5Uz+/PK7XrPI4iHMExnIILl1CDW6hDAyg8wjO8wps1sV6sd+tj3lqw8plD+APr8wd+IJKV</latexit>

~ey|M

Operational theories
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Qubit theory

<latexit sha1_base64="hNCAKn1Hg35ZVbFJHi+ZaUsJ1wU=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIAwzpajLohuXFewFO2PJpKdtaCYzJBmhlL6HG1/FjQtFXAkufBvTdoTaeiDk4//PITl/mHCmtOt+W0vLK6tr67mN/ObW9s6uvbdfU3EqKVRpzGPZCIkCzgRUNdMcGokEEoUc6mH/auzXH0AqFotbPUggiEhXsA6jRBupZRd9TkSXA25gX07pvohP8a98Nyv75vKcll1wHXdSeBG8DAooq0rL/vTbMU0jEJpyolTTcxMdDInUjHIY5f1UQUJon3ShaVCQCFQwnOw2wsdGaeNOLM0RGk/U2YkhiZQaRKHpjIjuqXlvLP7nNVPduQiGTCSpBkGnD3VSjnWMx0HhNpNANR8YIFQy81dMe0QSqk2ceROCN7/yItSKjnfmlG5KhfJlFkcOHaIjdII8dI7K6BpVUBVR9Iie0St6s56sF+vd+pi2LlnZzAH6U9bXD79Mnrk=</latexit>

hXi2 + hZi2  1.

Operational theories
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Stabilizer theory

<latexit sha1_base64="iMeuUeF2YAizu0qmDYWifx8ThgI=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAIglhmpKjLohuXFewFO0PJpKdtaCYzJBmhTPsUbnwVNy4UcSvufBvTdija+kPgy3/OITm/H3GmtG1/W5ml5ZXVtex6bmNza3snv7tXU2EsKVRpyEPZ8IkCzgRUNdMcGpEEEvgc6n7/elyvP4BULBR3ehCBF5CuYB1GiTZWK386dDkRXQ644coJDPEJnpn3M9M1N6eVL9hFeyK8CE4KBZSq0sp/ue2QxgEITTlRqunYkfYSIjWjHEY5N1YQEdonXWgaFCQA5SWTtUb4yDht3AmlOULjift7IiGBUoPAN50B0T01Xxub/9Wase5cegkTUaxB0OlDnZhjHeJxRrjNJFDNBwYIlcz8FdMekYRqk2TOhODMr7wItbOic14s3ZYK5as0jiw6QIfoGDnoApXRDaqgKqLoET2jV/RmPVkv1rv1MW3NWOnMPvoj6/MHDEieqQ==</latexit>

|hXi|+ |hZi|  1

Operational theories
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depolarized qubit theory<latexit sha1_base64="mYf+VZZZ2jOVT7t8GcHa8rpAhN8=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBiyWRoh6LXjxWMG2hDWWznbRLN5uwOxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777RTW1jc2t4rbpZ3dvf2D8uFR0ySZ5uDzRCa6HTIDUijwUaCEdqqBxaGEVji6m/mtJ9BGJOoRxykEMRsoEQnO0Ep+F5Bd9MoVt+rOQVeJl5MKydHolb+6/YRnMSjkkhnT8dwUgwnTKLiEaambGUgZH7EBdCxVLAYTTObHTumZVfo0SrQthXSu/p6YsNiYcRzazpjh0Cx7M/E/r5NhdBNMhEozBMUXi6JMUkzo7HPaFxo4yrEljGthb6V8yDTjaPMp2RC85ZdXSfOy6l1Vaw+1Sv02j6NITsgpOSceuSZ1ck8axCecCPJMXsmbo5wX5935WLQWnHzmmPyB8/kDdoSOeA==</latexit>⌘�

<latexit sha1_base64="2fO4p9kdF75EgrJegaXJDRXyztU=">AAACIHicbZDLTgIxFIY7eEO8oS7dNBITjJHMECIuiW5cYiKXyADplAM0dDqTtmNCCI/ixldx40JjdKdPYxkwKvgnTb7+55y05/dCzpS27Q8rsbS8srqWXE9tbG5t76R396oqiCSFCg14IOseUcCZgIpmmkM9lEB8j0PNG1xO6rU7kIoF4kYPQ2j6pCdYl1GijdVOF11ORI8DrrsyhlYen+Bv8/bHdM0165xiFzQ5buXb6Yyds2PhRXBmkEEzldvpd7cT0MgHoSknSjUcO9TNEZGaUQ7jlBspCAkdkB40DArig2qO4gXH+Mg4HdwNpDlC49j9PTEivlJD3zOdPtF9NV+bmP/VGpHunjdHTISRBkGnD3UjjnWAJ2nhDpNANR8aIFQy81dM+0QSqk2mKROCM7/yIlTzOecsV7guZEoXsziS6AAdoixyUBGV0BUqowqi6B49omf0Yj1YT9ar9TZtTVizmX30R9bnFwyqoQE=</latexit>

hXi2 + hZi2  (1� ⌘)2

Operational theories

<latexit sha1_base64="NrVgIKlbd5qTObMGZo4+2/e2AXM="></latexit>

D⌘(⇢) ⌘ (1� ⌘)⇢+ ⌘
I
2
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Gbit theory

