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Quantum noise is bad
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Quantum noise is quantum



Open quantum systems

<latexit sha1_base64="bq40oMoOAvqcK7COsV4074xm/PI=">AAACInicbZDLSsNAFIYn9VbrLerSzWApVJCSVEWXRTcuK9gLtCFMppN26GQSZiZiCXkCX8MXcKtv4E5cCa59DqdtCrb1h4GP/5zDOfN7EaNSWdaXkVtZXVvfyG8WtrZ3dvfM/YOmDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzhzbjeeiBC0pDfq1FEnAD1OfUpRkpbrlmKym03Ua6VnsIJ2DOozuAsPXHNolWxJoLLYGdQBJnqrvnT7YU4DghXmCEpO7YVKSdBQlHMSFroxpJECA9Rn3Q0chQQ6SST76SwpJ0e9EOhH1dw4v6dSFAg5SjwdGeA1EAu1sbmf7VOrPwrJ6E8ihXheLrIjxlUIRxnA3tUEKzYSAPCgupbIR4ggbDSCc5teZyeWtDB2IsxLEOzWrEvKtbdebF2nUWUB0fgGJSBDS5BDdyCOmgADJ7AC3gFb8az8W58GJ/T1pyRzRyCORnfv73roxo=</latexit>

p(Xt0 , Xt1 , Xt2 , Xt3)???Multi-time

Classical limitQuantum description
<latexit sha1_base64="+XTtVVhuYcGzHnKJEfqH0LSL4Lo=">AAACKHicbZDLSgMxFIYz9VbrbdSlm2ARWpQyUxVdFt24rGAv0A5DJk3b0EwyJBmxDH0IX8MXcKtv4E66deFzmLYDtdUfAh//OYdz8gcRo0o7ztjKrKyurW9kN3Nb2zu7e/b+QV2JWGJSw4IJ2QyQIoxyUtNUM9KMJEFhwEgjGNxO6o1HIhUV/EEPI+KFqMdpl2KkjeXbp23ZFwXtO8UzmKI7x/Icz4vQt/NOyZkK/gU3hTxIVfXt73ZH4DgkXGOGlGq5TqS9BElNMSOjXDtWJEJ4gHqkZZCjkCgvmX5qBE+M04FdIc3jGk7d3xMJCpUahoHpDJHuq+XaxPyv1op199pLKI9iTTieLerGDGoBJwnBDpUEazY0gLCk5laI+0girE2OC1ueZqfmTDDucgx/oV4uuZcl5/4iX7lJI8qCI3AMCsAFV6AC7kAV1AAGz+AVvIF368X6sD6t8aw1Y6Uzh2BB1tcPmhOj0Q==</latexit>

⇢(t0), ⇢(t1), ⇢(t2), ⇢(t3)
<latexit sha1_base64="e30n3/HL4WDfHe0Ud32VmQurGNo=">AAACK3icbZDLSsNAFIYnXmu9RV26GSxCCxKSquiy6MZlBXuBNoTJdNIOnUzCzEQsIW/ha/gCbvUNXClu9Tmctln04g8DH/85h3Pm92NGpbLtT2NldW19Y7OwVdze2d3bNw8OmzJKBCYNHLFItH0kCaOcNBRVjLRjQVDoM9Lyh7fjeuuRCEkj/qBGMXFD1Oc0oBgpbXmmFZfbXqo8O6ucwZydGa7O8HlW8cySbdkTwWVwciiBXHXP/O32IpyEhCvMkJQdx46VmyKhKGYkK3YTSWKEh6hPOho5Col008m/MniqnR4MIqEfV3Dizk6kKJRyFPq6M0RqIBdrY/O/WidRwbWbUh4ninA8XRQkDKoIjkOCPSoIVmykAWFB9a0QD5BAWOko57Y8TU8t6mCcxRiWoVm1nEvLvr8o1W7yiArgGJyAMnDAFaiBO1AHDYDBM3gFb+DdeDE+jC/je9q6YuQzR2BOxs8fFICltw==</latexit>

