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Zlatko Minev, IBM Quantum (3)

What do you need to 

know before putting 

theory to practice on a 

real, noisy quantum 

processor?



Zlatko Minev, IBM Quantum (4)

Chapter 1: Hello World with a real experiment!

image: qiskit
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Zlatko Minev, IBM Quantum (5)

Hello World!  building blocks

image: qiskit

A qubit
Computational 

basis states<latexit sha1_base64="ug1GfqqR7gG80J3KTIkzfFZxyMs=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvb </latexit>

|0i

<latexit sha1_base64="0Dg1d8zbFG8+LiAe+WBJ+IyLEhA=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvbRg00402mIqV329TwSEjetMJGfDfRnMbtiO+0++sO3zng2ggl39thwlsx7UrREYxaDG0HfW6hvr+47Nf83GDaqY+c5Vc/f3+5+2Prz+b+0pwMQsUGMZeWRdSYvbqf2FZKtRUs4pkXDAxPKOvTLt9DV9KYm1aa082gjJEQOkrjKy3k0dMVKY2NGcZtzIyp7ZlJzAXPxJLe </latexit>

|1i



Zlatko Minev, IBM Quantum (6)

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

Hello World!  building blocks

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

A qubit
Computational 

basis states<latexit sha1_base64="ug1GfqqR7gG80J3KTIkzfFZxyMs=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvb </latexit>

|0i

<latexit sha1_base64="0Dg1d8zbFG8+LiAe+WBJ+IyLEhA=">AAAFinicnVTNbhMxEHZLA2Up0MIRCY2oIhUpiTYRf+W3UjlwKbQSaSu6UeV4ncRk115spyVd7ZE7V3gSrjwGzwAPwXg3apukSC2j3dVovhn7m8+zbieRMNb3f83MXporXb4yf9W7tnD9xs3FpVvbRg00402mIqV329TwSEjetMJGfDfRnMbtiO+0++sO3zng2ggl39thwlsx7UrREYxaDG0HfW6hvr+47Nf83GDaqY+c5Vc/f3+5+2Prz+b+0pwMQsUGMZeWRdSYvbqf2FZKtRUs4pkXDAxPKOvTLt9DV9KYm1aa082gjJEQOkrjKy3k0dMVKY2NGcZtzIyp7ZlJzAXPxJLe </latexit>

|1i

Operations: qubit gate

X

<latexit sha1_base64="LucYQ4Cc5JxRNN7KIsv72OOWeeo="></latexit>

Measurements: qubit observable

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>



Zlatko Minev, IBM Quantum (7)

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

Hello World! Even-odd algo: qubit flipper

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>



Zlatko Minev, IBM Quantum (8)

Hello World! qubit flipper quantum circuits

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>



Zlatko Minev, IBM Quantum (9)

Hello World!  “debugger” step through

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>

h1|Z|1i = �1

<latexit sha1_base64="2x6qD8/8U7VNirzOh2JtabHsanI=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCF8OMKEpACHjQYwSzYDIMPZ1O0qRnobsnMAzzDXr3qr/gTbz6C/6Bn2FnOZjEBwWP96qoqudFnEllWd9GbmV1bX0jv1nY2t7ZLZp7+w0ZxoLQOgl5KFoelpSzgNYVU5y2IkGx73Ha9IY3Y785okKyMHhQSUQdH/cD1mMEKy25ZrFDR+ljltoZukanNnLNklW2JkDLxJ6RUjXnPt1a1UrNNX863ZDEPg0U4VjKtm1FykmxUIxwmhU6saQRJkPcp21NA+xT6aSTwzN0rJUu6oVCV6DQRP07kWJfysT3dKeP1UAuemPxXy8aJJIRmaH5/ap35aQsiGJFAzJd34s5UiEaZ4O6TFCieKIJJoLpDxAZYIGJ0gkWdDT2YhDLpHFWts/LF/c6owpMkYdDOIITsOESqnAHNagDgRhe4BXejGfj3fgwPqetOWM2cwBzML5+AdvrnSk=</latexit>

Measurement

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>



Zlatko Minev, IBM Quantum (10)

Hello World!  “debugger” step through

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>

h1|Z|1i = �1

<latexit sha1_base64="2x6qD8/8U7VNirzOh2JtabHsanI=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCF8OMKEpACHjQYwSzYDIMPZ1O0qRnobsnMAzzDXr3qr/gTbz6C/6Bn2FnOZjEBwWP96qoqudFnEllWd9GbmV1bX0jv1nY2t7ZLZp7+w0ZxoLQOgl5KFoelpSzgNYVU5y2IkGx73Ha9IY3Y785okKyMHhQSUQdH/cD1mMEKy25ZrFDR+ljltoZukanNnLNklW2JkDLxJ6RUjXnPt1a1UrNNX863ZDEPg0U4VjKtm1FykmxUIxwmhU6saQRJkPcp21NA+xT6aSTwzN0rJUu6oVCV6DQRP07kWJfysT3dKeP1UAuemPxXy8aJJIRmaH5/ap35aQsiGJFAzJd34s5UiEaZ4O6TFCieKIJJoLpDxAZYIGJ0gkWdDT2YhDLpHFWts/LF/c6owpMkYdDOIITsOESqnAHNagDgRhe4BXejGfj3fgwPqetOWM2cwBzML5+AdvrnSk=</latexit>

Measurement

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>



Zlatko Minev, IBM Quantum (11)

Hello World!  “debugger” step through

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

refresher: 

<latexit sha1_base64="MRcrqH3A7eK9/ryc94G/TW1AIc0="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

X X X

<latexit sha1_base64="yN/HS6c7AGtlfEquhLlsaIJtRRo="></latexit>

depth

<latexit sha1_base64="Cx7awyPffu1RJXkpJ3VPzhvxXTs=">AAACL3icbZDNSsNAFIUn9a/Wv1bduRksgquSFEVxVXDjsoJpC20ok+m0HTqZxJkbIYY+g1t9DJ9G3Ihb38JpG9S2Xhj4OOdeOHP8SHANtv1u5VZW19Y38puFre2d3b1iab+hw1hR5tJQhKrlE80El8wFDoK1IsVI4AvW9EfXE7/5wJTmobyDJGJeQAaS9zklYCS3xyIYdotlu2JPBy+Dk0EZZVPvlqzDTi+kccAkUEG0bjt2BF5KFHAq2LjQiTWLCB2RAWsblCRg2kunacf4xCg93A+VeRLwVP17kZJA6yTwzWZAYKgXvYn4rxcNE82pHuM5FfjocZZoQoL7iqgkvY+J/HV+skL/0ku5jGJgks6i9mOBIcST8nCPK0ZBJAYIVdz8FtMhUYSCqbhgenQWW1uGRrXinFXOb6vl2lXWaB4doWN0ihx0gWroBtWRiyji6Ak9oxfr1XqzPqzP2WrOym4O0NxYX9+A0Kn+</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|1i

<latexit sha1_base64="YT+fBhRpaWNXKdRMqQ6uJ2ucuT8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnO3LxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4Bgfqcdw==</latexit>

.

.

.

<latexit sha1_base64="VIUpIkgMIQo4B7t1rLLoOd/231k="></latexit>

Z |0i = +1 |0i

Z |1i = �1 |1i

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>

h1|Z|1i = �1

<latexit sha1_base64="2x6qD8/8U7VNirzOh2JtabHsanI=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCF8OMKEpACHjQYwSzYDIMPZ1O0qRnobsnMAzzDXr3qr/gTbz6C/6Bn2FnOZjEBwWP96qoqudFnEllWd9GbmV1bX0jv1nY2t7ZLZp7+w0ZxoLQOgl5KFoelpSzgNYVU5y2IkGx73Ha9IY3Y785okKyMHhQSUQdH/cD1mMEKy25ZrFDR+ljltoZukanNnLNklW2JkDLxJ6RUjXnPt1a1UrNNX863ZDEPg0U4VjKtm1FykmxUIxwmhU6saQRJkPcp21NA+xT6aSTwzN0rJUu6oVCV6DQRP07kWJfysT3dKeP1UAuemPxXy8aJJIRmaH5/ap35aQsiGJFAzJd34s5UiEaZ4O6TFCieKIJJoLpDxAZYIGJ0gkWdDT2YhDLpHFWts/LF/c6owpMkYdDOIITsOESqnAHNagDgRhe4BXejGfj3fgwPqetOWM2cwBzML5+AdvrnSk=</latexit>

Measurement

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

Z

<latexit sha1_base64="dRNGnCUcxspV6w59Y0hs4pLj17o=">AAACNnicbVDLSsNAFJ34rPEVdelmsCiCWBKpVASh4MZlBfvAJpTJdNIOnTyYmQgh9FP8D/du9QPcuBNd+glO2lhs64EL555zL5d73IhRIU3zTVtYXFpeWS2s6esbm1vbxs5uQ4Qxx6SOQxbylosEYTQgdUklI62IE+S7jDTdwXXmNx8IFzQM7mQSEcdHvYB6FCOppI5R0e+hPSAyNYfwCF7BE2vS2vavZ429U2vS6h2jaJbMEeA8sXJSBDlqHePL7oY49kkgMUNCtC0zkk6KuKSYkaFux4JECA9Qj7QVDZBPhJOOHhzCQ6V0oRdyVYGEI/XvRop8IRLfVZM+kn0x62Xiv17UTwTFQj00dV96F05KgyiWJMDj817MoAxhliHsUk6wZIkiCHOqPoC4jzjCUiWdRWPNBjFPGmclq1w6vy0Xq5d5SAWwDw7AMbBABVTBDaiBOsDgETyDF/CqPWnv2of2OR5d0PKdPTAF7fsHxeinmw==</latexit>

h0|Z|0i = +1

<latexit sha1_base64="G2yt2uWNDVOH5lSwyfpfdZhN2hk=">AAACDnicbVDJSgNBEK2JW4xLRj16aQyCIIQZUZSAEPCgxwhmwWQYejqdpEnPQndPYBjmG/TuVX/Bm3j1F/wDP8POcjCJDwoe71VRVc+LOJPKsr6N3Mrq2vpGfrOwtb2zWzT39hsyjAWhdRLyULQ8LClnAa0rpjhtRYJi3+O06Q1vxn5zRIVkYfCgkog6Pu4HrMcIVlpyzWKHjtLHLLUydI1ObeSaJatsTYCWiT0jpWrOfbq1qpWaa/50uiGJfRoowrGUbduKlJNioRjhNCt0YkkjTIa4T9uaBtin0kknh2foWCtd1AuFrkChifp3IsW+lInv6U4fq4Fc9Mbiv140SCQjMkPz+1XvyklZEMWKBmS6vhdzpEI0zgZ1maBE8UQTTATTHyAywAITpRMs6GjsxSCWSeOsbJ+XL+51RhWYIg+HcAQnYMMlVOEOalAHAjG8wCu8Gc/Gu/FhfE5bc8Zs5gDmYHz9AtcSnSY=</latexit>

where d is the circuit depth

hZi = (�1)d

<latexit sha1_base64="XfYGVepACYq5XvKaA2Dn7BGqTcU="></latexit>
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Hello World!  Ideal expectation results
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IdealhZi = (�1)d

<latexit sha1_base64="XfYGVepACYq5XvKaA2Dn7BGqTcU="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>
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Hello World!  Ideal expectation results
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IdealhZi = (�1)d

<latexit sha1_base64="XfYGVepACYq5XvKaA2Dn7BGqTcU="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>

Let’s run on a real device!
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Hello World!  Real expectation results

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>

Real data!?!! 

!!!
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Real & noisy quantum processors: Why study noise?

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>

Cartoon: Paul Noth

!!!
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“Quantum phenomena
do not occur in a Hilbert space, 
they occur in a laboratory.”

Asher Peres
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Real

Elements of     noise

projection

<latexit sha1_base64="Hjfqcvb2eEUywEcyshUv0m/T2sY="></latexit>

coherent

incoherent

!
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Coherent noise

coin-toss icon: Good Ware, flaticon; spam: make it move; 

road based on: freepik; Monster image by jcomp on Freepik

The road ahead

Bonus content

Coherent ZZ noise
...

Incoherent noise

Measurements in quantum

Projection noise

in
di
m
ar
t

SPAM: Sate & meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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Guideposts

Dangerous bend sign

Denotes extra information, 

with appendix-like depth or digression. 