<latexit sha1_base64="ZWjkJPfpCW2xA5Fbp58T/xLRIKw=">AAACG3icbZDLSgMxFIbP1Futt1GXboJFcCFlphR1WXTjsoK9YKeUTJq2oZnMkGSEMu17uPFV3LhQxJXgwrcxnRaxrQcCX/7/HJLz+xFnSjvOt5VZWV1b38hu5ra2d3b37P2DmgpjSWiVhDyUDR8rypmgVc00p41IUhz4nNb9wfXErz9QqVgo7vQwoq0A9wTrMoK1kdp2ceRxLHqcooYnUxghz9zcM/Tr3M87bTvvFJy00DK4M8jDrCpt+9PrhCQOqNCEY6WarhPpVoKlZoTTcc6LFY0wGeAebRoUOKCqlaS7jdGJUTqoG0pzhEap+nciwYFSw8A3nQHWfbXoTcT/vGasu5ethIko1lSQ6UPdmCMdoklQqMMkJZoPDWAimfkrIn0sMdEmzpwJwV1ceRlqxYJ7XijdlvLlq1kcWTiCYzgFFy6gDDdQgSoQeIRneIU368l6sd6tj2lrxprNHMJcWV8/WlOgWg==</latexit>

|hXi|  1, |hZi|  1

Operational theories



Operational theories – examples 
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Simplicial theory

<latexit sha1_base64="ZWjkJPfpCW2xA5Fbp58T/xLRIKw=">AAACG3icbZDLSgMxFIbP1Futt1GXboJFcCFlphR1WXTjsoK9YKeUTJq2oZnMkGSEMu17uPFV3LhQxJXgwrcxnRaxrQcCX/7/HJLz+xFnSjvOt5VZWV1b38hu5ra2d3b37P2DmgpjSWiVhDyUDR8rypmgVc00p41IUhz4nNb9wfXErz9QqVgo7vQwoq0A9wTrMoK1kdp2ceRxLHqcooYnUxghz9zcM/Tr3M87bTvvFJy00DK4M8jDrCpt+9PrhCQOqNCEY6WarhPpVoKlZoTTcc6LFY0wGeAebRoUOKCqlaS7jdGJUTqoG0pzhEap+nciwYFSw8A3nQHWfbXoTcT/vGasu5ethIko1lSQ6UPdmCMdoklQqMMkJZoPDWAimfkrIn0sMdEmzpwJwV1ceRlqxYJ7XijdlvLlq1kcWTiCYzgFFy6gDDdQgSoQeIRneIU368l6sd6tj2lrxprNHMJcWV8/WlOgWg==</latexit>

|hXi|  1, |hZi|  1

Operational theories



Examples: comparison of uncertainty relations
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Operational theories

( a )

<latexit sha1_base64="NpGqE0C+UwIRRlTLEoT+5OGjleI="></latexit>

i = (1� 1p
2
)�depolarized qubit theory

ii = stabilizer theory
iii = qubit theory
iv = gbit theory

Legend
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Ontological model of an operational theory
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Ontological models and Noncontextuality

Preparation

Measurement and outcome

Predicted statistics

<latexit sha1_base64="+nU/KWqFVEf08tfUljDGl5R7qjs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHqX1VqzVqnf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOsh4zd</latexit>

P

<latexit sha1_base64="vNqqNlUCgpVRSR3wILoXf9JN5Ho=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKSp4KXrxIlSwH9AuJZtm29AkuyRZYVn6I7x4UMSrv8eb/8a03YO2Phh4vDfDzLwg5kwb1/12Ciura+sbxc3S1vbO7l55/6Clo0QR2iQRj1QnwJpyJmnTMMNpJ1YUi4DTdjC+nfrtJ6o0i+SjSWPqCzyULGQEGyu178961yhF/XLFrbozoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foaVYYTTSamXaBpjMsZD2rVUYkG1n83OnaATqwxQGClb0qCZ+nsiw0LrVAS2U2Az0oveVPzP6yYmvPIzJuPEUEnmi8KEIxOh6e9owBQlhqeWYKKYvRWREVaYGJtQyYbgLb68TFrnVe+iWnuoVeo3eRxFOIJjOAUPLqEOd9CAJhAYwzO8wpsTOy/Ou/Mxby04+cwh/IHz+QPLEo6S</latexit>

M, y

Each system ontic state space describing possible ontic states . � 2 ⇤ � 2 ⇤

<latexit sha1_base64="7XyZrdm90oPLCqL4rJy3kiAcDj0=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRoi6LblxWsA9oYplMJu3QySTMTJQS+x9uXCji1n9x5984bbPQ1gMDh3PO5d45fsKZ0rb9bRVWVtfWN4qbpa3tnd298v5BW8WpJLRFYh7Lro8V5UzQlmaa024iKY58Tjv+6Hrqdx6oVCwWd3qcUC/CA8FCRrA20r0bpVWXm3iAn5qn/XLFrtkzoGXi5KQCOZr98pcbxCSNqNCEY6V6jp1oL8NSM8LppOSmiiaYjPCA9gwVOKLKy2ZXT9CJUQIUxtI8odFM/T2R4UipceSbZIT1UC16U/E/r5fq8NLLmEhSTQWZLwpTjnSMphWggElKNB8bgolk5lZEhlhiok1RJVOCs/jlZdI+qznntfptvdK4yusowhEcQxUcuIAG3EATWkBAwjO8wpv1aL1Y79bHPFqw8plD+APr8wfuc5In</latexit>