p(Xt0), p(Xt1), p(Xt2), p(Xt3)Single time
Dynamical maps

<latexit sha1_base64="iP3MyaCTt4XQ9vRjpmJLzhf0MGg=">AAACPHicbZDLSsNAFIYnXmu9RV26GSxCC1KSqujOohuXFewF2hAm00k7dHJhZiKWmMfxNXwBt7pwL27ErWunaQq9+MPAz3fO4Zz5nZBRIQ3jQ1taXlldW89t5De3tnd29b39hggijkkdByzgLQcJwqhP6pJKRlohJ8hzGGk6g5tRvflAuKCBfy+HIbE81POpSzGSCtn6VVhs2bG0zeQJpsZISicdmNHKhJrT9HRCK0nJ1gtG2UgFF42ZmQLIVLP1r043wJFHfIkZEqJtGqG0YsQlxYwk+U4kSIjwAPVIW1kfeURYcfrRBB4r0oVuwNXzJUzp9ESMPCGGnqM6PST7Yr42gv/V2pF0L62Y+mEkiY/Hi9yIQRnAUWqwSznBkg2VQZhTdSvEfcQRlirbmS2P41PzKhhzPoZF06iUzfOycXdWqF5nEeXAITgCRWCCC1AFt6AG6gCDZ/AK3sC79qJ9at/az7h1SctmDsCMtN8/5VutRw==</latexit>

p(Xt1 |Xt0), p(Xt2 |Xt1), p(Xt3 |Xt2)Two times

<latexit sha1_base64="BR64zcdvDa5JU7iTykl840H7TGA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwbqjaA=</latexit>

t1
<latexit sha1_base64="DI/SJuS6dPItz1dbeYS2/ELYpJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwhujaE=</latexit>

t2
<latexit sha1_base64="hoJTkjWKVB4NpncHkyj7wo2LWSE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD9g775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+y6t5fVGo3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AEJ8o2i</latexit>

t3
<latexit sha1_base64="gkR0F2O6peUUsxNDRp/B7hv/wX8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+y7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwVmjZ8=</latexit>

t0

⇢
<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="pB+DyfpWLgngqla9XoYBBCKnhHQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r9AXtUDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7C2vrG5Vdwu7ezu7R+UD49aWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28H4PvPbE6o0k6JhpjH1IzwULGQEGyv5vQibEcE8bcz6l/1yxa26c6BV4uWkAjnq/fJXbyBJElFhCMdadz03Nn6KlWGE01mpl2gaYzLGQ9q1VOCIaj+dh56hM6sMUCiVfcKgufp7I8WR1tMosJNZSL3sZeJ/Xjcx4a2fMhEnhgqyOBQmHBmJsgbQgClKDJ9agoliNisiI6wwMbanki3BW/7yKmldVL3rqvt4Vand5XUU4QRO4Rw8uIEaPEAdmkDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+/K5IU</latexit>

T3
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2

environment

<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1 <latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="nHXnahAZsP25NFOjM52AbbV/Jws=">AAACF3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE0WXRjcsKfUEbwmQyaYdOJmFmIpYQ8Df8Abf6B+7ErUt/wO9wkmZhWw8MHM65d+7heDGjUlnWt1FZWV1b36hu1ra2d3b3zP2DrowSgUkHRywSfQ9JwignHUUVI/1YEBR6jPS8yW3u9x6IkDTibTWNiROiEacBxUhpyTWPhsUfqSB+lg5DpMYYsbSduXbmmnWrYRWAy8QuSR2UaLnmz9CPcBISrjBDUg5sK1ZOioSimJGsNkwkiRGeoBEZaMpRSKSTFvczeKoVHwaR0I8rWKh/N1IUSjkNPT2Zp5SLXi7+5w0SFVw7KeVxogjHs0NBwqCKYF4I9KkgWLGpJggLqrNCPEYCYaVrm7vyOIta08XYizUsk+55w75sWPcX9eZNWVEVHIMTcAZscAWa4A60QAdg8ARewCt4M56Nd+PD+JyNVoxy5xDMwfj6BQdkoPE=</latexit>