You can skip this material on a first reading

Green box

Key result of section

Purple box

Key challenge highlighted 

Evil monster

Eve the Evil monster is here to terrorize 

the quantum world

Monster image by jcomp on Freepik; coin-toss icon: Good Ware; pen: bclogo latex

Random Sorcery

Randomness and unpredictability 

abounds

Try it yourself

Pause the video and try to work it out, 

before I share the answer

Caution

Caution or common pitfall
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Coherent

road based on: freepik

Chapter 2: Coherent noise
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Return to the Hello World example

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>

Try it yourself

Show that 

for |1>:

<latexit sha1_base64="7PoUtrHBFWLv/BQzueBe1MsgNAA="></latexit>

D

Ẑ

E

= −1

D

X̂

E

= 0

D

Ŷ

E

= 0

Show that 

for |0>:

<latexit sha1_base64="O5w1V1O0tn6pkiePDF+AmEjRpkk="></latexit>

D

Ẑ

E

= 1

D

X̂

E

= 0

D

Ŷ

E

= 0



Zlatko Minev, IBM Quantum (22)

Bloch sphere cardinal points

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>

Solution For                   , and recall from earlier lectures the spin Pauli matrices
<latexit sha1_base64="gxHUanD0wfPw/8Ycn36nbLf7WRo="></latexit>

|ψi = |0i

<latexit sha1_base64="t5ZSFsDrTcTYVl5EOUGzU+cmexs="></latexit>

D

Ẑ

E

= hψ| Ẑ |ψi

= h0| Ẑ |0i

= h0|
⇣

Ẑ |0i
⌘

(recall Ẑ |0i = (+1) |0i)

= h0| (+1 |0i)

= (+1) h0| · |0i

(recall h0| · |0i = h0|0i = 1)

= 1

<latexit sha1_base64="rcuGlkEZTbyXd0GCWUYtAfSxzDg="></latexit>

Ẑ =

✓

1 0

0 1

◆

, X̂ =

✓

0 1

1 0

◆

, Ŷ =

✓

0 −i

i 0

◆

,  and

<latexit sha1_base64="v1shgCdhHmWaUBNqMQiac9bOJvc="></latexit>

|0i =

✓

1

0

◆

,

h0| = |0i
†
=

�

1 0
�

,

<latexit sha1_base64="v1shgCdhHmWaUBNqMQiac9bOJvc="></latexit>

|1i =

✓

0

1

◆

,

h1| = |1i
†
=

�

0 1
�

,

then

and states:

<latexit sha1_base64="A8VN8fLISQWN79CmbBI/nAr8s9g="></latexit>

D

X̂

E

= hψ| X̂ |ψi

= h0| X̂ |0i

(recall X̂ |0i = |1i)

= h0|1i

= 0

<latexit sha1_base64="25Ki4rSCwf9DUkR8JcuM/uqpM9o="></latexit>

D

Ŷ

E

= hψ| Ŷ |ψi

= h0| Ŷ |0i

(recall Ŷ |0i = i |1i)

= i h0|1i

= 0

Recall that bra-ket is a dot product between the two vectors.
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(Ideal) Evolution on the Bloch sphere

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X X

<latexit sha1_base64="pPDcKD5nffK43GpLVX9ATaW9yxI="></latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

|0i

<latexit sha1_base64="WvdOhJO3jnEkBoCitoOho+lUpV8=">AAACBHicbVDLSsNAFJ3UV42vqks3g0VwVRJRFEEsuHFZwT6gDWUynbRDJpNhZiKEkK17t7rUpTtxK/6F+Ad+htPHwrYeuHA4517uvccXjCrtON9WYWFxaXmluGqvrW9sbpW2dxoqTiQmdRyzWLZ8pAijnNQ11Yy0hCQo8hlp+uHV0G/eEalozG91KogXoT6nAcVIG6nZCYnOnLxbKjsVZwQ4T9wJKV9+Pn/ZF+Kl1i39dHoxTiLCNWZIqbbrCO1lSGqKGcntTqKIQDhEfdI2lKOIKC8bnZvDA6P0YBBLU1zDkfp3IkORUmnkm84I6YGa9Ybiv54YpIpilcPp/To48zLKRaIJx+P1QcKgjuEwEdijkmDNUkMQltR8APEASYS1yc020bizQcyTxlHFPa6c3Djl6jkYowj2wD44BC44BVVwDWqgDjAIwQN4BE/WvfVqvVnv49aCNZnZBVOwPn4BgF+cdg==</latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>
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Origin of our X gate: time evolution

Refresher: 

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E=">AAACaHicbZDfahNBFMYnq7V129q0CiK9GRpaehV2xVIpigVvvKxg2kA3hLOTk2TI7Oxm5mxlXfZl1Afx0lu9EV/Bp3A2CTT988HAj++cw5zzxZmSloLgb8N78HDl0eraY399Y/PJVnN759ymuRHYEalKTTcGi0pq7JAkhd3MICSxwot48r6uX1yhsTLVn6jIsJfASMuhFEDO6jffRDGOpC6nOWiSky+VH00/8wMejYCw7FY1JkhoyopHkR+hHlz39putoB3MxO9CuIDWux/f/vhvs+9n/e3Gs2iQijxBTUKBtZdhkFGvBENSKHSf5xYzEBMY4aVDDQnaXjk7s+L7zhnwYWrc 08Rn7vJECYm1RRK7zgRobG/XavPeWjYurBS24jfcRRzOqUnJ2IAploNa3pWGr3ul1FlOqMV81WGuOKW8Tp0PpEFBqnAAwkh3LRdjMCBcstZ3OYa3U7sL5y/b4av20cegdXrC5lpju2yPHbKQHbNT9oGdsQ4T7Cv7yX6x341/XtN77r2Yt3qNxcxTdkPe3n+/JMCi</latexit>

=
~ω

2

✓

0 1

1 0

◆

<latexit sha1_base64="K3YDYVrtUvvj+iZddVj/TJM9HJ8="></latexit>

Ĥ =
~ω

2
X

<latexit sha1_base64="5EANal73UtwW48Y6Se1BfgwDxEY="></latexit>

U(t) = exp
⇣

−itĤ/~
⌘

<latexit sha1_base64="bOE7+YsehQ7A0Swqh/Bk67XA384="></latexit>

θ := ωt

<latexit sha1_base64="jV/84Gldn5nHXVkphXmDV09KDlA="></latexit>

RX(θ) = exp

✓

−

iθ

2
X

◆

<latexit sha1_base64="zls+SBlTj4N85ClsfdOe/6MazLc="></latexit>

= cos (θ/2)I − i sin (θ/2)X

<latexit sha1_base64="vXx8EfzZ+IuUt0cMyOVayEbmuYE="></latexit>

X = RX(π)

<latexit sha1_base64="6fm9Cwk07vUHfXtgJRfpTPPiUcU="></latexit>

(up to global phase)

* We will often drop hats on
Paulis I, X, Y, Z
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Minor footnote

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E=">AAACaHicbZDfahNBFMYnq7V129q0CiK9GRpaehV2xVIpigVvvKxg2kA3hLOTk2TI7Oxm5mxlXfZl1Afx0lu9EV/Bp3A2CTT988HAj++cw5zzxZmSloLgb8N78HDl0eraY399Y/PJVnN759ymuRHYEalKTTcGi0pq7JAkhd3MICSxwot48r6uX1yhsTLVn6jIsJfASMuhFEDO6jffRDGOpC6nOWiSky+VH00/8wMejYCw7FY1JkhoyopHkR+hHlz39putoB3MxO9CuIDWux/f/vhvs+9n/e3Gs2iQijxBTUKBtZdhkFGvBENSKHSf5xYzEBMY4aVDDQnaXjk7s+L7zhnwYWrc 08Rn7vJECYm1RRK7zgRobG/XavPeWjYurBS24jfcRRzOqUnJ2IAploNa3pWGr3ul1FlOqMV81WGuOKW8Tp0PpEFBqnAAwkh3LRdjMCBcstZ3OYa3U7sL5y/b4av20cegdXrC5lpju2yPHbKQHbNT9oGdsQ4T7Cv7yX6x341/XtN77r2Yt3qNxcxTdkPe3n+/JMCi</latexit>

X = RX(π)

<latexit sha1_base64="6fm9Cwk07vUHfXtgJRfpTPPiUcU="></latexit>

(up to global phase)

Minor footnote.



Zlatko Minev, IBM Quantum (26)

Visualize: Evolution on the Bloch sphere

RX(θ) = exp

✓

−

iθ

2
X

◆

<latexit sha1_base64="zls+SBlTj4N85ClsfdOe/6MazLc="></latexit>

θ

<latexit sha1_base64="E6ciARo7Bi0vJbe0oolcahle/eM=">AAACMHicbZDLSgMxFIYz3q23Vt25CRbBVZkRRRHEghuXCvYCbZEzaWpjM5kxOSOMQ9/BrW71CXwC30JdiVufwvSC9wOBj/8/B/78fiSFQdd9cUZGx8YnJqemMzOzc/ML2dxi2YSxZrzEQhnqqg+GS6F4CQVKXo00h8CXvOJ3Dnp+5ZJrI0J1gknEGwGcKdESDNBK5Tq2OcJpNu8W3P7Qv+ANIb//ePeU2Yvuj05zznK9GbI44AqZBGNqnhthIwWNgknezdRjwyNgHTjjNYsKAm4aaT9ul65ZpUlbobZPIe2r3y9SCIxJAt9uBoBt89vrif96UTsxgpku/aGi6FwNEvVICl+DTtKLGNSX85kVWzuNVKgoRq7YIGorlhRD2muPNoXmDGViAZgW9reUtUEDQ9txxvbo/W7tL5Q3Ct5mYevYzRd3yWCmyApZJevEI9ukSA7JESkRRs7JNbkht86D8+y8Om+D1RFneLNEfozz/gF0vq43</latexit>

|1i

<latexit sha1_base64="UW6UIGFwF35bU6sr98UE050KuXI=">AAACMXicbZDLSgMxFIYzXmu9terOTbAIrsqMKIogFty4rGAv0JaSSdM2TCYzJmeEcehDuNWlvoEv4FtId+LWlzC9oLb1QODj/8+BP78bCq7BtvvW3PzC4tJyaiW9ura+sZnJbpV1ECnKSjQQgaq6RDPBJSsBB8GqoWLEdwWruN7lwK/cMaV5IG8gDlnDJx3J25wSMFKl7jFInF4zk7Pz9nDwLDhjyF28Pb+nz8OXYjNr7dRbAY18JoEKonXNsUNoJEQBp4L10vVIs5BQj3RYzaAkPtONZJi3h/eN0sLtQJknAQ/VvxcJ8bWOfdds+gS6etobiP96YTfWnOoenlCBe/ejRAMS3FVExcltROSv85MV2qeNhMswAibpKGo7EhgCPKgPt7hiFERsgFDFzW8x7RJFKJiS06ZHZ7q1WSgf5p2j/PG1nSucodGk0C7aQwfIQSeogK5QEZUQRR56QI/oyXq1+taH9TlanbPGN9toYqyvbzbjrpg=</latexit>



Zlatko Minev, IBM Quantum (27)

Visualize: Evolution on the Bloch sphere

RX(θ) = exp

✓

−

iθ

2
X

◆

<latexit sha1_base64="zls+SBlTj4N85ClsfdOe/6MazLc="></latexit>

|1i

<latexit sha1_base64="UW6UIGFwF35bU6sr98UE050KuXI=">AAACMXicbZDLSgMxFIYzXmu9terOTbAIrsqMKIogFty4rGAv0JaSSdM2TCYzJmeEcehDuNWlvoEv4FtId+LWlzC9oLb1QODj/8+BP78bCq7BtvvW3PzC4tJyaiW9ura+sZnJbpV1ECnKSjQQgaq6RDPBJSsBB8GqoWLEdwWruN7lwK/cMaV5IG8gDlnDJx3J25wSMFKl7jFInF4zk7Pz9nDwLDhjyF28Pb+nz8OXYjNr7dRbAY18JoEKonXNsUNoJEQBp4L10vVIs5BQj3RYzaAkPtONZJi3h/eN0sLtQJknAQ/VvxcJ8bWOfdds+gS6etobiP96YTfWnOoenlCBe/ejRAMS3FVExcltROSv85MV2qeNhMswAibpKGo7EhgCPKgPt7hiFERsgFDFzW8x7RJFKJiS06ZHZ7q1WSgf5p2j/PG1nSucodGk0C7aQwfIQSeogK5QEZUQRR56QI/oyXq1+taH9TlanbPGN9toYqyvbzbjrpg=</latexit>

X |0i = |1i

X |1i = |0i

<latexit sha1_base64="BQ0jxZ61Pcu1pdzPzktPJPljNSI=">AAACLnicbVDNSsNAGNz4W+Nf1KOXxaJ4qolUFEEoePFYwbaBJpTNdtsu3WzC7kYIIY/he3j3qq8geBCvfQy3bSi2dWBhdmY+Pr4JYkalsu0vY2V1bX1js7Rlbu/s7u1bB4dNGSUCkwaOWCTcAEnCKCcNRRUjbiwICgNGWsHwfuy3nomQNOJPKo2JH6I+pz2KkdJSx7pwoTckKrNzeAbvptzJoeeZ7uwzM3SoY5Xtij0BXCZOQcqgQL1jjbxuhJOQcIUZkrLt2LHyMyQUxYzkppdIEiM8RH3S1pSjkEg/mxyWw1OtdGEvEvpxBSfq34kMhVKmYaCTIVIDueiNxX+9eJBKimUO5/er3o2fUR4ninA8Xd9LGFQRHHcHu1QQrFiqCcKC6gsgHiCBsNINm7oaZ7GIZdK8rDjVytVjtVy7LUoqgWNwAs6BA65BDTyAOmgADF7AG3gHH8ar8Wl8Gz/T6IpRzByBORijX4tGpjk=</latexit>

θ

<latexit sha1_base64="E6ciARo7Bi0vJbe0oolcahle/eM=">AAACMHicbZDLSgMxFIYz3q23Vt25CRbBVZkRRRHEghuXCvYCbZEzaWpjM5kxOSOMQ9/BrW71CXwC30JdiVufwvSC9wOBj/8/B/78fiSFQdd9cUZGx8YnJqemMzOzc/ML2dxi2YSxZrzEQhnqqg+GS6F4CQVKXo00h8CXvOJ3Dnp+5ZJrI0J1gknEGwGcKdESDNBK5Tq2OcJpNu8W3P7Qv+ANIb//ePeU2Yvuj05zznK9GbI44AqZBGNqnhthIwWNgknezdRjwyNgHTjjNYsKAm4aaT9ul65ZpUlbobZPIe2r3y9SCIxJAt9uBoBt89vrif96UTsxgpku/aGi6FwNEvVICl+DTtKLGNSX85kVWzuNVKgoRq7YIGorlhRD2muPNoXmDGViAZgW9reUtUEDQ9txxvbo/W7tL5Q3Ct5mYevYzRd3yWCmyApZJevEI9ukSA7JESkRRs7JNbkht86D8+y8Om+D1RFneLNEfozz/gF0vq43</latexit>



Zlatko Minev, IBM Quantum (28)

Miscalibrated gate
Ideal gate

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X = RX(π)

<latexit sha1_base64="6fm9Cwk07vUHfXtgJRfpTPPiUcU="></latexit>

Noisy gate

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E=">AAACaHicbZDfahNBFMYnq7V129q0CiK9GRpaehV2xVIpigVvvKxg2kA3hLOTk2TI7Oxm5mxlXfZl1Afx0lu9EV/Bp3A2CTT988HAj++cw5zzxZmSloLgb8N78HDl0eraY399Y/PJVnN759ymuRHYEalKTTcGi0pq7JAkhd3MICSxwot48r6uX1yhsTLVn6jIsJfASMuhFEDO6jffRDGOpC6nOWiSky+VH00/8wMejYCw7FY1JkhoyopHkR+hHlz39putoB3MxO9CuIDWux/f/vhvs+9n/e3Gs2iQijxBTUKBtZdhkFGvBENSKHSf5xYzEBMY4aVDDQnaXjk7s+L7zhnwYWrc 08Rn7vJECYm1RRK7zgRobG/XavPeWjYurBS24jfcRRzOqUnJ2IAploNa3pWGr3ul1FlOqMV81WGuOKW8Tp0PpEFBqnAAwkh3LRdjMCBcstZ3OYa3U7sL5y/b4av20cegdXrC5lpju2yPHbKQHbNT9oGdsQ4T7Cv7yX6x341/XtN77r2Yt3qNxcxTdkPe3n+/JMCi</latexit>