µ(�|P )
<latexit sha1_base64="cwLXjJY6o3GgxsbPAT3IDvJgf/s=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gEzQ8mkmTY0yQzJnUIZ+hluXCji1q9x59+YtrPQ1gOBwznnkntPlApuwHW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTlLVpIhLdi4hhgivWBg6C9VLNiIwE60bj+7nfnTBteKKeYJqyUJKh4jGnBKzkBxNG80Bms36rX625dXcBvE68gtRQAZv/CgYJzSRTQAUxxvfcFMKcaOBUsFklyAxLCR2TIfMtVUQyE+aLlWf4wioDHCfaPgV4of6eyIk0Ziojm5QERmbVm4v/eX4G8W2Yc5VmwBRdfhRnAkOC5/fjAdeMgphaQqjmdldMR0QTCralii3BWz15nXSu6t51vfHYqDXvijrK6Aydo0vkoRvURA+ohdqIogQ9o1f05oDz4rw7H8toySlmTtEfOJ8/jDKRcA==</latexit>

~µP

<latexit sha1_base64="ql6bVotQEvT+IqQGOFVNzHsFDOY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUZdFN26ECvYBbQiT6aQdOnkwMynGmC9x40IRt36KO//GaZuFth64cDjnXu69x4s5k8qyvo3Syura+kZ5s7K1vbNbNff22zJKBKEtEvFIdD0sKWchbSmmOO3GguLA47Tjja+nfmdChWRReK/SmDoBHobMZwQrLblmtT+hJOs/sNzN0qfb3DVrVt2aAS0TuyA1KNB0za/+ICJJQENFOJayZ1uxcjIsFCOc5pV+ImmMyRgPaU/TEAdUOtns8Bwda2WA/EjoChWaqb8nMhxImQae7gywGslFbyr+5/US5V86GQvjRNGQzBf5CUcqQtMU0IAJShRPNcFEMH0rIiMsMFE6q4oOwV58eZm0T+v2ef3s7qzWuCriKMMhHMEJ2HABDbiBJrSAQALP8ApvxqPxYrwbH/PWklHMHMAfGJ8/ko+Tsg==</latexit>

~⇠y|M

<latexit sha1_base64="wohjD7V83DhJea70URIqWK+ey1U="></latexit>X

�2⇤

⇠(y|M,�)µ(�|P ) = ~⇠y|M · ~µP

<latexit sha1_base64="o5nGFfxJyvHmi0VUD9YlNC/gwcA="></latexit>

P(y|M,P ) =
X

�2⇤

⇠(y|M,�)µ(�|P )

<latexit sha1_base64="8E2wETwc/amtq80ghbmDaQhxBGM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUoiRV0W3bgRKtgHNKFMJtN26OTBzKQYYv/EjQtF3Pon7vwbp20W2npg4HDOPdw7x4s5k8qyvo3Cyura+kZxs7S1vbO7Z+4ftGSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG91M/faYCsmi8EGlMXUDPAhZnxGstNQzTeeRVdKnuzOH65CPT3tm2apaM6BlYuekDDkaPfPL8SOSBDRUhGMpu7YVKzfDQjHC6aTkJJLGmIzwgHY1DXFApZvNLp+gE634qB8J/UKFZurvRIYDKdPA05MBVkO56E3F/7xuovpXbsbCOFE0JPNF/YQjFaFpDchnghLFU00wEUzfisgQC0yULqukS7AXv7xMWudV+6Jau6+V69d5HUU4gmOogA2XUIdbaEATCIzhGV7hzciMF+Pd+JiPFow8cwh/YHz+AK6Pkw0=</latexit>

⇠(y|M,�)



Preparation noncontextuality
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Ontological models and Noncontextuality

• Two preparations are operationally equivalent,               , if

• In a preparation noncontextual ontological model,

• In particular, 

<latexit sha1_base64="PRYWkE3s9DMIegSZYkm8SsAu6dE="></latexit>

P ' P 0 if P(y|M,P ) = P(y|M,P 0) 8M.
<latexit sha1_base64="PRYWkE3s9DMIegSZYkm8SsAu6dE="></latexit>

P ' P 0 if P(y|M,P ) = P(y|M,P 0) 8M.

<latexit sha1_base64="mlkX/l53rz9mp/FDRny0qvOQbG8=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ6kJJIUY9FLx4j2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777aysrq1vbJa2yts7u3v7lYPDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+C73209UaRbLRzNJaCDwULKIEWxyyb/wz/qVqltzZ0DLxCtIFQr4/cpXbxCTVFBpCMdadz03MUGGlWGE02m5l2qaYDLGQ9q1VGJBdZDNbp2iU6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvVz8z+umJroJMiaT1FBJ5ouilCMTo/xxNGCKEsMnlmCimL0VkRFWmBgbT9mG4C2+vExalzXvqlZ/qFcbt0UcJTiGEzgHD66hAffgQxMIjOAZXuHNEc6L8+58zFtXnGLmCP7A+fwBE/uNng==</latexit>

P, P 0

<latexit sha1_base64="Va8dzAGoo2Verlo7HX9529/fIuU=">AAACHnicbVDLTgIxFO34RHyhLt00EgNsyIzBx8aE6MblmMgjYQjplAs0tDNj2zEhyJe48VfcuNAYE1f6NxaYhYAnaXJ6zr29vcePOFPatn+speWV1bX11EZ6c2t7Zzezt19VYSwpVGjIQ1n3iQLOAqhopjnUIwlE+Bxqfv967NceQCoWBnd6EEFTkG7AOowSbaRW5tT1FBNwj90c9pgwI0FhT8R5j5tH2gQ/uoXL2XuuUGxlsnbRngAvEichWZTAbWW+vHZIYwGBppwo1XDsSDeHRGpGOYzSXqwgIrRPutAwNCACVHM4WW+Ej43Sxp1QmhNoPFH/dgyJUGogfFMpiO6peW8s/uc1Yt25aA5ZEMUaAjod1Ik51iEeZ4XbTALVfGAIoZKZv2LaI5JQbRJNmxCc+ZUXSfWk6JwVS7elbPkqiSOFDtERyiMHnaMyukEuqiCKntALekPv1rP1an1Yn9PSJSvpOUAzsL5/AVAIoLk=</latexit>

P ' P 0 =) µ(�|P ) = µ(�|P 0).