T1
⇢

<latexit sha1_base64="OGNGNzKb9g/KHKICLX12iOoyNQA=">AAACDnicbVBLTsMwFHT4lvJLYcnGokJiVSUIBMsKNiyLRD9SE1WO47RWHTuyHaCKcgcuwBZuwA6x5QpcgHPgplnQlpEsjWbe8zxNkDCqtON8Wyura+sbm5Wt6vbO7t6+XTvoKJFKTNpYMCF7AVKEUU7ammpGeokkKA4Y6Qbjm6nffSBSUcHv9SQhfoyGnEYUI22kgV3zij8yScI88+RI5AO77jScAnCZuCWpgxKtgf3jhQKnMeEaM6RU33US7WdIaooZyateqkiC8BgNSd9QjmKi/KyIzeGJUUIYCWke17BQ/25kKFZqEgdmMkZ6pBa9qfif1091dOVnlCepJhzPgqKUQS3gtAcYUkmwZhNDEJbU3ArxCEmEtWlrLuVpdmrVFOMu1rBMOmcN96Lh3J3Xm9dlRRVwBI7BKXDBJWiCW9ACbYDBI3gBr+DNerberQ/rcza6YpU7h2AO1tcv8wqdKg==</latexit>⇢
<latexit sha1_base64="OGNGNzKb9g/KHKICLX12iOoyNQA=">AAACDnicbVBLTsMwFHT4lvJLYcnGokJiVSUIBMsKNiyLRD9SE1WO47RWHTuyHaCKcgcuwBZuwA6x5QpcgHPgplnQlpEsjWbe8zxNkDCqtON8Wyura+sbm5Wt6vbO7t6+XTvoKJFKTNpYMCF7AVKEUU7ammpGeokkKA4Y6Qbjm6nffSBSUcHv9SQhfoyGnEYUI22kgV3zij8yScI88+RI5AO77jScAnCZuCWpgxKtgf3jhQKnMeEaM6RU33US7WdIaooZyateqkiC8BgNSd9QjmKi/KyIzeGJUUIYCWke17BQ/25kKFZqEgdmMkZ6pBa9qfif1091dOVnlCepJhzPgqKUQS3gtAcYUkmwZhNDEJbU3ArxCEmEtWlrLuVpdmrVFOMu1rBMOmcN96Lh3J3Xm9dlRRVwBI7BKXDBJWiCW9ACbYDBI3gBr+DNerberQ/rcza6YpU7h2AO1tcv8wqdKg==</latexit>⇢

Open systems with process matrices Markovian and non-Markovian processes Detecting quantum non-Markovian processes Results



operations

Process matrix

⇢
<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1A B
AI

<latexit sha1_base64="7C840Rft7oGEun5b+TgCwDfy8O4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL3qLaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD3s+NiQ==</latexit>

AO

<latexit sha1_base64="7xDeYOsmUgS/TcYp1W8F+rrdGC8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL96MaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD5+eNjw==</latexit>

BO

<latexit sha1_base64="ZG6D5fWVI92Eiya6dYE1Rqbujn4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXrwZ0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6W2NkA==</latexit>

BI

<latexit sha1_base64="uafH3RyuBsfRreRRyB7CSO51K9o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4FWNig==</latexit>

environmentprobabilities
Result

O. Oreshkov and C. Giarmatzi, “Causal and causally separable processes”, New Journal of Physics 18, 093020 (2016)

O. Oreshkov, F. Costa, Č. Brukner, “Quantum correlations with no causal order”, Nat. Commun. 3 1092 (2012)

<latexit sha1_base64="4fWRzaaETx37Wg2lsxA5PqTp/fw="></latexit>

p(oA, oB) = Tr(WAIAOBIBOMAIAO ⌦MBIBO )
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Markovian process

G. Lindblad, “Non-Markovian quantum stochastic processes and their entropy”, Comm. Math. Phys. 65, 281 (1979)
L. Accardi, A. Frigerio, and J. T. Lewis, “Quantum stochastic processes”, Publications of the Research Institute for Mathematical Sciences 18, 97 (1982)
F. A. Pollock et al., “Non-Markovian quantum processes: Complete framework and efficient characterization”, Physical Review A 97, 012127 (2018)
C. Giarmatzi and F. Costa, “Witnessing quantum memory in non-Markovian processes”, Quantum 5, 440 (2021) 

Case 1:

Case 2:

no noise ⇢
<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="pB+DyfpWLgngqla9XoYBBCKnhHQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r9AXtUDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7C2vrG5Vdwu7ezu7R+UD49aWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28H4PvPbE6o0k6JhpjH1IzwULGQEGyv5vQibEcE8bcz6l/1yxa26c6BV4uWkAjnq/fJXbyBJElFhCMdadz03Nn6KlWGE01mpl2gaYzLGQ9q1VOCIaj+dh56hM6sMUCiVfcKgufp7I8WR1tMosJNZSL3sZeJ/Xjcx4a2fMhEnhgqyOBQmHBmJsgbQgClKDJ9agoliNisiI6wwMbanki3BW/7yKmldVL3rqvt4Vand5XUU4QRO4Rw8uIEaPEAdmkDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+/K5IU</latexit>

T3

Markovian 
 noise

⇢
<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="pB+DyfpWLgngqla9XoYBBCKnhHQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r9AXtUDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7C2vrG5Vdwu7ezu7R+UD49aWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28H4PvPbE6o0k6JhpjH1IzwULGQEGyv5vQibEcE8bcz6l/1yxa26c6BV4uWkAjnq/fJXbyBJElFhCMdadz03Nn6KlWGE01mpl2gaYzLGQ9q1VOCIaj+dh56hM6sMUCiVfcKgufp7I8WR1tMosJNZSL3sZeJ/Xjcx4a2fMhEnhgqyOBQmHBmJsgbQgClKDJ9agoliNisiI6wwMbanki3BW/7yKmldVL3rqvt4Vand5XUU4QRO4Rw8uIEaPEAdmkDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+/K5IU</latexit>