X̃

<latexit sha1_base64="fX2902HajgR+4X4MwKdGn2Pc5HI=">AAACM3icbZDNSgMxFIUz/tb616o7N8EiuCozUlFcFdy4rGB/pB1KJk3b0ExmTO4I49CncKuP4cOIO3HrO5hpB7WtFwIf59wLJ8cLBddg22/W0vLK6tp6biO/ubW9s1so7jV0ECnK6jQQgWp5RDPBJasDB8FaoWLE9wRreqOr1G8+MKV5IG8hDpnrk4HkfU4JGOmuA1z0WNIadwslu2xPBi+Ck0EJZVPrFq2DTi+gkc8kUEG0bjt2CG5CFHAq2DjfiTQLCR2RAWsblMRn2k0micf42Cg93A+UeRLwRP17kRBf69j3zKZPYKjnvVT81wuHseZUj/GMCnz0OE2UkuCeIipO7iMi f52frNC/cBMuwwiYpNOo/UhgCHBaIO5xxSiI2AChipvfYjokilAwNedNj858a4vQOC07lfLZTaVUvcwazaFDdIROkIPOURVdoxqqI4p89ISe0Yv1ar1bH9bndHXJym720cxYX98Ua6vR</latexit>

X̃ := RX (⇡ + ✏)

<latexit sha1_base64="aIbxT6z3MfCJFmVCNQ1FFztSExo="></latexit>

Monster image by jcomp on Freepik

<latexit sha1_base64="SvDoAugJi6FALtG8LquCascfXFc="></latexit>

⇡

✏

Y

Z



Zlatko Minev, IBM Quantum (29)

Miscalibrated gate
Ideal gate

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E="></latexit>

X = RX(π)

<latexit sha1_base64="6fm9Cwk07vUHfXtgJRfpTPPiUcU="></latexit>

Noisy gate

RX(θ) = exp

✓

−

iθ

2
X

◆

<latexit sha1_base64="zls+SBlTj4N85ClsfdOe/6MazLc="></latexit>

= cos (θ/2)I − i sin (θ/2)X

<latexit sha1_base64="vXx8EfzZ+IuUt0cMyOVayEbmuYE="></latexit>

X

<latexit sha1_base64="gU3LOLfiEvKlt8g/yD4KmEAs17E=">AAACaHicbZDfahNBFMYnq7V129q0CiK9GRpaehV2xVIpigVvvKxg2kA3hLOTk2TI7Oxm5mxlXfZl1Afx0lu9EV/Bp3A2CTT988HAj++cw5zzxZmSloLgb8N78HDl0eraY399Y/PJVnN759ymuRHYEalKTTcGi0pq7JAkhd3MICSxwot48r6uX1yhsTLVn6jIsJfASMuhFEDO6jffRDGOpC6nOWiSky+VH00/8wMejYCw7FY1JkhoyopHkR+hHlz39putoB3MxO9CuIDWux/f/vhvs+9n/e3Gs2iQijxBTUKBtZdhkFGvBENSKHSf5xYzEBMY4aVDDQnaXjk7s+L7zhnwYWrc 08Rn7vJECYm1RRK7zgRobG/XavPeWjYurBS24jfcRRzOqUnJ2IAploNa3pWGr3ul1FlOqMV81WGuOKW8Tp0PpEFBqnAAwkh3LRdjMCBcstZ3OYa3U7sL5y/b4av20cegdXrC5lpju2yPHbKQHbNT9oGdsQ4T7Cv7yX6x341/XtN77r2Yt3qNxcxTdkPe3n+/JMCi</latexit>

X̃

<latexit sha1_base64="fX2902HajgR+4X4MwKdGn2Pc5HI=">AAACM3icbZDNSgMxFIUz/tb616o7N8EiuCozUlFcFdy4rGB/pB1KJk3b0ExmTO4I49CncKuP4cOIO3HrO5hpB7WtFwIf59wLJ8cLBddg22/W0vLK6tp6biO/ubW9s1so7jV0ECnK6jQQgWp5RDPBJasDB8FaoWLE9wRreqOr1G8+MKV5IG8hDpnrk4HkfU4JGOmuA1z0WNIadwslu2xPBi+Ck0EJZVPrFq2DTi+gkc8kUEG0bjt2CG5CFHAq2DjfiTQLCR2RAWsblMRn2k0micf42Cg93A+UeRLwRP17kRBf69j3zKZPYKjnvVT81wuHseZUj/GMCnz0OE2UkuCeIipO7iMi f52frNC/cBMuwwiYpNOo/UhgCHBaIO5xxSiI2AChipvfYjokilAwNedNj858a4vQOC07lfLZTaVUvcwazaFDdIROkIPOURVdoxqqI4p89ISe0Yv1ar1bH9bndHXJym720cxYX98Ua6vR</latexit>

RX (θ + φ) = RX (θ)RX (φ)

<latexit sha1_base64="oF3PvY28P/u2m74OIXAvypGXBeE="></latexit>

Shown

X̃ := RX (⇡ + ✏)

<latexit sha1_base64="aIbxT6z3MfCJFmVCNQ1FFztSExo="></latexit>

= exp

✓

−i
⇡ + ✏

2
X

◆

<latexit sha1_base64="VKd4hnRhvgcVuJ4PHILexmxHtMQ="></latexit>

= exp

⇣

−i
⇡

2
X − i

✏

2
X

⌘

<latexit sha1_base64="WJZm+CWuftztAxSs4D560iUjETk="></latexit>

= exp

⇣

−i
π

2
X

⌘

exp

⇣

−i
π

2
X

⌘

<latexit sha1_base64="FJeTqwahnhvribHHuxSRP8BIuec="></latexit>

= RX (✏)RX (⇡)

<latexit sha1_base64="mUJppcCAMiFLZ1lUSfhS+CQRlX8="></latexit>

= X✏X

<latexit sha1_base64="j+XEWKljuPKgLXbIHCvgEbM2Kco="></latexit>



Zlatko Minev, IBM Quantum (30)

Noisy gate decomposition

X✏ X

<latexit sha1_base64="lYbEx8ChWVIzCv+P0gQIR7n4NpI=">AAACznicbVFdi9NAFJ3Er1q/uuqTvowWxYdQkuKyi1BY8MUXoYLdLTShTCa36dDJzDgzWTaGsE+Cv8Mf4v/wj/jsJC1Yd70wcDhnLvfcc1PFmbFh+Mvzb9y8dftO727/3v0HDx8NDh6fGllqCjMqudTzlBjgTMDMMsthrjSQIuVwlm7et/rZOWjDpPhsKwVJQXLBVowS66jl4EecQs5E/aUkwrLN16Yf58RCPV/GoAzjUjQdkWtZqkUUGOvoyTjAxlYcJnVGzBqyADtZZJBhKrVw44IV43yS8hJejMMAM+FIfGFATcbKNgFOCd3kXU9S102DX+Pd2Ab3YxDZXz+4vxwMw1HY Fb4Ooh0Ynjz7Nvx9+fHndHngPY0zScsChKWcGLOIQmWTmmjLKAe3YumcOAckh4WDghRgkroLs8GvHJPhldTuCYs7dr+jJoUxVZG6nwWxa3NVa8n/ampdGUZNu+EeuwvdMS3iLNVEV/vn2PdqV8dJzYQqLQi6tboqObYSt7fFGdNALa8cIFQzty2ma6IJte4kbY7R1dSug9PxKHo7OvzkAn2HttVDz9FL9AZF6AidoA9oimaIej1v5B15x/7UP/cb/3L71fd2PU/QP+V//wO5HuUt</latexit>

X̃

<latexit sha1_base64="c/XXAfoteuu4J3cfGHWe1UnNVxs=">AAACXnicbZHfShtBFMYnq7WaVo3ai4I3g6HgVdgNiqUgCt54aaHRgAnh7OxJMmR2dp05W1iXvIf3+hyld/oG0jsfpbNJwPjnwMDH7zvDnPNNmCppyff/VbyFxQ9LH5dXqp8+r66t1zY2z22SGYEtkajEtEOwqKTGFklS2E4NQhwqvAhHJ6V/8RuNlYn+RXmK3RgGWvalAHKoV2t2QhxIXVxloEmOrsfVzgAIiw5JFWHRHjuAOnr2ebVXq/sNf1L8rQhmon709/axepjenfU2Kl86USKyGDUJBdZeBn5K3QIMSaHQvZBZTEGMYICXTmqI0XaLyXJj/s2RiPcT444mPqHzNwqI rc3j0HXGQEP72ivhu146zK0U1m00T2chOFIqJUMDJp+PZ35W6n/vFlKnGaEW01H7meKU8DJrHkmDglTuBAgj3bZcDMGAIPcjZY7B69TeivNmI9hr7P/068c/2LSW2TbbYbssYAfsmJ2yM9Zigt2wP+yePVSevCVv1VuftnqV2Z0t9qK8r/8BrfO9dQ==</latexit>

=

<latexit sha1_base64="nasvzNzdFynWgrFWIx6gRygKYuU=">AAACK3icbZDLSgMxGIUzXut4a9Wdm2ARXJUZURShWHDjsgV7gbaUTJppQzOZMckI49AncKtPoFvfwXdwIYpb38NMp6ht/SHwcc7/w8lxAkalsqx3Y25+YXFpObNirq6tb2xmc1s16YcCkyr2mS8aDpKEUU6qiipGGoEgyHMYqTuDi8Sv3xAhqc+vVBSQtod6nLoUI6WlSrGTzVsFazRwFuwx5M9fHt/MYvBU7uSMnVbXx6FHuMIMSdm0rUC1YyQUxYwMzVYoSYDwAPVIUyNHHpHteJR0CPe10oWuL/TjCo7Uvxcx8qSMPEdvekj15bSXiP96QT+SFMshnFAVHdymiRJi1BFIRPF1iPiv85NVuaftmPIgVITjNKobMqh8mBQHu1QQrFikAWFB9W8h7iOBsNL1mrpHe7q1WagdFuyjwnHFypfOQDoZsAv2wAGwwQkogUtQBlWAAQF34B48GM/Gq/FhfKarc8b4ZhtMjPH1DchXq9A=</latexit>

<latexit sha1_base64="SvDoAugJi6FALtG8LquCascfXFc="></latexit>

⇡

✏

Y

Z



Zlatko Minev, IBM Quantum (31)

Noisy gate decomposition

X✏ X

<latexit sha1_base64="lYbEx8ChWVIzCv+P0gQIR7n4NpI=">AAACznicbVFdi9NAFJ3Er1q/uuqTvowWxYdQkuKyi1BY8MUXoYLdLTShTCa36dDJzDgzWTaGsE+Cv8Mf4v/wj/jsJC1Yd70wcDhnLvfcc1PFmbFh+Mvzb9y8dftO727/3v0HDx8NDh6fGllqCjMqudTzlBjgTMDMMsthrjSQIuVwlm7et/rZOWjDpPhsKwVJQXLBVowS66jl4EecQs5E/aUkwrLN16Yf58RCPV/GoAzjUjQdkWtZqkUUGOvoyTjAxlYcJnVGzBqyADtZZJBhKrVw44IV43yS8hJejMMAM+FIfGFATcbKNgFOCd3kXU9S102DX+Pd2Ab3YxDZXz+4vxwMw1HY Fb4Ooh0Ynjz7Nvx9+fHndHngPY0zScsChKWcGLOIQmWTmmjLKAe3YumcOAckh4WDghRgkroLs8GvHJPhldTuCYs7dr+jJoUxVZG6nwWxa3NVa8n/ampdGUZNu+EeuwvdMS3iLNVEV/vn2PdqV8dJzYQqLQi6tboqObYSt7fFGdNALa8cIFQzty2ma6IJte4kbY7R1dSug9PxKHo7OvzkAn2HttVDz9FL9AZF6AidoA9oimaIej1v5B15x/7UP/cb/3L71fd2PU/QP+V//wO5HuUt</latexit>

X̃

<latexit sha1_base64="c/XXAfoteuu4J3cfGHWe1UnNVxs=">AAACXnicbZHfShtBFMYnq7WaVo3ai4I3g6HgVdgNiqUgCt54aaHRgAnh7OxJMmR2dp05W1iXvIf3+hyld/oG0jsfpbNJwPjnwMDH7zvDnPNNmCppyff/VbyFxQ9LH5dXqp8+r66t1zY2z22SGYEtkajEtEOwqKTGFklS2E4NQhwqvAhHJ6V/8RuNlYn+RXmK3RgGWvalAHKoV2t2QhxIXVxloEmOrsfVzgAIiw5JFWHRHjuAOnr2ebVXq/sNf1L8rQhmon709/axepjenfU2Kl86USKyGDUJBdZeBn5K3QIMSaHQvZBZTEGMYICXTmqI0XaLyXJj/s2RiPcT444mPqHzNwqI rc3j0HXGQEP72ivhu146zK0U1m00T2chOFIqJUMDJp+PZ35W6n/vFlKnGaEW01H7meKU8DJrHkmDglTuBAgj3bZcDMGAIPcjZY7B69TeivNmI9hr7P/068c/2LSW2TbbYbssYAfsmJ2yM9Zigt2wP+yePVSevCVv1VuftnqV2Z0t9qK8r/8BrfO9dQ==</latexit>