<latexit sha1_base64="q6RAJk9xXPpsRp3SklYOPtbvzYk="></latexit>X

i

wi~si =
X

j

w0
j~s

0
j =)

X

i

wi~µi =
X

j

w0
j~µ

0
j .

R.W. Spekkens, Phys. Rev. A 71, 052108 (2005)



Why is it a good notion of classicality?
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• Instance of Leibnizian methodological principle / no-fine tuning.

• Connected to locality and Kochen-Specker noncontextuality.

• Connected to positivity of quasiprobability representations.

• Connected to simplex embeddability in GPTs.

• Emerges in the presence of sufficient noise.

• It is empirically testable.

• Its violation is connected to quantum computational advantages.

Ontological models and Noncontextuality

*watch David Schmid’s lectures at Solstice of Foundations or see references in our article.
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How to link uncertainty relations and contextuality?
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Main result

Uncertainty relations                  single state. 

Contextuality requires operational equivalences (at least 4 states).

Problem:



How to link uncertainty relations and contextuality?
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Main result

Solution:

Consider uncertainty relations for a state that satisfies the condition of                                           
.

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability



The                                    condition
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Main result

1. The state has equal predictability counterparts.

2. The state manifest operational equivalences with such counterparts.

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability

Example in the qubit theory:

1.

2.

<latexit sha1_base64="BqqQwvhjUz+S1ANLmeOkIiOi9A0="></latexit>

hXi~s1 = �hXi~s2 = �hXi~s3 = hXi~s4 ,
hZi~s1 = hZi~s2 = �hZi~s3 = �hZi~s4 .

<latexit sha1_base64="4DVARo4Z6KNEGPF6t6OF1r/KMNY=">AAACQnicbZBNS8MwHMbT+TbnW9Wjl+AQBKG0c6gXYejF4wT3ImspaZZuYekLSToYpZ/Ni5/Amx/AiwdFvHow23rQrQ8EHp7n/yfJz4sZFdI0X7XSyura+kZ5s7K1vbO7p+8ftEWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG91O+86YcEGj8EFOYuIEaBBSn2IkVeTqj7bPEU6tLK1l9pjgVGSudQYL0nN4XRTXCofrBnT1qmmYM8FlY+WmCnI1Xf3F7kc4CUgoMUNC9Cwzlk6KuKSYkaxiJ4LECI/QgPSUDVFAhJPOEGTwRCV96EdcnVDCWfp3I0WBEJPAU5MBkkOx2E3Doq6XSP/KSWkYJ5KEeH6RnzAoIzjlCfuUEyzZRBmEOVVvhXiIFBCpqFcUBGvxy8umXTOsC6N+X682bnIcZXAEjsEpsMAlaIA70AQtgMETeAMf4FN71t61L+17PlrS8p1D8E/azy8eUbEV</latexit>

1

2
~s1 +

1

2
~s3 =

1

2
~s2 +

1

2
~s4.
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Main result

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability

In any operational theory, if one can find a pair of measurements,         , 
and a state that satisfies the condition of                                        , then
noncontextuality implies that .

<latexit sha1_base64="iMeuUeF2YAizu0qmDYWifx8ThgI=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAIglhmpKjLohuXFewFO0PJpKdtaCYzJBmhTPsUbnwVNy4UcSvufBvTdija+kPgy3/OITm/H3GmtG1/W5ml5ZXVtex6bmNza3snv7tXU2EsKVRpyEPZ8IkCzgRUNdMcGpEEEvgc6n7/elyvP4BULBR3ehCBF5CuYB1GiTZWK386dDkRXQ644coJDPEJnpn3M9M1N6eVL9hFeyK8CE4KBZSq0sp/ue2QxgEITTlRqunYkfYSIjWjHEY5N1YQEdonXWgaFCQA5SWTtUb4yDht3AmlOULjift7IiGBUoPAN50B0T01Xxub/9Wase5cegkTUaxB0OlDnZhjHeJxRrjNJFDNBwYIlcz8FdMekYRqk2TOhODMr7wItbOic14s3ZYK5as0jiw6QIfoGDnoApXRDaqgKqLoET2jV/RmPVkv1rv1MW3NWOnMPvoj6/MHDEieqQ==</latexit>

|hXi|+ |hZi|  1

<latexit sha1_base64="QTAskwjalGwqx+d23UD07d79rnQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxonlgsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7ltnj91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i/L5XaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPzdSNfQ==</latexit>

X,Z



Theories with 
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Main result

If all states in an operational theory satisfy the condition of     
we say that the theory has .