T3
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Markovian process matrix

Definition

WABC
M = ⇢AI ⌦ TAOBI

1 ⌦ TBOCI

2 ⌦ 11CO

A B⇢ C
T2T1

AI

<latexit sha1_base64="7C840Rft7oGEun5b+TgCwDfy8O4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL3qLaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD3s+NiQ==</latexit>

AO

<latexit sha1_base64="7xDeYOsmUgS/TcYp1W8F+rrdGC8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL96MaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD5+eNjw==</latexit>

BO

<latexit sha1_base64="ZG6D5fWVI92Eiya6dYE1Rqbujn4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXrwZ0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6W2NkA==</latexit>

CO

<latexit sha1_base64="3Gj8GderCPPiaA4HrTjBjlzClS4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI/BXLwZ0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzThBP6IDyUPOqLHSQ6131yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUr68r5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6vONkQ==</latexit>

BI

<latexit sha1_base64="uafH3RyuBsfRreRRyB7CSO51K9o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4FWNig==</latexit>

CI

<latexit sha1_base64="Yqae3qVvHdZfD/PM12yNTRcguwY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI/BXPQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzThBP6IDyUPOqLHSQ6131yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUr68r5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4duNiw==</latexit>

<latexit sha1_base64="4fWRzaaETx37Wg2lsxA5PqTp/fw="></latexit>

p(oA, oB) = Tr(WAIAOBIBOMAIAO ⌦MBIBO )
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Non-Markovian process

There is a memory that carries correlations

A B
⇢

C
T2T1

Is it classical?  Or quantum?

Open systems with process matrices Markovian and non-Markovian processes Detecting quantum non-Markovian processes Results



Classical memory

The environment obtains classical info and can affect future interactions

WABC
Cl =

X

j

⇢AI

j ⌦ TAOBI

j ⌦NBOCI

j ⌦ 1CO

<latexit sha1_base64="Dn3E9mKEIObQ3Q3R5kICbvlggmg="></latexit>

A B⇢ C
AI

<latexit sha1_base64="7C840Rft7oGEun5b+TgCwDfy8O4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL3qLaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD3s+NiQ==</latexit>

AO

<latexit sha1_base64="7xDeYOsmUgS/TcYp1W8F+rrdGC8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9RL96MaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqEccx90M6UKIvGEUrPVx177rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6lnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zspepXx+XylVr7M48nAEx3AKHlxAFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD5+eNjw==</latexit>

BO

<latexit sha1_base64="ZG6D5fWVI92Eiya6dYE1Rqbujn4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXrwZ0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6W2NkA==</latexit>

CO

<latexit sha1_base64="3Gj8GderCPPiaA4HrTjBjlzClS4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI/BXLwZ0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzThBP6IDyUPOqLHSQ6131yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUr68r5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB6vONkQ==</latexit>

BI

<latexit sha1_base64="uafH3RyuBsfRreRRyB7CSO51K9o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI8hXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh1rvrlcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepXx5XylVa1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4FWNig==</latexit>

CI

<latexit sha1_base64="Yqae3qVvHdZfD/PM12yNTRcguwY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI/BXPQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtZnfekKleSwfzThBP6IDyUPOqLHSQ6131yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUr68r5SqN1kceTiBUzgHD66gCrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB4duNiw==</latexit>

Classical information

It can be written
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Quantum memory

Everything else!

A B
⇢

C
T2T1

A B⇢ CT2T1 A B⇢ C
T2T1

Not Markovian Not with classical memory
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Detecting Detecting

Observation: Separable states

Detecting quantum memory

classical memory

WABC
Cl =

X

j

⇢AI

j ⌦ TAOBI

j ⌦NBOCI

j ⌦ 1CO

<latexit sha1_base64="Dn3E9mKEIObQ3Q3R5kICbvlggmg="></latexit>

Process with 
quantum memory Entangled state

Our main result: 
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Detecting entanglement