=

<latexit sha1_base64="nasvzNzdFynWgrFWIx6gRygKYuU=">AAACK3icbZDLSgMxGIUzXut4a9Wdm2ARXJUZURShWHDjsgV7gbaUTJppQzOZMckI49AncKtPoFvfwXdwIYpb38NMp6ht/SHwcc7/w8lxAkalsqx3Y25+YXFpObNirq6tb2xmc1s16YcCkyr2mS8aDpKEUU6qiipGGoEgyHMYqTuDi8Sv3xAhqc+vVBSQtod6nLoUI6WlSrGTzVsFazRwFuwx5M9fHt/MYvBU7uSMnVbXx6FHuMIMSdm0rUC1YyQUxYwMzVYoSYDwAPVIUyNHHpHteJR0CPe10oWuL/TjCo7Uvxcx8qSMPEdvekj15bSXiP96QT+SFMshnFAVHdymiRJi1BFIRPF1iPiv85NVuaftmPIgVITjNKobMqh8mBQHu1QQrFikAWFB9W8h7iOBsNL1mrpHe7q1WagdFuyjwnHFypfOQDoZsAv2wAGwwQkogUtQBlWAAQF34B48GM/Gq/FhfKarc8b4ZhtMjPH1DchXq9A=</latexit>

<latexit sha1_base64="SvDoAugJi6FALtG8LquCascfXFc="></latexit>

⇡

✏

Y

Z



Zlatko Minev, IBM Quantum (32)

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>

Using a noisy gate in a quantum circuit

X = RX(π)

<latexit sha1_base64="6fm9Cwk07vUHfXtgJRfpTPPiUcU="></latexit>

X̃ := RX (⇡ + ✏)

<latexit sha1_base64="aIbxT6z3MfCJFmVCNQ1FFztSExo="></latexit>

= X✏X

<latexit sha1_base64="j+XEWKljuPKgLXbIHCvgEbM2Kco="></latexit>

X

<latexit sha1_base64="nNhC5WdzCzzkcvx8ZOE4KtrfpVo="></latexit>

 !d

<latexit sha1_base64="4Dp0b+KREVKjX2zcMl3D4Ak7RXg="></latexit>

Ideal Noisy

Utotal = X
d

<latexit sha1_base64="UGBsZ1JKiuZy02asAfUQlzHp3EA="></latexit>

= [RX (π)]
d

<latexit sha1_base64="aJJE07dTlwLLqEtnqcxt0F23BW0="></latexit>

= RX (dπ)

<latexit sha1_base64="UvoVR28IysiAK8DDIWcF271Duhs="></latexit>

Ũtotal = X̃
d

<latexit sha1_base64="RyNkM3W3WTWSTt1T4P8oBko9JgE="></latexit>

= [RX (✏)RX (⇡)]
d

<latexit sha1_base64="AJ/C97nU6RJCibf+7TO1OtL1T2k="></latexit>

= RX (d✏)RX (d⇡)

<latexit sha1_base64="qN0z7z3PTbEXM+vCKhCP/SvfxsA="></latexit>

Ũtotal = RX (d✏)Utotal

<latexit sha1_base64="EN3FzRh9OUYBD4TgpfXQqy3FM6g="></latexit>
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Using a noisy gate in a quantum circuit: final state

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>

X

<latexit sha1_base64="nNhC5WdzCzzkcvx8ZOE4KtrfpVo="></latexit>

 !d

<latexit sha1_base64="4Dp0b+KREVKjX2zcMl3D4Ak7RXg="></latexit>

Ideal Noisy

Utotal = X
d

<latexit sha1_base64="UGBsZ1JKiuZy02asAfUQlzHp3EA="></latexit>

= RX (dπ)

<latexit sha1_base64="UvoVR28IysiAK8DDIWcF271Duhs="></latexit>

Ũtotal = RX (d✏)Utotal

<latexit sha1_base64="EN3FzRh9OUYBD4TgpfXQqy3FM6g="></latexit>
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Ideal vs. noisy observable

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>

X

<latexit sha1_base64="nNhC5WdzCzzkcvx8ZOE4KtrfpVo="></latexit>

 !d

<latexit sha1_base64="4Dp0b+KREVKjX2zcMl3D4Ak7RXg="></latexit>
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hψf |Z|ψf i = cos (dπ) = (�1)
d

<latexit sha1_base64="/5YzSvzAm2eUWj+wv01gQQJO0gM="></latexit>
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D
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�
Z
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�
 ̃f

E

= cos (d⇡ + d✏)

<latexit sha1_base64="FePiY8zhqlLKwe5XCBSe780y2rk="></latexit>
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Compare to full experiment

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>
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<latexit sha1_base64="FePiY8zhqlLKwe5XCBSe780y2rk="></latexit>
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D

 ̃f

�

�

�
Z

�

�

�
 ̃f

E

= cos (d⇡ + d✏)

<latexit sha1_base64="FePiY8zhqlLKwe5XCBSe780y2rk="></latexit>

Coherent error is bad, quadratically so

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>
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Coherent errors have a 
quadratic impact 

on algorithmic accuracy
(worst-case error)

D

ψ̃f

�

�

�
Z

�

�

�
ψ̃f

E

� hψf |Z|ψf i

<latexit sha1_base64="AozhxtVGaXeGmm4r3AK/AbrRJzg="></latexit>

cos (x) = 1−
1

2
x
2 +O

�

x
3
�

<latexit sha1_base64="0aGLtbxsd92b3Kw8J2w9MDvJJsE="></latexit>
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Coherent errors: brief summary
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���� ����� ϵ=�°• are ubiquitous

• can be described by unitary 
operations

• do not loose quantum information

• data: can create oscillations in the 
data

• data: do not yield exponential decays 

• have a quadratic impact on 
algorithmic accuracy (worst-case 
error)
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<latexit sha1_base64="pLgVdxJH9fY60PhR3ooaQhrvBt0="></latexit>

|0i H

idle(t)

H

|0i H H

Bonus content: two-qubit coherent ZZ error

unwanted 

interaction
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2. Coherent noise can be really bad 
because

a) it results in loss of information 

b) you cannot undo it 

c) the worst-case error often grows 
quadratically 

Questions

1. Coherent noise can be caused by 

a) loss of energy of the qubit 

b) miscalibration, such as over-
rotation

c) wanted coupling to 
neighboring qubit

Answer these multiple-choice questions

in the chat; for example, type “1a 2b.”
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repeat d times

RY (π/2) X̃

<latexit sha1_base64="70j4GVyF+hKxwZ6ZKtV2asZ/W1E="></latexit>

Advanced questions to dive deeper

1. Amplitude-error amplification sequences. 
(A) Calculate the expectation value <Z ( d )> as a function of depth d of the sequence for the 
following sequences. Assume the noise model 
(B) How could you use this result to fine-tune your gates?
(C) Can you come up with an alternative or more clever error-amplification sequence?

(a) (b)

X̃ := RX (⇡ + ✏)

<latexit sha1_base64="aIbxT6z3MfCJFmVCNQ1FFztSExo="></latexit>

= X✏X

<latexit sha1_base64="j+XEWKljuPKgLXbIHCvgEbM2Kco="></latexit>

(c)repeat d times

RX(π/2) X̃

<latexit sha1_base64="LL3AwpLMAPY3LrIPUIPCuVKbhBs="></latexit>

repeat d times

RX(π/2)
p

X̃

<latexit sha1_base64="l+/Eln71aof1mkbvntgNVHWkRBc="></latexit>

2. Phase-error amplification sequences. Use the noise model:
Repeat (A), (B), and (C) for Exercise (1) for the following 
sequences and assuming a phase error between the X and Y 
gates, rather than an amplitude error. 

repeat d times

|0i RX(π/2) Ỹ X̃ Ỹ † X̃ RY (π/2)

<latexit sha1_base64="1sJxdyC2MXUSuEy/3nXMbJHJaLY="></latexit>

X̃ = X ,

Ỹ = exp
h

−i
⇡

2
(cos ✏ Y + sin ✏ X)

i

.

<latexit sha1_base64="26WnXwpbgWY6AMWGojkolzZPfKY="></latexit>
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Coherent noise

coin-toss icon: Good Ware, flaticon; spam: make it move; 

road based on: freepik; Monster image by jcomp on Freepik

Chapter 3

Measurements in quantum

Projection noise

in
di
m
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https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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Quantum-to-classical interface
Quantum measurement

• How we get information out of a quantum computer 

• Fundamentally different from any classical measurement

• Where all the randomness and most of the weirdness in 

quantum happens -> “Measurement problem”