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability

<latexit sha1_base64="CpM12Aj5HGQdwIJ7hP/5gOyijOA=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCu4sSRF1GXVjcsK9gFtDJPppB06k4SZSaGE/okbF4q49U/c+TdO2yy09cDA4Zx7uWdOkHCmtON8Wyura+sbm4Wt4vbO7t6+fXDYVHEqCW2QmMeyHWBFOYtoQzPNaTuRFIuA01YwvJv6rRGVisXRox4n1BO4H7GQEayN5Nt2+cZ3n6rnZTUWgmo59u2SU3FmQMvEzUkJctR9+6vbi0kqaKQJx0p1XCfRXoalZoTTSbGbKppgMsR92jE0woIqL5sln6BTo/RQGEvzIo1m6u+NDAtlkgVmUmA9UIveVPzP66Q6vPYyFiWpphGZHwpTjnSMpjWgHpOUaD42BBPJTFZEBlhiok1ZRVOCu/jlZdKsVtzLysVDtVS7zesowDGcwBm4cAU1uIc6NIDACJ7hFd6szHqx3q2P+eiKle8cwR9Ynz8co5Ky</latexit>

A2
1�symmetry

<latexit sha1_base64="CpM12Aj5HGQdwIJ7hP/5gOyijOA=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCu4sSRF1GXVjcsK9gFtDJPppB06k4SZSaGE/okbF4q49U/c+TdO2yy09cDA4Zx7uWdOkHCmtON8Wyura+sbm4Wt4vbO7t6+fXDYVHEqCW2QmMeyHWBFOYtoQzPNaTuRFIuA01YwvJv6rRGVisXRox4n1BO4H7GQEayN5Nt2+cZ3n6rnZTUWgmo59u2SU3FmQMvEzUkJctR9+6vbi0kqaKQJx0p1XCfRXoalZoTTSbGbKppgMsR92jE0woIqL5sln6BTo/RQGEvzIo1m6u+NDAtlkgVmUmA9UIveVPzP66Q6vPYyFiWpphGZHwpTjnSMpjWgHpOUaD42BBPJTFZEBlhiok1ZRVOCu/jlZdKsVtzLysVDtVS7zesowDGcwBm4cAU1uIc6NIDACJ7hFd6szHqx3q2P+eiKle8cwR9Ynz8co5Ky</latexit>

A2
1�symmetry

Examples:



Noncontextuality and uncertainty relations
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Main result

For theories that have our bound is a constraint on the form of 
the ZX-uncertainty relation within such theories. 

<latexit sha1_base64="CpM12Aj5HGQdwIJ7hP/5gOyijOA=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCu4sSRF1GXVjcsK9gFtDJPppB06k4SZSaGE/okbF4q49U/c+TdO2yy09cDA4Zx7uWdOkHCmtON8Wyura+sbm4Wt4vbO7t6+fXDYVHEqCW2QmMeyHWBFOYtoQzPNaTuRFIuA01YwvJv6rRGVisXRox4n1BO4H7GQEayN5Nt2+cZ3n6rnZTUWgmo59u2SU3FmQMvEzUkJctR9+6vbi0kqaKQJx0p1XCfRXoalZoTTSbGbKppgMsR92jE0woIqL5sln6BTo/RQGEvzIo1m6u+NDAtlkgVmUmA9UIveVPzP66Q6vPYyFiWpphGZHwpTjnSMpjWgHpOUaD42BBPJTFZEBlhiok1ZRVOCu/jlZdKsVtzLysVDtVS7zesowDGcwBm4cAU1uIc6NIDACJ7hFd6szHqx3q2P+eiKle8cwR9Ynz8co5Ky</latexit>

A2
1�symmetry
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Main result

( a )

<latexit sha1_base64="NpGqE0C+UwIRRlTLEoT+5OGjleI="></latexit>

i = (1� 1p
2
)�depolarized qubit theory

ii = stabilizer theory
iii = qubit theory
iv = gbit theory

Legend

<latexit sha1_base64="8uw0F0ihftvjxJiTnZj1CVGRgIQ="></latexit>

|hXi|+ |hZi|  1

Examples: comparison of uncertainty relations



Generalization to three measurements

25/27

Main result

In any operational theory, if one can find a triple of measurements,          
and a state that satisfies the condition of                                        , then
noncontextuality implies that

Example of          
in qubit theory: 

<latexit sha1_base64="u1F3P2EmNv+pQi1hImGs0WKISXs=">AAACBHicbVC7TsMwFHXKq5RXgLFLRIvE0iopCBgLLIxFog+pDZHjOq1V5yH7BilEHVj4FRYGEGLlI9j4G9w2A7QcydLROffo+h434kyCaX5ruaXlldW1/HphY3Nre0ff3WvJMBaENknIQ9FxsaScBbQJDDjtRIJi3+W07Y6uJn77ngrJwuAWkojaPh4EzGMEg5IcvVi+cKy743IlFC6Diopy9oBdxhkkjl4yq+YUxiKxMlJCGRqO/tXrhyT2aQCEYym7lhmBnWIBjHA6LvRiSSNMRnhAu4oG2KfSTqdHjI1DpfQNLxTqBWBM1d+JFPtSJr6rJn0MQznvTcT/vG4M3rmdsiCKgQZktsiLuQGhMWnE6DNBCfBEEUwEU381yBALTED1VlAlWPMnL5JWrWqdVk9uaqX6ZVZHHhXRATpCFjpDdXSNGqiJCHpEz+gVvWlP2ov2rn3MRnNaltlHf6B9/gBoxpdZ</latexit>