Characterise the set through 
separability criteria

1  way

Witness

<latexit sha1_base64="MA9It3X15ccMeWJtW+fAN5pqP8g=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUQUXRbduKxgH9CGMJlO2qGTTJi5EUOIv+LGhSJu/RB3/o3TNgttPTBwOOce7p0TJIJrcJxva2V1bX1js7JV3d7Z3du3Dw47WqaKsjaVQqpeQDQTPGZt4CBYL1GMRIFg3WByM/W7D0xpLuN7yBLmRWQU85BTAkby7dpAjaWfD4A9QprkLIai8O2603BmwMvELUkdlWj59tdgKGkamTQVROu+6yTg5UQBp4IV1UGqWULohIxY39CYREx7+ez4Ap8YZYhDqcyLAc/U34mcRFpnUWAmIwJjvehNxf+8fgrhlZfzOEmBxXS+KEwFBomnTeAhV4yCyAwhVHFzK6ZjoggF01fVlOAufnmZdM4a7kXDuTuvN6/LOiroCB2jU+SiS9REt6iF2oiiDD2jV/RmPVkv1rv1MR9dscpMDf2B9fkDDpmVrg==</latexit>⇢ent

<latexit sha1_base64="zHVmbIfnT5uPq4KY7Lnv4BQuX0I=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6KTOi6MJF0Y3LCn1hZyiZNG1DM5khuSOWYT7Ajb/ixoUibv0Ad/6NaTuCth4IHM45N8k9fiS4Btv+shYWl5ZXVnNr+fWNza3tws5uQ4exoqxOQxGqlk80E1yyOnAQrBUpRgJfsKY/vBr7zTumNA9lDUYR8wLSl7zHKQEjdQpFF9g9xFFSU2np1lWDsJP8SExCmh5d2CZll+0J8DxxMlJEGaqdwqfbDWkcmAuoIFq3HTsCLyEKOBUszbuxZhGhQ9JnbUMlCZj2kskyKT40Shf3QmWOBDxRf08kJNB6FPgmGRAY6FlvLP7ntWPonXsJl1EMTNLpQ71YYAjxuBnc5YpRECNDCFXc/BXTAVGEgukvb0pwZleeJ43jsnNatm9OipXLrI4c2kcHqIQcdIYq6BpVUR1R9ICe0At6tR6tZ+vNep9GF6xsZg/9gfXxDfD3nCk=</latexit>

Tr(Z⇢ent) < 0

<latexit sha1_base64="hPHurjTcejuOU4GEA0R6cRQrgjw=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJFPVY9OJFqGA/oA1hs920SzebuLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7ZXtvv6XiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQ99duPVCoWi3s9TqgX4YFgISNYG8m3y20/e6giEYvTWyxHE9+uOFVnBrRM3JxUIEfDt796/ZikERWacKxU13US7WVYakY4nZR6qaIJJiM8oF1DBY6o8rLZ4RN0bJQ+CmNpSmg0U39PZDhSahwFpjPCeqgWvan4n9dNdXjpZUwkqaaCzBeFKUc6RtMUUJ9JSjQfG4KJZOZWRIZYYqJNViUTgrv48jJpnVXd82rtrlapX+VxFOEQjuAEXLiAOtxAA5pAIIVneIU368l6sd6tj3lrwcpnDuAPrM8fE0OSug==</latexit>

Wq.non�Mark

<latexit sha1_base64="+JXalCP38aP43imhUaVTFy4XJMk=">AAACCHicbVA9SwNBEN2LXzF+nVpauBiEWBjuJKiFRdDGRoiQL0xC2NtskiV7e+funBiOlDb+FRsLRWz9CXb+GzfJFRp9MPB4b4aZeV4ouAbH+bJSc/MLi0vp5czK6tr6hr25VdVBpCir0EAEqu4RzQSXrAIcBKuHihHfE6zmDS7Gfu2OKc0DWYZhyFo+6Une5ZSAkdr2bhPYPURhXFaj3E2tHd/msQzk4RVRg9HBmdO2s07emQD/JW5CsihBqW1/NjsBjXwmgQqidcN1QmjFRAGngo0yzUizkNAB6bGGoZL4TLfiySMjvG+UDu4GypQEPFF/TsTE13roe6bTJ9DXs95Y/M9rRNA9bcVchhEwSaeLupHAEOBxKrjDFaMghoYQqri5FdM+UYSCyS5jQnBnX/5Lqkd59zhfuC5ki+dJHGm0g/ZQDrnoBBXRJSqhCqLoAT2hF/RqPVrP1pv1Pm1NWcnMNvoF6+Mb15aZNQ==</latexit>

Tr(ZWq.non�Mark) < 0

Witness Z
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A process: Φ+ and Ising model

WAIAOBI (J, h, t) = TrEO
[[U(J, h, t)]]

� = 1/
p
2(|00i+ |11i) U(J, h, t) = e�iH(J,h)t H = �JXX � h(ZI + IZ)

AI
BIAO

BO

EI
EO
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Estimate Markovianity

WAIAOBI (J, h)

t = 1

Open systems with process matrices Markovian and non-Markovian processes Detecting quantum non-Markovian processes Results