• Any results we want must pass through a measurement 

• Any noise in measurement will unavoidably degrade 

our results

• We must get to know them well to master them
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<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s=">AABB3Hic7TzbdtzIcbRzc5Db2nnMSzv05JCruZPUhfJsSEuUJVu3SNzVrjkTnR6gZ6ZFAA2hAXJGODgnD3nLyWs+Il+TV+drUtWNxmUGQ5FcSj6xPbsrAV3V1dXVdevqxo4Dl8uo2/3tD374J3/6 Z3/+Fz/6S+uv/vpv/vbvvvjxT76RIg5t9rUtXBF+O6aSudxnX0c8ctm3QcioN3bZm/HpA4S/OWOh5MI/jhYBG3l06vMJt2kETW+/eGgNx2zK/eR9TP2In35IT6KQ+jKgIfOjkTV8f07+iQw9FrEwSfHRPreGzHeKDpb19ovNbrurfmT1oZc9bG5kv5dvf3zwb0NH2LEH Y9gulfKk1w2iUULDiNsuS61hLFlA7VM6ZSfw6FOPyVGippuSBrQ4ZCJC+M+PiGot90ioJ+XCGwOmR6OZXIZhYy0smC0kt2VKquNHk7ujhPtBHDHf1sNPYpdEgqBEicNDZkfuAh6oHXKYAbFnNKQ2iExaltW4iR9SIa9nIozsOJIkjrgr2+5ifkPUh1NXjKk7dIU/HTps MuQS/kyGKFufvX+f1qB4m71kiEIcT5LNXlqH8tjWGKGXPG7b7Vqc4zAZioCFNBIhrnNyHNbindFlxG9oPSYor3+2hItttcgvgiXMF0Et3utlvNf1eCCxJURoqZ8QaM0SKjTVoobifAkTWmoxT0+TIdjv1GXDn2YPdWjjcTJ0DZpr0KzhQwbmGLIXrvMITOuB8DwKpj4c T9Jk6IvQoy6aHLxLFnImU6MA4AQapHXJn2VdCRs1/xmMsk+ec5sRGDDkc9JSDgBcH5cExCaJ8DXIZsroSNmEyy4t8QFFEwFDbxANA9GCK2l9BTROmSQ8IlLgv/AgwH+eg11Dc6D7NQmL7PZyZ486jIixFC44S8J90u/2e014kBGjDgF2CDDAzokjwIJBrtlUKs5GYbQQ o6mxWxppiW1YKoDZZn0++F6akAb5jUujU0H8ipxAVdRooIex51uEkCEK8pmCvwgwDsgEm+E34aGMWtCjmT1Cp2YGs4XDWiD0Vg4hA6I8RJhMQ7pI1yDi+FXE1EqX+bdX+Nfs4tqCzl+G66uwWsNBuMIBMn754VFoVxIA2uEHGzykzVxXAU8QOEq67Xt7aVow8wDgRIVy sgUdtpXmz0CnuD+9otmVo50O3pX4N52csoXUjQh2+Tik4SKxqWtnUbHcHAjJURLAx2ofOaMBk+0pE5A8gFmuYpQyiCH+LaOFyxJ37KaDE+77LCTA2qDVbffZfATiQAsCK4/YPCIuHTNXWsvsBy5YTjap7M2MNuGuO2bROWN+ejUPVHiiD6feW+T0LRB/q6hfh8w1Byfo CJ8z5kiCPCibNpMk3AsgN4C0qOr5skWutuXLrJtrFnoVUFnqVfDqYjdWB80WJ2u/aHka1xJr2Y+KOMKUGHNGP4JkGc0JgiB4wlDEIDhUIuhhuIDZgDVffdBaRoiOWBABlEYrc81WCbR3hq45hJSbQECiYPHBzCKgWHTOZaetegy0Z2noP8lr/gEtXfuWc+5Es8FQkwAK 6j1zPI0Z49NZNOhzv1mh8O13RJaINBYe9wetXnuvSfIWOh/cwpasYY4okMMX74AAqXyO4AiPIsp+z7g9Sb3AZXKwl3diPmQTU9iceDySgyiMWZWv10o+LULnELQ1ERQDwaXTwhtEM26fGnrTkDsDj74TYT2d+cI4Bk1MvWSEEsxcBkPI/l03D1ULjeEzGoJR2afSAOZr AI15heZCzvgkGnTZvGloNhZrMWp5Vps2zWk2tm65gGsGGclCSyrD1WMEUb1YXDaFHZuRiXqpkp8IEfkCMhz+gaX1NJQQcgbt04/LVq1Thsv8KWhtt92zvRzM/RVw9/btAkHPEhT9tNOmQVBiGttQodngbi51UE8CKR6E7cyLaI4HPdBx9bMI4jZuzsozm30ASSULlyyX PPFnkCFHZBIKL7Mx0+HyJiAHtiK+ZlWVphvi8+qChOgImhAjbNgzDs6ZjAqdr2LSMSS4OaYExzlL1699Y44vgyHzgmiRa3y1DbObGxJyOTGYo0ggNZhjoqfcwqgMVo4QwMlTCs79JNOpvaZ2mDujtLUWYqjpnAwns9nb7CdDJ6TnJxpGtjZ727dubW3290GL+9swvVu3 oLHf6t3tQlN/dzs13YEj7QmTXreLgcePvTFkM2JiXKSlf9dNQT54zbcOx9jhXYuGiq8ulRGJAwdksq+2Kq0eTGZPQVdSNYfZIlQlI9kOYC/miTCY1aZ9ZUy0U0CSqZYsLJ/OgUPmfEiTx8fPnqbJ4aOd3s5OWkXAPDjH2LuH/ywlieAc3D6sNkgXdknhFJQam3C7Axm7 2tBaxSMavgkkuKik+A3I2KUKgBnIKuCnfYxmKmlguIcKYTQ5wOrWjnJVeaJqegFEAcC/cS/2dMDWgHsVgA7WCgBucbQ6P2WmH5mkCRzafAve0eIzxwe9qZSxxyAJQf+IdStIQpSHsIgPexXicAnkAIbM7NmeVcMN8HEzEv304uzurZenmkZVWtcXV0Vef9TwP2r477WG l4cLZiISvhoKfpnTZ9l2oogBg0T69NS040+yKVb9Tc6353klIEZHHsUOG/S9PA8kBDafeYedCiBkph06pGZ4WK1BwKdghOq9Kqj3NMTiaca52mnoRAA2PyaBbiXHIVdaYLKFXvsuDGwQYbBRlk9JrMlDtvnVoJdPxbT9HNsMC7+zcL8m3kOw77W6t4E59dLdbfV3yWoi UHZaNg/tp0rFMsfVnew69/ppdettHT06E24Ej7IJqnbkgkWF3CaPOHMdYkD3lc6ptSBc7Yz1OQooDSZKCGSm5wR7gjm+elkmTIpXsuUxirUJ8opL/OslbGb8iFPXjLf9kfFC3S8w/e4T3J9Lyc+wEukFwof2pmFLaTBQATORHPIh3fWchffJm8NXz588/+U+OZ4BwhT6 S21ZhAaa3DiOwMiwwIxneLoSTF0pyCkDp4Aj2HGIpWqY9xxcSNk8m6o3J+dYcD4b67khxlTUijBnva0qR4jpCNhT+THs1BZkIvKxwGV4sGOxwep1i0RlZnEoAhBtSe4GrWgquoawg5SRCFWjHUeM+05s64a8Y6mt6InVq0rDdCLjcArbb6AJW6CRUr6YZ/XCG9pfLFsb udzvN79+Rl4ff/f06FOx8VAoDaEObHmDOOQilnpzKzNPxqIEPEO+6UT7nmIA5baydNzeGRc+6LF5s4Cr2mFLR1kgg6orLVwqUqwLkFPSrkMdFuuA586nbNFp2w50GfNAwNamo2Im7F3lYBcJEd1u7FDvOnPGlV8ZFH6lWXQwilnXATw7OvtGhjrBwt5aPIMmO3YoJJp5 R9UOdpvKLz6gIFiO87bs/LEjbQpkeu0uzKHUXEzuLoJIGaaCQ6cdhQssdOwBVG3+e+3ddq+CqOO4wbxdQVQsPTErQbbQOahDpokIwTLkNrHydaowWbSWFkBBGljP/aUue+KxuMCiwVS9GxLd9l1ANG0FAU0aSXyjl8/KlrGTJwiKdcwZVLGwkSPoklS/3Su1jWMvIGNA vFNqNC5mRW1V14ZBM35hFa3frMHSBSlQ2cUQJuzgKaUShQCvCDtxfYCjKrPAP/WFVh+rXlO6ba3KnvCFhp/ZdkfFkkGRKejkAET55VBJ1dGlWZOglBtHStFL5Bj73uSA4HNYBpnlj1u2gEQz87Mssi2/AOJSwYxUCQ0jhQIpCofIhFQAyxigjpmZrqG2qjIfSBGrVFje DTUKdH99ziN7BsPkZgyiBN8iVXtJsSCnzBTrGJXbwzgKUUtlY4UnwdfMWko9noopuDEVMLBu5gUYFCcTFppjWbdAWDGGtIk7DYdoP2Gl+s041U8UV66X/F2C8EUB61e/IkdPj54dPT/+RJMa2iYUmQV79y73bbBlwTRq0N5L6xEzb/lRvHwBC9zdVJ/cYNhw9IWFrIMy iSR3hamVYPmNzcGDZjsiaSV6mDPqiskq5+rc1WEBWBBu4EKC1S6ll1by7p0q5oGPIZehkm3XVH21TGZNT12/THF3ph4tPI7Gk+SsGKtcknrGuYOUkJrCXEcxF12qekQ0LPqkOSVdzjtjkUjUq+B+pJ4OUL4HkH4duGwSpUttcZBWaSDpC2io9HWZiCPOfSBzFV5q6VyV mboJZbwYKmpDA7LFzWTGIXg+UCS1qOeQaK9Zi+8n6mx63SC6zoxUN+y1ZholwzmgoDRnsBk80BpzIDmWphPY24Gefx6P9TrgaGJHekP1qdzU78BTSDWxz+Et6pxFgxS6UdHNrH+6TklvxrFoFlAhcbuZ7X3t0Lq8Eaw3T2WDMBxR3cokIVtBmkrxr+zIkGwcYMagCZPe xXQucGYrpPrXIJXxNOE+datTNfYMnkicMiNsLWSQtpL69xe2kckNi3qNhK4j7NpVu46oc54uLeyVIHDZGHDNEHD9CHDdAJC5r8+Vtb5+fvjk6e9jFPApd/+Ag4C5XTWjvgP7Ra2/JdVE2CT2VcEyGc5BeZu9brPdbjfv9LupuV2Z6/t8YZrIhfIgX7J5sNXqtntfhtTZ Gs63t7+0hcSH9GMUsrWooSC5ryik/z+cQyGsq8hq53Y3ExY+IYGb8ijKFD7PRvjQ1IDykqOIQ4mnPGBPoYh0uV7yqa/Qse8sigK53+lEbN6GtbFP2dwGrZ2yti28zvuYSVUv6vTu3O7fu90pSqCtbIyWLua3TP2ppcsLn9GXJWmtoZ5pxqiXu5kkazp8dukeF6NlXigp tnEr+o7XTaF7zIBAB2mVRNhZKRyvdSi5tjPX5YFkhboLsAvupyWz6dZlDB8Lnmv3f/nMbBGw/PgRW/Li7FxVPD8iK31tM60ZvEoUQtCJUlU2aBXI+fHOKPlZ62fVLjX8Mt+psPzJJqCd0lVncOtqM0gv42cK3a6pJi3PAotOGLwnNHYxexZkzKekRdAFSxK4scSjd/jT doXEeqdPrGvf3LqEYZed2CM3nkNaf6UL/lcYCqgezdVdNILX6vfJBMbD4ZIHL168evL88PgIkxa8Co73tW0hQgfy44iRLX0lcZvQiGxhURZvI2zfRyxD4wRnMod4wmOpaud6I6HK2oOdLpa+yaIMhmXWVz3IYAfgyiXrc5yft0aJHhBXSp+KBXFE7kOqBPG1kV9KgGU2 w5dOxVpfNRuWQ+WM4QmVZB5XTqZhpQ2DTUwh2DSgbF4zPCpXJ6jmqABdmA4hmT9DLi8bN3Z2d3r9zkyctyLRskMGgmzRVvbxSQuptoBkS7lIaRmPCRG8U0yKSzKhHnfxhmXerO4gFNLNa6RkQJQgAWqEW8DwUgfKGaHZMpWB6srHroIuLoRmJ24lGEJB5pgUkOwKPFja fnb0Po3NuTm+q3smKjM2Z9Vqnc0bDW2k8Wa2ICf9ETmfMZ/0kMg/kzeQG4fChkhRWSH1sU31qx4jphRInIxAnrloCwmSzV7aAIi67KkEhsuAfivPoAoB43c8y/EsX6ICLb1v7rQMMwFr2azvm6Gl902/xeX6LZb7zUXuQwb56Dr/LfjbLoapRVfJ7jK6vvBS0byLZAG6 kY50Uuzj92Qo331zsRjsyxX6G2R1JwHvV1FUFhv8ikLa2uxvk1tbsC8QaRP29AuRbme9HyJ2piMEjRqDgqujGjadZJPT5QvtdpLSdNL8xhGe/Wj4+pkY+yl6gWPWzisxAitgiwJmlkZDQBT3SXbahNO1PmWN9YU65cSPhHm0IJk5KI/1CYYDqhJcm00hx8aVqJogOFyJ rWiCCUhpiJlBFCWb/RTfZuoGHTzor9BLlzyyGrZSja1us7utPMYJmCsZkQQsDHvhh+jliyHqO9SHWUTPDi5RE/VRr/psqggYXw1cvBCe3uQn2uozPXlDBGEuc3WRYZ+8pBK/SpW5t8s+JTJf0RP1GX2bPGa+zZoqTvqMOebKz77VGB7wSXZFyxUUIImmjXf1iap7DHGQ 7NvGY/HSfEFGxy5rOmeQcKvP8FPTT3esfGa7hDoyqAQ/HizfJHvFJKyQElZ+TfbBUe/w0dI12e+oy34BFrl64axyL024vWWMZYS+Qbhj9/d2aPr2i83e8v+hYPXhm367d7u9+y/9zYNfZP/3gh9t/MPGP25sbfQ27mwcbDzeeLnx9Ya98d8b/7Px243/PfzXw38//I/D /9SoP/xB1ufvNyq/w//6PytD2KI=</latexit>
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Zlatko Minev, IBM Quantum (44)
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Zlatko Minev, IBM Quantum (45)
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Quantum Classical

<latexit sha1_base64="GlqItlke4S+BYrAdEcj+xdSHTMw="></latexit>

|ψi 2 H

Quantum wire /

register

Classical wire / 

register

Measure in 
computational basis

|0i , |1i

<latexit sha1_base64="yEPt6yTAJKytF4qJxqE6lMG8SlU=">AAACD3icbZDLSgMxFIYz1kutt/GycxMsggspM6IorgpuXFawF2iHkkkzbWgmE5JMYRjmIdy71VdwV1zqwgfwDXwM02kXtvWHwMd/zuGc/L5gVGnH+bZWCqtr6xvFzdLW9s7unr1/0FBRLDGp44hFsuUjRRjlpK6pZqQlJEGhz0jTH95N6s0RkYpG/FEngngh6nMaUIy0sbq23RkSnTrZOczBzbp22ak4ueAyuDMoV4/GBfH1Ede69k+nF+E4JFxjhpRqu47QXoqkppiRrNSJFREID1GftA1yFBLlpfnlGTw1Tg8GkTSPa5i7fydSFCqVhL7pDJEeqMXaxPy3JgaJolhlcH6/Dm68lHIRa8LxdH0QM6gjOAkH9qgkWLPEAMKSmh9APEASYW0iLJlo3MUglqFxUXEvK1cPJqNbMFURHIMTcAZccA2q4B7UQB1gMALP4AW8Wk/WmzW23qetK9Zs5hDMyfr8BfX+n9E=</latexit>

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















:

:

outcome outcome probability

X = 1

<latexit sha1_base64="8sL1fq5g3+nCvxZ1v1HqKXVt+do="></latexit>

p (X = 0) = |h0|ψi|
2

<latexit sha1_base64="CPOTU7DSOQ17sAaxQJ16987V4eg="></latexit>

p (X = 1) = |h1|ψi|
2
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Try it yourself! Resolution of the identity

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi

Try it yourself!  (Pause the video) Show that
<latexit sha1_base64="jEpVUmLMP1fLs8GxuoNlZDqRabg="></latexit>

p (X = 0) + p (X = 1) = 1
X

X = 0

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















:

:

outcome outcome probability

X = 1

<latexit sha1_base64="8sL1fq5g3+nCvxZ1v1HqKXVt+do="></latexit>

p (X = 0) = |h0|ψi|
2

<latexit sha1_base64="CPOTU7DSOQ17sAaxQJ16987V4eg="></latexit>

p (X = 1) = |h1|ψi|
2
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Solution: Resolution of the identity

<latexit sha1_base64="xuBcWOkCCAtx7L3Fda2ddlBw8Ik="></latexit>

= |h0|ψi|
2
+ |h1|ψi|

2

= hψ|0i h0|ψi+ hψ|1i h1|ψi

= hψ| (|0i h0|+ |1i h1|) |ψi

= hψ| Î |ψi

= ||ψi|
2

= 1

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi X

X = 0

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















:

:

outcome outcome probability

X = 1

<latexit sha1_base64="8sL1fq5g3+nCvxZ1v1HqKXVt+do="></latexit>

p (X = 0) = |h0|ψi|
2

<latexit sha1_base64="CPOTU7DSOQ17sAaxQJ16987V4eg="></latexit>

p (X = 1) = |h1|ψi|
2

Try it yourself!  (Pause the video) Show that
<latexit sha1_base64="jEpVUmLMP1fLs8GxuoNlZDqRabg="></latexit>

p (X = 0) + p (X = 1) = 1
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Outcome probability distribution

X = 0

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















:

:

outcome outcome probability

X = 1

<latexit sha1_base64="8sL1fq5g3+nCvxZ1v1HqKXVt+do="></latexit>

p (X = 0) = |h0|ψi|
2

<latexit sha1_base64="CPOTU7DSOQ17sAaxQJ16987V4eg="></latexit>

p (X = 1) = |h1|ψi|
2

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi X
<latexit sha1_base64="BwbHbD+LyHNeJLaDt+2azMJs0yQ="></latexit>

0 1

0

1

1− p

p

Outcome X
P

ro
b

a
b

il
it

y
 p

(X
)

<latexit sha1_base64="DSjZFGCsEylppmaqaYNW4YFvFzw="></latexit>

p := Pr [X = 1]

= h|1i h1|i

= |h1|ψi|
2

The entire classical distribution is 

dictated by a single parameter p

determined from the quantum 

state according to 
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Outcome distribution in terms of projectors and overlaps<latexit sha1_base64="xuBcWOkCCAtx7L3Fda2ddlBw8Ik="></latexit>

= hψ| (|0i h0|+ |1i h1|) |ψi

General formulation (overlap between states)

In terms of projectors

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi X

<latexit sha1_base64="jEpVUmLMP1fLs8GxuoNlZDqRabg="></latexit>

p (X = 0) + p (X = 1) = 1

The resolution of the total probability

<latexit sha1_base64="TFskKQa/FwB3e0ME4RGgE37dS84="></latexit>

µ̂ (0) = |0i h0|
<latexit sha1_base64="ScqcxZRAGh79L03kOHIDK0jm+4I="></latexit>

µ̂ (1) = |1i h1|

as an inner product in 

operator space

as trace, to be 

introduced later

<latexit sha1_base64="w2PLhFQvsYcWT25FybCJcesBNd8="></latexit>

p (X = x) = hψ|µ̂ (x)|ψi
<latexit sha1_base64="JUGsKhO7U80kKz0brf5rqYe2nGE="></latexit>

= hµ̂ (x) , |ψi hψ|i

= Tr (µ̂ (x) |ψi hψ|)

X = 0

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















:

:

outcome outcome probability

X = 1

<latexit sha1_base64="8sL1fq5g3+nCvxZ1v1HqKXVt+do="></latexit>

p (X = 0) = |h0|ψi|
2

<latexit sha1_base64="CPOTU7DSOQ17sAaxQJ16987V4eg="></latexit>

p (X = 1) = |h1|ψi|
2
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<latexit sha1_base64="vIrOAiprTAFv29/3182HuAhWgPU="></latexit>

E [X] =
X

x∈{0,1}

xPr [X = x]

=
X

x∈{0,1}

x hµ̂ (x)i

=
X

x∈{0,1}

hxµ̂ (x)i

=

*

X

x∈{0,1}

xµ̂ (x)

+

=
D

M̂
E

Classical expectation values

<latexit sha1_base64="h/s1ofUC1KSaAL+lfKl3AelMqOo="></latexit>

{0, 1}

X

<latexit sha1_base64="NqdjS1LnMhL2vYSSctGqZg+D+v0="></latexit>

x µ̂ (x)
0 : µ̂(0) = |0i h0|
1 : µ̂(0) = |1i h1|

indimart

<latexit sha1_base64="4YdxixKc+QP06GiQSLP8aba+Q9Y="></latexit>

Σ = {0, 1}

Set of possible outcomes

Measurement operators 

Coin-toss icon created by Good Ware - Flaticon

<latexit sha1_base64="Hb6xdur2vV0yabhSQcGJBV63H5I="></latexit>

X ∈ Σ

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi

<latexit sha1_base64="4cMhYxwtSpiFq8m7d0Mr/euDv0I="></latexit>

Pr [X = x] = hµ̂ (x)i

<latexit sha1_base64="cWbAA1cR3i/MlODi9a1976yUIv4="></latexit>

E [X] =
X

x∈{0,1}

xPr [X = x]

= 0Pr [X = 0] + 1Pr [X = 1]

= Pr [X = 1]

= p .