A3
1-orbit-realizability

<latexit sha1_base64="u1F3P2EmNv+pQi1hImGs0WKISXs=">AAACBHicbVC7TsMwFHXKq5RXgLFLRIvE0iopCBgLLIxFog+pDZHjOq1V5yH7BilEHVj4FRYGEGLlI9j4G9w2A7QcydLROffo+h434kyCaX5ruaXlldW1/HphY3Nre0ff3WvJMBaENknIQ9FxsaScBbQJDDjtRIJi3+W07Y6uJn77ngrJwuAWkojaPh4EzGMEg5IcvVi+cKy743IlFC6Diopy9oBdxhkkjl4yq+YUxiKxMlJCGRqO/tXrhyT2aQCEYym7lhmBnWIBjHA6LvRiSSNMRnhAu4oG2KfSTqdHjI1DpfQNLxTqBWBM1d+JFPtSJr6rJn0MQznvTcT/vG4M3rmdsiCKgQZktsiLuQGhMWnE6DNBCfBEEUwEU381yBALTED1VlAlWPMnL5JWrWqdVk9uaqX6ZVZHHhXRATpCFjpDdXSNGqiJCHpEz+gVvWlP2ov2rn3MRnNaltlHf6B9/gBoxpdZ</latexit>

A3
1-orbit-realizability

<latexit sha1_base64="tZeLd2m28PQDNQWmfQEboKy5PPo=">AAACLHicbZBdS8MwFIbT+TXnV9VLb4JDEITSylAvh7vxcoL70LWMNEu3sDQtSSqMbj/IG/+KIF44xFt/h9lWhm57IfDmOeeQnNePGZXKtsdGbm19Y3Mrv13Y2d3bPzAPj+oySgQmNRyxSDR9JAmjnNQUVYw0Y0FQ6DPS8PuVSb3xTISkEX9Qg5h4IepyGlCMlEZtszJ0GeJdRmDTFVMzhBdwDh9Xwac5dPXNsdpm0bbsqeCycTJTBJmqbfPd7UQ4CQlXmCEpW44dKy9FQlHMyKjgJpLECPdRl7S05Sgk0kuny47gmSYdGERCH67glP6dSFEo5SD0dWeIVE8u1iZwVa2VqODGSymPE0U4nj0UJAyqCE6Sgx0qCFZsoA3Cguq/QtxDAmGl8y3oEJzFlZdN/dJyrqzSfalYvs3iyIMTcArOgQOuQRncgSqoAQxewBv4BGPj1fgwvozvWWvOyGaOwT8ZP7+jHacz</latexit>

|hXi|+ |hY i|+ |hZi|  1.

<latexit sha1_base64="+V+iqAeWERgo6P8hEtrgNdNEU50=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBQym7UtRj0YvHCvZD26Vk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Hrqt56o0kyKOzOOqR/hgWAhI9hYqdku35cfyr1iya24M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsJLP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukeVbxzivV22qpdpXFkYcjOIZT8OACanADdWgAgUd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/TN2OTg==</latexit>

X,Y, Z,



Generalization to three measurements
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Main result

( b )
<latexit sha1_base64="P6X9LNjV8+R2CtQVB0MT5XN6+XA="></latexit>

|hXi|+ |hY i|+ |hZi|  1
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Conclusion

• Under the condition of                                        , noncontextuality bounds 
the functional form of the ZX predictability tradeoff below a linear curve. 

• The functional form of an uncertainty relation can witness contextuality.

• If one takes noncontextuality as the notion of classicality, it is not the lack 
of perfect joint ZX predictability that witnesses nonclassicality, but the 
greater joint predictability for states satisfying                                        .

• Follow-up work: what is nonclassical about interference phenomena?

27/27
arXiv:2207.11779

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability

<latexit sha1_base64="irlohanQaCqXfqMo0tNv6ynrCiE=">AAACBHicbVC7TsMwFHV4lvIKMHaJaJFYWiUVAsYCC2OR6ENqQ+S4TmvViSP7BilEHVj4FRYGEGLlI9j4G9zHAC1HsnR0zj26vsePOVNg29/G0vLK6tp6biO/ubW9s2vu7TeVSCShDSK4kG0fK8pZRBvAgNN2LCkOfU5b/vBq7LfuqVRMRLeQxtQNcT9iASMYtOSZhdKF59xVS2UhfQZlHeXsAfuMM0g9s2hX7AmsReLMSBHNUPfMr25PkCSkERCOleo4dgxuhiUwwuko300UjTEZ4j7taBrhkCo3mxwxso600rMCIfWLwJqovxMZDpVKQ19PhhgGat4bi/95nQSCczdjUZwAjch0UZBwC4Q1bsTqMUkJ8FQTTCTTf7XIAEtMQPeW1yU48ycvkma14pxWTm6qxdrlrI4cKqBDdIwcdIZq6BrVUQMR9Iie0St6M56MF+Pd+JiOLhmzzAH6A+PzB2ctl1g=</latexit>

A2
1-orbit-realizability

https://arxiv.org/abs/2111.13727
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Main result

The noncontextual bound



The case of three measurements
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Main result

( b )
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What is non-classical about quantum interference?

In a follow-up work we show that the precise trade-off between visibility of 
fringes      and which-way distinguishability       in any preparation 
noncontextual model is linear,                       , while in quantum theory it is 
quadratic (Englert inequality),                           .