Witness quantum memory

WAIAOBI (J, h)

t = 1

PPT
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A photonics experiment

⇢
<latexit sha1_base64="TXEszO8kKfs9HBXB/VFWBVGR+Oo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Hter1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDfGAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPZPY2G</latexit>

U1
<latexit sha1_base64="nM8ehSyaueo9F3MmNAoJgptlRNo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmlpoQ9lst+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGfdZLGPdDqnhUijuo0DJ24nmNAolfwzHNzP/8YlrI2L1gJOEBxEdKjEQjKKV7v1erVeuuFV3DrJKvJxUIEezV/7q9mOWRlwhk9SYjucmGGRUo2CST0vd1PCEsjEd8o6likbcBNn81Ck5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VSHFwFmVBJilyxxaJBKgnGZPY36QvNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0mrVvUuqvW7eqVxncdRhBM4hXPw4BIacAtN8IHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/awY2H</latexit>

U2

Data

AI
<latexit sha1_base64="S23R3HHPnRnvEDAyjbH06oSAK4A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Htpr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDfGAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QM4yI3F</latexit>

Up
<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M

Correlations
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New results!
Full multi-time process tomography

With superconducting qubits

Open systems with process matrices Markovian and non-Markovian processes Detecting quantum non-Markovian processes Results

UQ: 5-qubit chip IBM: ibm_perth 
7-qubit chip

Measure of 
non-Markovian noise 0.633    0.006 0.0843     0.006

Measure of quantum 
non-Markovian noise -0.055    0.003 -0.0094     0.003±

±

±

±



Outlook

Detecting quantum memory in more quantum devices 

Tune parameters to eliminate it



Summary

⇢
<latexit sha1_base64="TXEszO8kKfs9HBXB/VFWBVGR+Oo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Hter1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDfGAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPZPY2G</latexit>

U1
<latexit sha1_base64="nM8ehSyaueo9F3MmNAoJgptlRNo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmlpoQ9lst+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGfdZLGPdDqnhUijuo0DJ24nmNAolfwzHNzP/8YlrI2L1gJOEBxEdKjEQjKKV7v1erVeuuFV3DrJKvJxUIEezV/7q9mOWRlwhk9SYjucmGGRUo2CST0vd1PCEsjEd8o6likbcBNn81Ck5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VSHFwFmVBJilyxxaJBKgnGZPY36QvNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0mrVvUuqvW7eqVxncdRhBM4hXPw4BIacAtN8IHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/awY2H</latexit>

U2

Data

AI
<latexit sha1_base64="S23R3HHPnRnvEDAyjbH06oSAK4A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SjGacYxHQgecQZNVZ68Htpr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDfGAwgGd4hTdHOC/Ou/OxaC04+cwx/IHz+QM4yI3F</latexit>

Up
<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M

Correlations

<latexit sha1_base64="BR64zcdvDa5JU7iTykl840H7TGA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwbqjaA=</latexit>

t1
<latexit sha1_base64="DI/SJuS6dPItz1dbeYS2/ELYpJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwhujaE=</latexit>

t2
<latexit sha1_base64="hoJTkjWKVB4NpncHkyj7wo2LWSE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD9g775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+y6t5fVGo3eRxFOIJjOAUPrqAGd1CHBjAYwDO8wpsjnRfn3fmYtxacfOYQ/sD5/AEJ8o2i</latexit>

t3
<latexit sha1_base64="gkR0F2O6peUUsxNDRp/B7hv/wX8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+y7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwVmjZ8=</latexit>

t0

⇢
<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="pB+DyfpWLgngqla9XoYBBCKnhHQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r9AXtUDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vp7C2vrG5Vdwu7ezu7R+UD49aWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28H4PvPbE6o0k6JhpjH1IzwULGQEGyv5vQibEcE8bcz6l/1yxa26c6BV4uWkAjnq/fJXbyBJElFhCMdadz03Nn6KlWGE01mpl2gaYzLGQ9q1VOCIaj+dh56hM6sMUCiVfcKgufp7I8WR1tMosJNZSL3sZeJ/Xjcx4a2fMhEnhgqyOBQmHBmJsgbQgClKDJ9agoliNisiI6wwMbanki3BW/7yKmldVL3rqvt4Vand5XUU4QRO4Rw8uIEaPEAdmkDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+/K5IU</latexit>