Classical expectation value of classical random variable

The classical expectation value 

gives us the expectation value of 

the quantum operator
<latexit sha1_base64="rs36F/IPRYmpbt2GqPoO2TuWnd8="></latexit>

M̂ :=
X

x∈{0,1}

xµ̂ (x)

<latexit sha1_base64="eJBLjYjTvIvXbgDVzpurdygLxx8="></latexit>

= 0 |0i h0|+ 1 |1i h1|

=

✓

0 0

0 1

◆

<latexit sha1_base64="cWbAA1cR3i/MlODi9a1976yUIv4="></latexit>

E [X] =
X

x∈{0,1}

xPr [X = x]

In terms of quantum operators
<latexit sha1_base64="vIrOAiprTAFv29/3182HuAhWgPU="></latexit>

E [X] =
X

x∈{0,1}

xPr [X = x]

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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Classical variance

<latexit sha1_base64="h/s1ofUC1KSaAL+lfKl3AelMqOo="></latexit>

{0, 1}

X

<latexit sha1_base64="NqdjS1LnMhL2vYSSctGqZg+D+v0="></latexit>

x µ̂ (x)
0 : µ̂(0) = |0i h0|
1 : µ̂(0) = |1i h1|

indimart

<latexit sha1_base64="4YdxixKc+QP06GiQSLP8aba+Q9Y="></latexit>

Σ = {0, 1}

Set of possible outcomes

Measurement operators 

Coin-toss icon created by Good Ware - Flaticon

<latexit sha1_base64="Hb6xdur2vV0yabhSQcGJBV63H5I="></latexit>

X ∈ Σ

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi

<latexit sha1_base64="4cMhYxwtSpiFq8m7d0Mr/euDv0I="></latexit>

Pr [X = x] = hµ̂ (x)i

Calculate the variance of the classical random variable
<latexit sha1_base64="y4thaLHopdYaDV0T/iG6S7y6GVw="></latexit>

V [X] = E
h

�

X − E
⇥

X
2
⇤�2

i

= E
⇥

X
2
⇤

− E [X]
2

<latexit sha1_base64="EP+tcrS+rwh3+h+W0ND/azqXsdk="></latexit>

E
⇥

X2
⇤

=
X

x∈{0,1}

x2 Pr [X = x]

=
X

x∈{0,1}

x2 hµ̂ (x)i

=

*

X

x∈{0,1}

x2µ̂ (x)

+

=
D

M̂2

E

Calculate the expectation of the square

<latexit sha1_base64="hqDIXZ4uuCvs2wlQrPxIRRfNhHs="></latexit>

E
⇥

X2
⇤

=
X

x∈{0,1}

x2 Pr [X = x]

= 0Pr [X = 0] + 1Pr [X = 1]

= p

“Classical path” “Quantum path”

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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Classical variance

<latexit sha1_base64="h/s1ofUC1KSaAL+lfKl3AelMqOo="></latexit>

{0, 1}

X

<latexit sha1_base64="NqdjS1LnMhL2vYSSctGqZg+D+v0="></latexit>

x µ̂ (x)
0 : µ̂(0) = |0i h0|
1 : µ̂(0) = |1i h1|

indimart

<latexit sha1_base64="4YdxixKc+QP06GiQSLP8aba+Q9Y="></latexit>

Σ = {0, 1}

Set of possible outcomes

Measurement operators 

Coin-toss icon created by Good Ware - Flaticon

<latexit sha1_base64="Hb6xdur2vV0yabhSQcGJBV63H5I="></latexit>

X ∈ Σ

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi

<latexit sha1_base64="4cMhYxwtSpiFq8m7d0Mr/euDv0I="></latexit>

Pr [X = x] = hµ̂ (x)i

Calculate the variance of the classical random variable
<latexit sha1_base64="y4thaLHopdYaDV0T/iG6S7y6GVw="></latexit>

V [X] = E
h

�

X − E
⇥

X
2
⇤�2

i

= E
⇥

X
2
⇤

− E [X]
2

Putting it together

<latexit sha1_base64="DKz1Oqdp8Ek6cDwK/YG6ZFZdp0M="></latexit>

V [X] =
D

M̂2

E

−

D

M̂

E2

V [X] = p− p2

= p (1− p)

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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Quantum projection noise

<latexit sha1_base64="h/s1ofUC1KSaAL+lfKl3AelMqOo="></latexit>

{0, 1}

ρ X

<latexit sha1_base64="OutYC6O1ua6w7pILqY06+DplqbE="></latexit>

0 0.2 0.4 0.6 0.8 1
0

0.25

0.5

Var[X] = p(1− p)

Std[X] =
p

p(1− p)

Probability p

Variance of the random classical variable vs. probability to obtain 1
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Summary: Qubit measured in the computational basis

<latexit sha1_base64="h/s1ofUC1KSaAL+lfKl3AelMqOo="></latexit>

{0, 1}

X

<latexit sha1_base64="NqdjS1LnMhL2vYSSctGqZg+D+v0="></latexit>

x µ̂ (x)
0 : µ̂(0) = |0i h0|
1 : µ̂(0) = |1i h1|

indimart

<latexit sha1_base64="4YdxixKc+QP06GiQSLP8aba+Q9Y="></latexit>

Σ = {0, 1}

Set of possible outcomes Measurement operators 

<latexit sha1_base64="eFaWXT26e94EVOY8G6+IrPMvPL8="></latexit>

(

X = 0 : p (X = 0) = Tr
�

µ̂(0)†ρ
�

= Tr (|0i h0| ρ) = 1

2
(1 + hZi)

X = 1 : p (X = 1) = Tr
�

µ̂(1)†ρ
�

= Tr (|1i h1| ρ) = 1

2
(1� hZi)

Probability to measure outcome

<latexit sha1_base64="PSd1ucH+j7PoO77ha47Jr/urzIY="></latexit>

X ∼ Bernoulli (p)

<latexit sha1_base64="BwbHbD+LyHNeJLaDt+2azMJs0yQ="></latexit>

0 1

0

1

1− p

p

Outcome X

P
ro

b
a

b
il

it
y
 p

(X
)

Bernoulli distribution. Single shot outcome follows a Bernoulli distribution:
<latexit sha1_base64="2ijzWxxkeNUQeLituYpBuYjCzVc="></latexit>

p := Tr (|1i h1| ρ)
<latexit sha1_base64="Tmkk2DF3mBTWU+UdgVH68QMVjIU="></latexit>

E [X] = p
<latexit sha1_base64="450CZxXcpVm51IyLygR0z5+0wJ4="></latexit>

Var[X] = p(1− p)

<latexit sha1_base64="1BFdjQ+A1UfP2SXhuIMHqt4Ov/Q="></latexit>

∈ [0, 1]

Coin-toss icon created by Good Ware - Flaticon

<latexit sha1_base64="Hb6xdur2vV0yabhSQcGJBV63H5I="></latexit>

X ∈ Σ

<latexit sha1_base64="x09lCPEKfpsdo4eyYBwZbNTDSzw="></latexit>

|ψi

<latexit sha1_base64="tE1jl/dB+oh0fNAHnQ4IODHVPog="></latexit>

ρ = |ψi hψ| to be introduced 

later in detail

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html


Zlatko Minev, IBM Quantum (55)Hand Image by iconicbestiary on Freepik
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Ideal single qubit measurement with M shots

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="hsiQWFAPvLaNYDhUyOGszl3SfGE="></latexit>

ρ X1

shot 1

<latexit sha1_base64="iXRN5hW7Gs7FYqG/qZrMWD3tvCE="></latexit>

ρ X2

,

,

<latexit sha1_base64="vjH+2qPELx2l+WdyDpsotxPMoZw="></latexit>

.

.

.

<latexit sha1_base64="8qd/DJMDnIW/U2wgbiF5zeWMLUg="></latexit>

ρ XM

shot 2

shot M

M shots with IID distribution
M outcomes: independent and identically distributed (iid) random variables

Empirical mean random variable

Hand Image by iconicbestiary on Freepik

<latexit sha1_base64="I2CZU+PVOzkum/AwzfcDpzQXV0E="></latexit>

X1, X2, . . . , Xm ∈ Σ
<latexit sha1_base64="SU73abWJERrndkGknrHx++xSXtY="></latexit>

X1, X2, . . . , Xm ⇠ Pr [X = x] = hµ̂ (x)i

<latexit sha1_base64="0K7joF2l705IEJc/xgXGuGpjMaE="></latexit>

S =
1

M

MX

m=1

Xm
Find the expectation value and 

variance of the empirical mean

<latexit sha1_base64="+ZH1DYtDZkRE5DpXpqZpcUbezS0="></latexit>

E [Xm] = E [X] = p ∀m ∈ {1, . . . ,M}
<latexit sha1_base64="xLfncGYa9YoNu4uRRrZWAqqKMNk="></latexit>

V [Xm] = V [X] = p ∀m ∈ {1, . . . ,M}
<latexit sha1_base64="PkOOHqfarrY++h6XBJZU1ndog4s="></latexit>

E [aXm + bXn] = aE [Xm] + bE [Xn]
<latexit sha1_base64="PkOOHqfarrY++h6XBJZU1ndog4s="></latexit>

∀m,n, a, b ∈ C

M

M
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Empirical mean: an unbiased estimator

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="hsiQWFAPvLaNYDhUyOGszl3SfGE="></latexit>

ρ X1

shot 1

<latexit sha1_base64="iXRN5hW7Gs7FYqG/qZrMWD3tvCE="></latexit>

ρ X2

,

,

<latexit sha1_base64="vjH+2qPELx2l+WdyDpsotxPMoZw="></latexit>

.

.

.

<latexit sha1_base64="8qd/DJMDnIW/U2wgbiF5zeWMLUg="></latexit>

ρ XM

shot 2

shot M

Hand Image by iconicbestiary on Freepik

<latexit sha1_base64="0K7joF2l705IEJc/xgXGuGpjMaE="></latexit>

S =
1

M

MX

m=1

Xm
Find the expectation value and 

variance of the empirical mean

<latexit sha1_base64="854GVQMTvRApYtfkivxP87v83R8="></latexit>

E [S] = E

"

1

M

M
X

m=1

Xm

#

=
1

M

M
X

m=1

E [X]

= E [X]

=
D

M̂
E

= p

linear functional

expectation value of a single shot

relation to quantum operator we 

derived earlier (unbiased estimator)

relation to probability to measure 1



Zlatko Minev, IBM Quantum (58)

<latexit sha1_base64="dWezhEvdS9FJAT/akTqsPJqCx64="></latexit>

V [S] = V

"

1

M

M
X

m=1

Xm

#

=
1

M2

M
X

m=1

V [X]

=
1

M
V [X]

=
p (1− p)

M

How noisy is our estimate of the empirical mean?

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="orLjLWoX8WkWqgWGgE081pgAREs="></latexit>

(

<latexit sha1_base64="hsiQWFAPvLaNYDhUyOGszl3SfGE="></latexit>

ρ X1

shot 1

<latexit sha1_base64="iXRN5hW7Gs7FYqG/qZrMWD3tvCE="></latexit>

ρ X2

,

,

<latexit sha1_base64="vjH+2qPELx2l+WdyDpsotxPMoZw="></latexit>

.

.

.

<latexit sha1_base64="8qd/DJMDnIW/U2wgbiF5zeWMLUg="></latexit>

ρ XM

shot 2

shot M

Hand Image by iconicbestiary on Freepik

<latexit sha1_base64="0K7joF2l705IEJc/xgXGuGpjMaE="></latexit>

S =
1

M

MX

m=1

Xm
Find the expectation value and 

variance of the empirical mean

Use key identity for variance

(you can derive this from the definition)

<latexit sha1_base64="eZhae5OI/QXIUdfmNNx71sHP4ew="></latexit>

V [aXm + bXn] = a
2
V [Xm] + b

2
V [Xn]

The variance is reduced by the number of 

sampler we take!

Thus we can suppress the quantum 

projection noise with enough shots.

The standard deviation drop as one over 

square root of the number of shots

<latexit sha1_base64="3EUfivzCJLXUVuoIGc75slnXWnM="></latexit>

σS =
p

V [S]

=

r

V [X]

M

=

r

p (1− p)

M
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Animation of convergence of shots expectation value and mean
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Sampled output distribution
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Concentration inequalities and tail bounds

https://www.zlatko-minev.com/blog/

inequalities

Making a list,

checking it twice,

going to see

which inequality

is nice!