V
<latexit sha1_base64="yYrqTjhn/+k1J5r3OphzyveAxyI=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUi784G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A5A5kWw=</latexit><latexit sha1_base64="yYrqTjhn/+k1J5r3OphzyveAxyI=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUi784G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A5A5kWw=</latexit><latexit sha1_base64="yYrqTjhn/+k1J5r3OphzyveAxyI=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUi784G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A5A5kWw=</latexit><latexit sha1_base64="yYrqTjhn/+k1J5r3OphzyveAxyI=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUi784G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A5A5kWw=</latexit>

D
<latexit sha1_base64="2rBUCWixmZBd66I1YLuEf97sIZk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3LX+4rDVuijrKcAKncA4+XEED7qEJLaCg4Ble4c1B58V5dz4WoyWn2DmGP3A+fwB035Fa</latexit><latexit sha1_base64="2rBUCWixmZBd66I1YLuEf97sIZk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3LX+4rDVuijrKcAKncA4+XEED7qEJLaCg4Ble4c1B58V5dz4WoyWn2DmGP3A+fwB035Fa</latexit><latexit sha1_base64="2rBUCWixmZBd66I1YLuEf97sIZk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3LX+4rDVuijrKcAKncA4+XEED7qEJLaCg4Ble4c1B58V5dz4WoyWn2DmGP3A+fwB035Fa</latexit><latexit sha1_base64="2rBUCWixmZBd66I1YLuEf97sIZk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFnUhcsK9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdjcbVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3LX+4rDVuijrKcAKncA4+XEED7qEJLaCg4Ble4c1B58V5dz4WoyWn2DmGP3A+fwB035Fa</latexit>

V +D  1
<latexit sha1_base64="pe3Xj7gntOz1CR6/dQxoe4lGHqg=">AAACCHicbVDLSsNAFJ34rPVVdenCwSIIQklE0GVRFy4r2Ac0oUymN+3QySTMTIQSsnTjr7hxoYhbP8Gdf+OkDaKtBwbOnHMv997jx5wpbdtf1sLi0vLKammtvL6xubVd2dltqSiRFJo04pHs+EQBZwKammkOnVgCCX0ObX90lfvte5CKReJOj2PwQjIQLGCUaCP1KgduSPSQEp62MnyCf37XGXY5YKdXqdo1ewI8T5yCVFGBRq/y6fYjmoQgNOVEqa5jx9pLidSMcsjKbqIgJnREBtA1VJAQlJdODsnwkVH6OIikeULjifq7IyWhUuPQN5X5omrWy8X/vG6igwsvZSJONAg6HRQkHOsI56ngPpNANR8bQqhkZldMh0QSqk12ZROCM3vyPGmd1hzDb8+q9csijhLaR4foGDnoHNXRDWqgJqLoAT2hF/RqPVrP1pv1Pi1dsIqePfQH1sc3WLqY4A==</latexit><latexit sha1_base64="pe3Xj7gntOz1CR6/dQxoe4lGHqg=">AAACCHicbVDLSsNAFJ34rPVVdenCwSIIQklE0GVRFy4r2Ac0oUymN+3QySTMTIQSsnTjr7hxoYhbP8Gdf+OkDaKtBwbOnHMv997jx5wpbdtf1sLi0vLKammtvL6xubVd2dltqSiRFJo04pHs+EQBZwKammkOnVgCCX0ObX90lfvte5CKReJOj2PwQjIQLGCUaCP1KgduSPSQEp62MnyCf37XGXY5YKdXqdo1ewI8T5yCVFGBRq/y6fYjmoQgNOVEqa5jx9pLidSMcsjKbqIgJnREBtA1VJAQlJdODsnwkVH6OIikeULjifq7IyWhUuPQN5X5omrWy8X/vG6igwsvZSJONAg6HRQkHOsI56ngPpNANR8bQqhkZldMh0QSqk12ZROCM3vyPGmd1hzDb8+q9csijhLaR4foGDnoHNXRDWqgJqLoAT2hF/RqPVrP1pv1Pi1dsIqePfQH1sc3WLqY4A==</latexit><latexit sha1_base64="pe3Xj7gntOz1CR6/dQxoe4lGHqg=">AAACCHicbVDLSsNAFJ34rPVVdenCwSIIQklE0GVRFy4r2Ac0oUymN+3QySTMTIQSsnTjr7hxoYhbP8Gdf+OkDaKtBwbOnHMv997jx5wpbdtf1sLi0vLKammtvL6xubVd2dltqSiRFJo04pHs+EQBZwKammkOnVgCCX0ObX90lfvte5CKReJOj2PwQjIQLGCUaCP1KgduSPSQEp62MnyCf37XGXY5YKdXqdo1ewI8T5yCVFGBRq/y6fYjmoQgNOVEqa5jx9pLidSMcsjKbqIgJnREBtA1VJAQlJdODsnwkVH6OIikeULjifq7IyWhUuPQN5X5omrWy8X/vG6igwsvZSJONAg6HRQkHOsI56ngPpNANR8bQqhkZldMh0QSqk12ZROCM3vyPGmd1hzDb8+q9csijhLaR4foGDnoHNXRDWqgJqLoAT2hF/RqPVrP1pv1Pi1dsIqePfQH1sc3WLqY4A==</latexit><latexit sha1_base64="pe3Xj7gntOz1CR6/dQxoe4lGHqg=">AAACCHicbVDLSsNAFJ34rPVVdenCwSIIQklE0GVRFy4r2Ac0oUymN+3QySTMTIQSsnTjr7hxoYhbP8Gdf+OkDaKtBwbOnHMv997jx5wpbdtf1sLi0vLKammtvL6xubVd2dltqSiRFJo04pHs+EQBZwKammkOnVgCCX0ObX90lfvte5CKReJOj2PwQjIQLGCUaCP1KgduSPSQEp62MnyCf37XGXY5YKdXqdo1ewI8T5yCVFGBRq/y6fYjmoQgNOVEqa5jx9pLidSMcsjKbqIgJnREBtA1VJAQlJdODsnwkVH6OIikeULjifq7IyWhUuPQN5X5omrWy8X/vG6igwsvZSJONAg6HRQkHOsI56ngPpNANR8bQqhkZldMh0QSqk12ZROCM3vyPGmd1hzDb8+q9csijhLaR4foGDnoHNXRDWqgJqLoAT2hF/RqPVrP1pv1Pi1dsIqePfQH1sc3WLqY4A==</latexit>