T3
<latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2

environment

<latexit sha1_base64="YBIPxEc0bsV+NoG0eajS2+6jIxg=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjcTEE9k1Gj0SvXjEBJAENqRbHtDQ7a5tl4Rs+B1ePGiMV3+MN/+NXdiDgpM0mcy8lzedIBZcG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEMWyySESqHVCNgktsGm4EtmOFNAwEPgbju8x/nKDSPJINM43RD+lQ8gFn1FjJ74bUjBgVaWPW83rlilt15yCrxMtJBXLUe+Wvbj9iSYjSMEG17nhubPyUKsOZwFmpm2iMKRvTIXYslTRE7afz0DNyZpU+GUTKPmnIXP29kdJQ62kY2MkspF72MvE/r5OYwY2fchknBiVbHBokgpiIZA2QPlfIjJhaQpniNithI6ooM7anki3BW/7yKmldVL2rqvtwWand5nUU4QRO4Rw8uIYa3EMdmsDgCZ7hFd6cifPivDsfi9GCk+8cwx84nz+8I5IS</latexit>

T1 <latexit sha1_base64="Ker10rXwjmGA7CFTFFqh7PV4fWw=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuiG5cV+oJ2KJk004ZmMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvVNjY3NreKe6W9vYPDo/KxydtHSWKshaNRKS6PtFMcMlahhvBurFiJPQF6/iT+8zvTJnSPJJNM4uZF5KR5AGnxFjJ64fEjCkRaXM+qA3KFafqLIDXiZuTCuRoDMpf/WFEk5BJQwXRuuc6sfFSogyngs1L/USzmNAJGbGepZKETHvpIvQcX1hliINI2ScNXqi/N1ISaj0LfTuZhdSrXib+5/USE9x6KZdxYpiky0NBIrCJcNYAHnLFqBEzSwhV3GbFdEwUocb2VLIluKtfXiftWtW9rjqPV5X6XV5HEc7gHC7BhRuowwM0oAUUnuAZXuENTdELekcfy9ECyndO4Q/Q5w+9p5IT</latexit>

T2
<latexit sha1_base64="nHXnahAZsP25NFOjM52AbbV/Jws=">AAACF3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE0WXRjcsKfUEbwmQyaYdOJmFmIpYQ8Df8Abf6B+7ErUt/wO9wkmZhWw8MHM65d+7heDGjUlnWt1FZWV1b36hu1ra2d3b3zP2DrowSgUkHRywSfQ9JwignHUUVI/1YEBR6jPS8yW3u9x6IkDTibTWNiROiEacBxUhpyTWPhsUfqSB+lg5DpMYYsbSduXbmmnWrYRWAy8QuSR2UaLnmz9CPcBISrjBDUg5sK1ZOioSimJGsNkwkiRGeoBEZaMpRSKSTFvczeKoVHwaR0I8rWKh/N1IUSjkNPT2Zp5SLXi7+5w0SFVw7KeVxogjHs0NBwqCKYF4I9KkgWLGpJggLqrNCPEYCYaVrm7vyOIta08XYizUsk+55w75sWPcX9eZNWVEVHIMTcAZscAWa4A60QAdg8ARewCt4M56Nd+PD+JyNVoxy5xDMwfj6BQdkoPE=</latexit>

T1
⇢

<latexit sha1_base64="OGNGNzKb9g/KHKICLX12iOoyNQA=">AAACDnicbVBLTsMwFHT4lvJLYcnGokJiVSUIBMsKNiyLRD9SE1WO47RWHTuyHaCKcgcuwBZuwA6x5QpcgHPgplnQlpEsjWbe8zxNkDCqtON8Wyura+sbm5Wt6vbO7t6+XTvoKJFKTNpYMCF7AVKEUU7ammpGeokkKA4Y6Qbjm6nffSBSUcHv9SQhfoyGnEYUI22kgV3zij8yScI88+RI5AO77jScAnCZuCWpgxKtgf3jhQKnMeEaM6RU33US7WdIaooZyateqkiC8BgNSd9QjmKi/KyIzeGJUUIYCWke17BQ/25kKFZqEgdmMkZ6pBa9qfif1091dOVnlCepJhzPgqKUQS3gtAcYUkmwZhNDEJbU3ArxCEmEtWlrLuVpdmrVFOMu1rBMOmcN96Lh3J3Xm9dlRRVwBI7BKXDBJWiCW9ACbYDBI3gBr+DNerberQ/rcza6YpU7h2AO1tcv8wqdKg==</latexit>⇢
<latexit sha1_base64="OGNGNzKb9g/KHKICLX12iOoyNQA=">AAACDnicbVBLTsMwFHT4lvJLYcnGokJiVSUIBMsKNiyLRD9SE1WO47RWHTuyHaCKcgcuwBZuwA6x5QpcgHPgplnQlpEsjWbe8zxNkDCqtON8Wyura+sbm5Wt6vbO7t6+XTvoKJFKTNpYMCF7AVKEUU7ammpGeokkKA4Y6Qbjm6nffSBSUcHv9SQhfoyGnEYUI22kgV3zij8yScI88+RI5AO77jScAnCZuCWpgxKtgf3jhQKnMeEaM6RU33US7WdIaooZyateqkiC8BgNSd9QjmKi/KyIzeGJUUIYCWke17BQ/25kKFZqEgdmMkZ6pBa9qfif1091dOVnlCepJhzPgqKUQS3gtAcYUkmwZhNDEJbU3ArxCEmEtWlrLuVpdmrVFOMu1rBMOmcN96Lh3J3Xm9dlRRVwBI7BKXDBJWiCW9ACbYDBI3gBr+DNerberQ/rcza6YpU7h2AO1tcv8wqdKg==</latexit>⇢