Markov? Hoeffding? 

Jensen? Chebyshev? 

Chernoff?

https://www.zlatko-minev.com/blog/inequalities
https://www.zlatko-minev.com/blog/inequalities
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Recall gate error result

D

 ̃f

�

�

�
Z

�

�

�
 ̃f

E

= cos (d⇡ + d✏)

<latexit sha1_base64="FePiY8zhqlLKwe5XCBSe780y2rk="></latexit>

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>
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Projection & sampling noise

D

 ̃f

�

�

�
Z

�

�

�
 ̃f

E

= cos (d⇡ + d✏)

<latexit sha1_base64="FePiY8zhqlLKwe5XCBSe780y2rk="></latexit>

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>
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2. To reduce projection noise

a) increase the number of sample

b) you cannot undo it 

c) apply readout error mitigation

Questions

1. Projection noise is due to

a) measurement apparatus that 
could be made more efficient 

b) classical limitations 

c) core nature of quantum physics

Answer these multiple-choice questions

in the chat; for example, type “1a 2b.”
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Dive deeper? Try the following

1. Calculate the following for a qubit
1. The expectation value of the sample variance for N shots of the observable |1><1|.

where the sample mean is defined as 

and the sample variance is defined as

2. Is the estimate biased?
3. What is the variance of V?
4. Can you find an expression for an unbiased estimate of the variance of S?

2. What about two qubits? 
1. Can you find the projection operators for the observable ZZ?
2. Find the probability distribution for the observables ZI, IZ, and ZZ for a general state.

3. If you take 10 shots and find all 10 outcomes to be 1, what is the probability the qubit is in the |0> 
state? (hint: it’s not zero!)

S =
1

N

NX

n=1

Mn

<latexit sha1_base64="bDx7nSbk1vRB14ZKUDn/EXOqGmc="></latexit>

V =
1

N

NX

n=1

(Mn − S)
2

<latexit sha1_base64="wymfGqLgEV5D6QJzYRllqAAg1hg="></latexit>
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indimart

meter

n qubits: preliminaries

indimart
indimart

indimart
indimart

indimart
indimart

indimart

<latexit sha1_base64="5Ls7LThiGKrSred9POPEKHnozME="></latexit>

X1

X2

X3

.

.

.

Xn

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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n qubits: binary strings

<latexit sha1_base64="5Ls7LThiGKrSred9POPEKHnozME="></latexit>

X1

X2

X3

.

.

.

Xn

<latexit sha1_base64="PyZPfIj4t9F5cN7aQH3jrBJrHqs="></latexit>

X = X1X2 · · ·Xn

<latexit sha1_base64="Y/T5Q5NU+dfebBRAjAR4G/WPBqc="></latexit>







































<latexit sha1_base64="ArZANrVRasKUqFwyEs7mUUzOSFQ="></latexit>

X

<latexit sha1_base64="JwcsjgSpKoSGVlQHm1qrx2gtmp4="></latexit>

Xi ∈ {0, 1} for i = 1, . . . , n
<latexit sha1_base64="zwoJ3oaWqoC5f21z+p9WzvMKuF0="></latexit>

X ∈ Σ = {0, 1}
n

<latexit sha1_base64="JmuYxpQXa+MTKkLSUrrFh0qZmV8="></latexit>

00 · · · 0

00 · · · 1

11 · · · 0

11 · · · 1

Example:

binary 

string
bits of string

(Qiskit convention)

(one convention)

<latexit sha1_base64="VB/E1DzVYVET0N+sbYfY/oa1rMM="></latexit>

X = XnXn−1 · · ·X1

What do the variables belong to?
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Binary strings: integer representation

<latexit sha1_base64="5Ls7LThiGKrSred9POPEKHnozME="></latexit>

X1

X2

X3

.

.

.

Xn

<latexit sha1_base64="PyZPfIj4t9F5cN7aQH3jrBJrHqs="></latexit>

X = X1X2 · · ·Xn

<latexit sha1_base64="Y/T5Q5NU+dfebBRAjAR4G/WPBqc="></latexit>







































<latexit sha1_base64="ArZANrVRasKUqFwyEs7mUUzOSFQ="></latexit>

X

<latexit sha1_base64="gtrUQ9dyHOlxW0qi1oSads66tNE="></latexit>

Xint = 0, 1, . . . , 2n − 1

binary 

string
bits

integer 

representation

<latexit sha1_base64="IMe1W+RuV7iRN7tpnURWAYxbh8Y="></latexit>

Xint =

nX

j=1

Xj2
j−1little-endian 

binary expansion

Increasing numeric significance with increasing memory addresses (index number j) is known as little-endian.

See also: bijective numeration.

note, this is one 

convention

https://en.wikipedia.org/wiki/Endianness
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Beware tool’s conventions

Internet meme
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Binary and Pauli strings

<latexit sha1_base64="5Ls7LThiGKrSred9POPEKHnozME="></latexit>

X1

X2

X3

.

.

.

Xn

<latexit sha1_base64="Y/T5Q5NU+dfebBRAjAR4G/WPBqc="></latexit>







































<latexit sha1_base64="ArZANrVRasKUqFwyEs7mUUzOSFQ="></latexit>

X

<latexit sha1_base64="yYVbTQ+vCEhzYJ7TDaBCtWiYbO0="></latexit>

hIi = p (0) + p (1)

hZi = p (0)� p (1)

For 1 qubit

<latexit sha1_base64="pixtzKcp10efGZNi0azEK8WIq8Y="></latexit>

hIIi = p (00) + p (01) + p (10) + p (11)

hIZi = p (00)� p (01) + p (10)� p (11)

hZIi = p (00) + p (01)� p (10)� p (11)

hZZi = p (00)� p (01)� p (10) + p (11)

For 2 qubits
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How to go between bitstrings and Pauli expectation values?

<latexit sha1_base64="5Ls7LThiGKrSred9POPEKHnozME="></latexit>

X1

X2

X3

.

.

.

Xn

<latexit sha1_base64="Y/T5Q5NU+dfebBRAjAR4G/WPBqc="></latexit>







































<latexit sha1_base64="ArZANrVRasKUqFwyEs7mUUzOSFQ="></latexit>

X

<latexit sha1_base64="pixtzKcp10efGZNi0azEK8WIq8Y="></latexit>

hIIi = p (00) + p (01) + p (10) + p (11)

hIZi = p (00)� p (01) + p (10)� p (11)

hZIi = p (00) + p (01)� p (10)� p (11)

hZZi = p (00)� p (01)� p (10) + p (11)

For 2 qubits

<latexit sha1_base64="tHN5+8Gomp/woIBl6RtCSPTucKo="></latexit>

z =









hIIi
hIZi
hZIi
hZZi









<latexit sha1_base64="LMtsOr3Kg9dKkPeWZo0RNIpY6qc="></latexit>

p =









p (00)
p (01)
p (10)
p (11)









<latexit sha1_base64="VYgqHYTl6q+YHt/q19rTlT4Qdf0="></latexit>

W =









1 1 1 1

1 −1 1 −1

1 1 −1 −1

1 −1 −1 1









In vector form

<latexit sha1_base64="1/vq4zsdPYoparErmGsak0ZomHs="></latexit>

z = Wp

<latexit sha1_base64="ht9BdqjksN8n+l8UBEp4ZJ7A9GM="></latexit>

p =
1

2n
Wz

Pauli expectation values from binary string probabilities

<latexit sha1_base64="pVemcUlqVGq3NfArADB8nkWVXJU="></latexit>

Wax = (−1)
hx,ai

Walsh-Hadamard transform 
<latexit sha1_base64="xz05bSDxgk0LwJWe0Akan+emn/s="></latexit>

x · a = hx, ai =
nX

i=1

xiai

inner product over Z2
n

For deeper dive, see zlatko-minev.com/blog/t21-bit-strings
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Coherent noise

coin-toss icon: Good Ware, flaticon; spam: make it move; 