V2 +D2  1
<latexit sha1_base64="jZ5vfXwt76XdwW/4ONpEM9hMvIg=">AAACDHicbVDLSsNAFL2pr1pfVZduBosgCCUpgi6LunBZwT6giWUynbRDJ5MwMxFK6Ae48VfcuFDErR/gzr9x0gbR1gMD555zL3Pv8WPOlLbtL6uwtLyyulZcL21sbm3vlHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R5eZ376nUrFI3OpxTL0QDwQLGMHaSL1yxQ2xHhLM09bkroZO0E99ldUup8gxXXbVngItEicnFcjR6JU/3X5EkpAKTThWquvYsfZSLDUjnE5KbqJojMkID2jXUIFDqrx0eswEHRmlj4JImic0mqq/J1IcKjUOfdOZrarmvUz8z+smOjj3UibiRFNBZh8FCUc6QlkyqM8kJZqPDcFEMrMrIkMsMdEmv5IJwZk/eZG0alXH8JvTSv0ij6MIB3AIx+DAGdThGhrQBAIP8AQv8Go9Ws/Wm/U+ay1Y+cw+/IH18Q3Oppoo</latexit><latexit sha1_base64="jZ5vfXwt76XdwW/4ONpEM9hMvIg=">AAACDHicbVDLSsNAFL2pr1pfVZduBosgCCUpgi6LunBZwT6giWUynbRDJ5MwMxFK6Ae48VfcuFDErR/gzr9x0gbR1gMD555zL3Pv8WPOlLbtL6uwtLyyulZcL21sbm3vlHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R5eZ376nUrFI3OpxTL0QDwQLGMHaSL1yxQ2xHhLM09bkroZO0E99ldUup8gxXXbVngItEicnFcjR6JU/3X5EkpAKTThWquvYsfZSLDUjnE5KbqJojMkID2jXUIFDqrx0eswEHRmlj4JImic0mqq/J1IcKjUOfdOZrarmvUz8z+smOjj3UibiRFNBZh8FCUc6QlkyqM8kJZqPDcFEMrMrIkMsMdEmv5IJwZk/eZG0alXH8JvTSv0ij6MIB3AIx+DAGdThGhrQBAIP8AQv8Go9Ws/Wm/U+ay1Y+cw+/IH18Q3Oppoo</latexit><latexit sha1_base64="jZ5vfXwt76XdwW/4ONpEM9hMvIg=">AAACDHicbVDLSsNAFL2pr1pfVZduBosgCCUpgi6LunBZwT6giWUynbRDJ5MwMxFK6Ae48VfcuFDErR/gzr9x0gbR1gMD555zL3Pv8WPOlLbtL6uwtLyyulZcL21sbm3vlHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R5eZ376nUrFI3OpxTL0QDwQLGMHaSL1yxQ2xHhLM09bkroZO0E99ldUup8gxXXbVngItEicnFcjR6JU/3X5EkpAKTThWquvYsfZSLDUjnE5KbqJojMkID2jXUIFDqrx0eswEHRmlj4JImic0mqq/J1IcKjUOfdOZrarmvUz8z+smOjj3UibiRFNBZh8FCUc6QlkyqM8kJZqPDcFEMrMrIkMsMdEmv5IJwZk/eZG0alXH8JvTSv0ij6MIB3AIx+DAGdThGhrQBAIP8AQv8Go9Ws/Wm/U+ay1Y+cw+/IH18Q3Oppoo</latexit><latexit sha1_base64="jZ5vfXwt76XdwW/4ONpEM9hMvIg=">AAACDHicbVDLSsNAFL2pr1pfVZduBosgCCUpgi6LunBZwT6giWUynbRDJ5MwMxFK6Ae48VfcuFDErR/gzr9x0gbR1gMD555zL3Pv8WPOlLbtL6uwtLyyulZcL21sbm3vlHf3WipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2R5eZ376nUrFI3OpxTL0QDwQLGMHaSL1yxQ2xHhLM09bkroZO0E99ldUup8gxXXbVngItEicnFcjR6JU/3X5EkpAKTThWquvYsfZSLDUjnE5KbqJojMkID2jXUIFDqrx0eswEHRmlj4JImic0mqq/J1IcKjUOfdOZrarmvUz8z+smOjj3UibiRFNBZh8FCUc6QlkyqM8kJZqPDcFEMrMrIkMsMdEmv5IJwZk/eZG0alXH8JvTSv0ij6MIB3AIx+DAGdThGhrQBAIP8AQv8Go9Ws/Wm/U+ay1Y+cw+/IH18Q3Oppoo</latexit>



What is non-classical about quantum interference?

It is possible to provide a classical account of the TRAP 
phenomenology of quantum interference. However, reproducing 
the precise trade-off between visibility and distinguishability in 

quantum theory requires contextuality.