A B
⇢

CT2T1

AI
BIAO

BO

EI
EO

UQ: 5-qubit chip IBM: ibm_perth 
7-qubit chip

Measure of 
non-Markovian noise 0.633    0.006 (562) 0.0843     0.006 (591)

Measure of quantum 
non-Markovian noise -0.055     0.003 (259) -0.0094     0.003 (257)±

±

±

±



The End



Results - Markovianity

WAIAOBI (J, h)

t = 1



Definition of  classical memory



Finding a witness

variable Z

subject to Tr Z = 1

minimize Tr(Z⇢)

PPT-1

⇢TA < 0 � �TA =�
i

✏iEi

Tr(�Ej��Ej �⇢TA) = ✏j < 0
✏j < 0∃j

Tr(�Ej��Ej �TA⇢) < 0⇒
Witness !

⇢AB
sep ) ⇢TA > 0

<latexit sha1_base64="d6ltXOBmlcWgnYkH/I8uoOAs3Eg=">AAACEnicbVC7TsMwFHXKq5RXgZHFokKCpUpQEUyoLQtjQX1JTYgc12msOnFkO6Aqyjew8CssDCDEysTG3+A+Bmg50pWOzrlX997jxYxKZZrfRm5peWV1Lb9e2Njc2t4p7u61JU8EJi3MGRddD0nCaERaiipGurEgKPQY6XjDq7HfuSdCUh411SgmTogGEfUpRkpLbvHEFgG/S2v1zE0liTNo39JBoJAQ/AFOvaZby+Cl6RZLZtmcAC4Sa0ZKYIaGW/yy+xwnIYkUZkjKnmXGykmRUBQzkhXsRC9EeIgGpKdphEIinXTyUgaPtNKHPhe6IgUn6u+JFIVSjkJPd4ZIBXLeG4v/eb1E+RdOSqM4USTC00V+wqDicJwP7FNBsGIjTRAWVN8KcYAEwkqnWNAhWPMvL5L2admqlM9uKqVqfRZHHhyAQ3AMLHAOquAaNEALYPAInsEreDOejBfj3fiYtuaM2cw++APj8wcFl52s</latexit>

Method 1

Method 2

SemiDefinite Program
Output: 

If  optimal value < 0  <0
Witness !



What to do with a witness

Tr(Z⇢) < 0Operator Z, such that 

state
We don’t know the state. 

We don’t want to do tomography. 

We want to know if  it is entangled. 

We make a guess ρ΄ for ρ. 

Find a witness for ρ΄(some operator). 

Apply operator, get negative exp. value,  

=>Detect entanglement in ρ.

process 
process tomography 
has quantum memory 

W΄ for W
W΄ (operations in the process)

quantum memory in W  

process matrix

! ! !
A B

⇢
C

T
<latexit sha1_base64="tX45EKH/4wG+uxUzetZ0VxNJ3cU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V+gVtKJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3U6TMqs+ZsUK64VXcBsk68nFQgR2NQ/uoPY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz42eLcGbmwypCEsbalkCzU3xMZjYyZRoHtjCiOzao3F//zeimGt34mVJIiV2y5KEwlwZjMfydDoTlDObWEMi3srYSNqaYMbUIlG4K3+vI6adeq3lW19nhdqd/lcRThDM7hEjy4gTo8QANawGACz/AKb07ivDjvzseyteDkM6fwB87nD2bxj5w=</latexit>

N
<latexit sha1_base64="50FpJ2bNJfqVrySfVBZSMv1kbLk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwX5AG8pku2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWj2aSMD/CoeQhp2is1O5RFNn9tF+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1OBlwxasTEEqSK21sJHaFCamxCJRuCt/zyKmnVqt5FtfZwWanf5HEU4QRO4Rw8uII63EEDmkBhDM/wCm9O4rw4787HorXg5DPH8AfO5w9d04+W</latexit>