road based on: freepik; Monster image by jcomp on Freepik

Chapter 4

Measurements in quantum

Projection noise

in
di
m
ar
t

SPAM: Sate & meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s=">AABB3Hic7TzbdtzIcbRzc5Db2nnMSzv05JCruZPUhfJsSEuUJVu3SNzVrjkTnR6gZ6ZFAA2hAXJGODgnD3nLyWs+Il+TV+drUtWNxmUGQ5FcSj6xPbsrAV3V1dXVdevqxo4Dl8uo2/3tD374J3/6 Z3/+Fz/6S+uv/vpv/vbvvvjxT76RIg5t9rUtXBF+O6aSudxnX0c8ctm3QcioN3bZm/HpA4S/OWOh5MI/jhYBG3l06vMJt2kETW+/eGgNx2zK/eR9TP2In35IT6KQ+jKgIfOjkTV8f07+iQw9FrEwSfHRPreGzHeKDpb19ovNbrurfmT1oZc9bG5kv5dvf3zwb0NH2LEH Y9gulfKk1w2iUULDiNsuS61hLFlA7VM6ZSfw6FOPyVGippuSBrQ4ZCJC+M+PiGot90ioJ+XCGwOmR6OZXIZhYy0smC0kt2VKquNHk7ujhPtBHDHf1sNPYpdEgqBEicNDZkfuAh6oHXKYAbFnNKQ2iExaltW4iR9SIa9nIozsOJIkjrgr2+5ifkPUh1NXjKk7dIU/HTps MuQS/kyGKFufvX+f1qB4m71kiEIcT5LNXlqH8tjWGKGXPG7b7Vqc4zAZioCFNBIhrnNyHNbindFlxG9oPSYor3+2hItttcgvgiXMF0Et3utlvNf1eCCxJURoqZ8QaM0SKjTVoobifAkTWmoxT0+TIdjv1GXDn2YPdWjjcTJ0DZpr0KzhQwbmGLIXrvMITOuB8DwKpj4c T9Jk6IvQoy6aHLxLFnImU6MA4AQapHXJn2VdCRs1/xmMsk+ec5sRGDDkc9JSDgBcH5cExCaJ8DXIZsroSNmEyy4t8QFFEwFDbxANA9GCK2l9BTROmSQ8IlLgv/AgwH+eg11Dc6D7NQmL7PZyZ486jIixFC44S8J90u/2e014kBGjDgF2CDDAzokjwIJBrtlUKs5GYbQQ o6mxWxppiW1YKoDZZn0++F6akAb5jUujU0H8ipxAVdRooIex51uEkCEK8pmCvwgwDsgEm+E34aGMWtCjmT1Cp2YGs4XDWiD0Vg4hA6I8RJhMQ7pI1yDi+FXE1EqX+bdX+Nfs4tqCzl+G66uwWsNBuMIBMn754VFoVxIA2uEHGzykzVxXAU8QOEq67Xt7aVow8wDgRIVy sgUdtpXmz0CnuD+9otmVo50O3pX4N52csoXUjQh2+Tik4SKxqWtnUbHcHAjJURLAx2ofOaMBk+0pE5A8gFmuYpQyiCH+LaOFyxJ37KaDE+77LCTA2qDVbffZfATiQAsCK4/YPCIuHTNXWsvsBy5YTjap7M2MNuGuO2bROWN+ejUPVHiiD6feW+T0LRB/q6hfh8w1Byfo CJ8z5kiCPCibNpMk3AsgN4C0qOr5skWutuXLrJtrFnoVUFnqVfDqYjdWB80WJ2u/aHka1xJr2Y+KOMKUGHNGP4JkGc0JgiB4wlDEIDhUIuhhuIDZgDVffdBaRoiOWBABlEYrc81WCbR3hq45hJSbQECiYPHBzCKgWHTOZaetegy0Z2noP8lr/gEtXfuWc+5Es8FQkwAK 6j1zPI0Z49NZNOhzv1mh8O13RJaINBYe9wetXnuvSfIWOh/cwpasYY4okMMX74AAqXyO4AiPIsp+z7g9Sb3AZXKwl3diPmQTU9iceDySgyiMWZWv10o+LULnELQ1ERQDwaXTwhtEM26fGnrTkDsDj74TYT2d+cI4Bk1MvWSEEsxcBkPI/l03D1ULjeEzGoJR2afSAOZr AI15heZCzvgkGnTZvGloNhZrMWp5Vps2zWk2tm65gGsGGclCSyrD1WMEUb1YXDaFHZuRiXqpkp8IEfkCMhz+gaX1NJQQcgbt04/LVq1Thsv8KWhtt92zvRzM/RVw9/btAkHPEhT9tNOmQVBiGttQodngbi51UE8CKR6E7cyLaI4HPdBx9bMI4jZuzsozm30ASSULlyyX PPFnkCFHZBIKL7Mx0+HyJiAHtiK+ZlWVphvi8+qChOgImhAjbNgzDs6ZjAqdr2LSMSS4OaYExzlL1699Y44vgyHzgmiRa3y1DbObGxJyOTGYo0ggNZhjoqfcwqgMVo4QwMlTCs79JNOpvaZ2mDujtLUWYqjpnAwns9nb7CdDJ6TnJxpGtjZ727dubW3290GL+9swvVu3 oLHf6t3tQlN/dzs13YEj7QmTXreLgcePvTFkM2JiXKSlf9dNQT54zbcOx9jhXYuGiq8ulRGJAwdksq+2Kq0eTGZPQVdSNYfZIlQlI9kOYC/miTCY1aZ9ZUy0U0CSqZYsLJ/OgUPmfEiTx8fPnqbJ4aOd3s5OWkXAPDjH2LuH/ywlieAc3D6sNkgXdknhFJQam3C7Axm7 2tBaxSMavgkkuKik+A3I2KUKgBnIKuCnfYxmKmlguIcKYTQ5wOrWjnJVeaJqegFEAcC/cS/2dMDWgHsVgA7WCgBucbQ6P2WmH5mkCRzafAve0eIzxwe9qZSxxyAJQf+IdStIQpSHsIgPexXicAnkAIbM7NmeVcMN8HEzEv304uzurZenmkZVWtcXV0Vef9TwP2r477WG l4cLZiISvhoKfpnTZ9l2oogBg0T69NS040+yKVb9Tc6353klIEZHHsUOG/S9PA8kBDafeYedCiBkph06pGZ4WK1BwKdghOq9Kqj3NMTiaca52mnoRAA2PyaBbiXHIVdaYLKFXvsuDGwQYbBRlk9JrMlDtvnVoJdPxbT9HNsMC7+zcL8m3kOw77W6t4E59dLdbfV3yWoi UHZaNg/tp0rFMsfVnew69/ppdettHT06E24Ej7IJqnbkgkWF3CaPOHMdYkD3lc6ptSBc7Yz1OQooDSZKCGSm5wR7gjm+elkmTIpXsuUxirUJ8opL/OslbGb8iFPXjLf9kfFC3S8w/e4T3J9Lyc+wEukFwof2pmFLaTBQATORHPIh3fWchffJm8NXz588/+U+OZ4BwhT6 S21ZhAaa3DiOwMiwwIxneLoSTF0pyCkDp4Aj2HGIpWqY9xxcSNk8m6o3J+dYcD4b67khxlTUijBnva0qR4jpCNhT+THs1BZkIvKxwGV4sGOxwep1i0RlZnEoAhBtSe4GrWgquoawg5SRCFWjHUeM+05s64a8Y6mt6InVq0rDdCLjcArbb6AJW6CRUr6YZ/XCG9pfLFsb udzvN79+Rl4ff/f06FOx8VAoDaEObHmDOOQilnpzKzNPxqIEPEO+6UT7nmIA5baydNzeGRc+6LF5s4Cr2mFLR1kgg6orLVwqUqwLkFPSrkMdFuuA586nbNFp2w50GfNAwNamo2Im7F3lYBcJEd1u7FDvOnPGlV8ZFH6lWXQwilnXATw7OvtGhjrBwt5aPIMmO3YoJJp5 R9UOdpvKLz6gIFiO87bs/LEjbQpkeu0uzKHUXEzuLoJIGaaCQ6cdhQssdOwBVG3+e+3ddq+CqOO4wbxdQVQsPTErQbbQOahDpokIwTLkNrHydaowWbSWFkBBGljP/aUue+KxuMCiwVS9GxLd9l1ANG0FAU0aSXyjl8/KlrGTJwiKdcwZVLGwkSPoklS/3Su1jWMvIGNA vFNqNC5mRW1V14ZBM35hFa3frMHSBSlQ2cUQJuzgKaUShQCvCDtxfYCjKrPAP/WFVh+rXlO6ba3KnvCFhp/ZdkfFkkGRKejkAET55VBJ1dGlWZOglBtHStFL5Bj73uSA4HNYBpnlj1u2gEQz87Mssi2/AOJSwYxUCQ0jhQIpCofIhFQAyxigjpmZrqG2qjIfSBGrVFje DTUKdH99ziN7BsPkZgyiBN8iVXtJsSCnzBTrGJXbwzgKUUtlY4UnwdfMWko9noopuDEVMLBu5gUYFCcTFppjWbdAWDGGtIk7DYdoP2Gl+s041U8UV66X/F2C8EUB61e/IkdPj54dPT/+RJMa2iYUmQV79y73bbBlwTRq0N5L6xEzb/lRvHwBC9zdVJ/cYNhw9IWFrIMy iSR3hamVYPmNzcGDZjsiaSV6mDPqiskq5+rc1WEBWBBu4EKC1S6ll1by7p0q5oGPIZehkm3XVH21TGZNT12/THF3ph4tPI7Gk+SsGKtcknrGuYOUkJrCXEcxF12qekQ0LPqkOSVdzjtjkUjUq+B+pJ4OUL4HkH4duGwSpUttcZBWaSDpC2io9HWZiCPOfSBzFV5q6VyV mboJZbwYKmpDA7LFzWTGIXg+UCS1qOeQaK9Zi+8n6mx63SC6zoxUN+y1ZholwzmgoDRnsBk80BpzIDmWphPY24Gefx6P9TrgaGJHekP1qdzU78BTSDWxz+Et6pxFgxS6UdHNrH+6TklvxrFoFlAhcbuZ7X3t0Lq8Eaw3T2WDMBxR3cokIVtBmkrxr+zIkGwcYMagCZPe xXQucGYrpPrXIJXxNOE+datTNfYMnkicMiNsLWSQtpL69xe2kckNi3qNhK4j7NpVu46oc54uLeyVIHDZGHDNEHD9CHDdAJC5r8+Vtb5+fvjk6e9jFPApd/+Ag4C5XTWjvgP7Ra2/JdVE2CT2VcEyGc5BeZu9brPdbjfv9LupuV2Z6/t8YZrIhfIgX7J5sNXqtntfhtTZ Gs63t7+0hcSH9GMUsrWooSC5ryik/z+cQyGsq8hq53Y3ExY+IYGb8ijKFD7PRvjQ1IDykqOIQ4mnPGBPoYh0uV7yqa/Qse8sigK53+lEbN6GtbFP2dwGrZ2yti28zvuYSVUv6vTu3O7fu90pSqCtbIyWLua3TP2ppcsLn9GXJWmtoZ5pxqiXu5kkazp8dukeF6NlXigp tnEr+o7XTaF7zIBAB2mVRNhZKRyvdSi5tjPX5YFkhboLsAvupyWz6dZlDB8Lnmv3f/nMbBGw/PgRW/Li7FxVPD8iK31tM60ZvEoUQtCJUlU2aBXI+fHOKPlZ62fVLjX8Mt+psPzJJqCd0lVncOtqM0gv42cK3a6pJi3PAotOGLwnNHYxexZkzKekRdAFSxK4scSjd/jT doXEeqdPrGvf3LqEYZed2CM3nkNaf6UL/lcYCqgezdVdNILX6vfJBMbD4ZIHL168evL88PgIkxa8Co73tW0hQgfy44iRLX0lcZvQiGxhURZvI2zfRyxD4wRnMod4wmOpaud6I6HK2oOdLpa+yaIMhmXWVz3IYAfgyiXrc5yft0aJHhBXSp+KBXFE7kOqBPG1kV9KgGU2 w5dOxVpfNRuWQ+WM4QmVZB5XTqZhpQ2DTUwh2DSgbF4zPCpXJ6jmqABdmA4hmT9DLi8bN3Z2d3r9zkyctyLRskMGgmzRVvbxSQuptoBkS7lIaRmPCRG8U0yKSzKhHnfxhmXerO4gFNLNa6RkQJQgAWqEW8DwUgfKGaHZMpWB6srHroIuLoRmJ24lGEJB5pgUkOwKPFja fnb0Po3NuTm+q3smKjM2Z9Vqnc0bDW2k8Wa2ICf9ETmfMZ/0kMg/kzeQG4fChkhRWSH1sU31qx4jphRInIxAnrloCwmSzV7aAIi67KkEhsuAfivPoAoB43c8y/EsX6ICLb1v7rQMMwFr2azvm6Gl902/xeX6LZb7zUXuQwb56Dr/LfjbLoapRVfJ7jK6vvBS0byLZAG6 kY50Uuzj92Qo331zsRjsyxX6G2R1JwHvV1FUFhv8ikLa2uxvk1tbsC8QaRP29AuRbme9HyJ2piMEjRqDgqujGjadZJPT5QvtdpLSdNL8xhGe/Wj4+pkY+yl6gWPWzisxAitgiwJmlkZDQBT3SXbahNO1PmWN9YU65cSPhHm0IJk5KI/1CYYDqhJcm00hx8aVqJogOFyJ rWiCCUhpiJlBFCWb/RTfZuoGHTzor9BLlzyyGrZSja1us7utPMYJmCsZkQQsDHvhh+jliyHqO9SHWUTPDi5RE/VRr/psqggYXw1cvBCe3uQn2uozPXlDBGEuc3WRYZ+8pBK/SpW5t8s+JTJf0RP1GX2bPGa+zZoqTvqMOebKz77VGB7wSXZFyxUUIImmjXf1iap7DHGQ 7NvGY/HSfEFGxy5rOmeQcKvP8FPTT3esfGa7hDoyqAQ/HizfJHvFJKyQElZ+TfbBUe/w0dI12e+oy34BFrl64axyL024vWWMZYS+Qbhj9/d2aPr2i83e8v+hYPXhm367d7u9+y/9zYNfZP/3gh9t/MPGP25sbfQ27mwcbDzeeLnx9Ya98d8b/7Px243/PfzXw38//I/D /9SoP/xB1ufvNyq/w//6PytD2KI=</latexit>

Measurement 

noise

* Monster image by jcomp on Freepik
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Toy model of measurement noise

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

noise

<latexit sha1_base64="Z0SF16EdzXvaLKmmyXeC9Iur4Ps="></latexit>

0

1

0

1

1− ✏

1− ⌫

✏

⌫

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















Noisy

bit Y

* Monster image by jcomp on Freepik

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















Ideal

bit X

<latexit sha1_base64="Z0SF16EdzXvaLKmmyXeC9Iur4Ps="></latexit>

0

1

<latexit sha1_base64="bCEsmlL5xe5xxGglC1qzhcShm10="></latexit>

pideal =

✓

P(X = 0)
P(X = 1)

◆

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

Χ Y
<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

ideal noisy

<latexit sha1_base64="GwRobEsYjebaCW9/qSR//ug1Rpo="></latexit>

pnoisy =

✓

P(Y = 0)
P(Y = 1)

◆

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆
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The A matrix of the noisy meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

noise

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















Ideal

bit X

<latexit sha1_base64="Z0SF16EdzXvaLKmmyXeC9Iur4Ps="></latexit>

0

1

0

1

1− ✏

1− ⌫

✏

⌫

<latexit sha1_base64="3li+7jZlLie58+Y5cbVZZtfc7i0="></latexit>















Noisy

bit Y

* Monster image by jcomp on Freepik

<latexit sha1_base64="Z0SF16EdzXvaLKmmyXeC9Iur4Ps="></latexit>

0

1

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

Χ Y
<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

ideal noisy

<latexit sha1_base64="8023uANYHt9dNuaBIarpFIZmHSA="></latexit>

pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆
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<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit> <latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

Ideal case

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

* Monster image by jcomp on Freepik

Χ Y

ideal output

<latexit sha1_base64="8023uANYHt9dNuaBIarpFIZmHSA="></latexit>

pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆

<latexit sha1_base64="Kn/aOcuvc9LXovk39Tb20dIckjE="></latexit>

Aideal =

✓

X = 0 X = 1

Y = 0 1 0

Y = 1 0 1

◆
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The A matrix of the noisy meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

Χ Y
<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

ideal noisy

<latexit sha1_base64="8023uANYHt9dNuaBIarpFIZmHSA="></latexit>

pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆

What are the properties of A you can observe?

What is the probability of Y?

<latexit sha1_base64="Q5Jhalbl5XY+7/ksGMaz+oBRGS8="></latexit>

Properties

• The element Ay,x ∈ [0, 1] with indices x, y ∈ {0, 1} is a probability vector
element.

•

P
y∈Σ

Ay,x = 1 ∀x ∈ {0, 1} is the unit normalization of the probability
vector (columns of the A matrix).

(i.e., A is a stochastic matrix)

<latexit sha1_base64="/4Z300RPLsKp1onLTjmBKcv9wpE="></latexit>

pX := P [X = 1] ,

pY := P [Y = 1] ,

P [Y = 1] = P [Y = 1|X = 0]P [X = 0] + P [Y = 1|X = 1]P [X = 1]

= ✏ (1− pX) + (1− ⌫) pX

= ✏+ pX (1− ✏− ⌫)
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The effect of readout error on the output probability

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

Χ Y
<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

ideal noisy

<latexit sha1_base64="8023uANYHt9dNuaBIarpFIZmHSA="></latexit>

pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆

<latexit sha1_base64="9TMsNdQC1pTWuFPUANy5DHatzyc="></latexit>

0 0.2 0.4 0.6 0.8 1
0

0.25

0.5

0.75

1

Ideal P [X = 1]

N
oi
sy

P
[Y

=
1
]

=

ν

ε 

<latexit sha1_base64="bA3p0ZC1c5aqddoHgx1JT02PTc4="></latexit>

Fa = 1−
⌫ + ✏

2
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Projection & sampling noise

X✏ X

<latexit sha1_base64="6iwK6SMqt2whiSDm9NRMrjihyPU="></latexit>

 !d

<latexit sha1_base64="3gCnmva7YNIdjlXf7sePy8656xk="></latexit>

✏ = 0.02

⌫ = 0.05

<latexit sha1_base64="0iupenAoNyBsh53cdMS8eMcJU5c="></latexit>

<latexit sha1_base64="8023uANYHt9dNuaBIarpFIZmHSA="></latexit>

pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆
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2. To reduce readout error bias

a) increase the number of sample

b) you cannot undo it

c) apply readout error mitigation

Questions

1. Readout error is due to 

a) measurement apparatus that 
could be made more efficient 

b) classical limitations 

c) core nature of quantum physics

Answer these multiple-choice questions

in the chat; for example, type “1a 2b.”
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State preparation 
noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="dkrFIt+SS8ayefcQNBEwpv0yI8M=">AABDMHic7TzbcttIdtrNbYPcZpOqvCSV6o2WVdKYpEhK8kVeTmR75LU3vq2lGc+syHI1gSbZFoCG0YBEGoPHvOY1+Y487ackT6m8Jj+Rc7rRuJCgLGkkb2WznBkP0Of06e7T594NjwKXy6jT+Y8f/PD3fv8P/vCPfvTH1p/86Z/9+V989uO//FqKOLTZV7ZwRfjNiErmcp99FfHIZd8EIaPeyGVvRiePEP7mlIWSC/8omgds6NGJz8fcphE2DcKpePvZeqfdUT+y/NDNHtb3//bXv/yff/q7X796++OHfz1whB17zI9sl0p53O0E0TChYcRtl6XWIJYsoPYJnbBjePSpx+Qw  DaJhIPBg4FtfAI0TJgmPiBT4LzwI8ElnYG2hOdD9moRFdnuxs0cdRsRICpdFjHCf9Dq9bhMeZMSoQ2A6BCbAzogjwK4CX7OlVFyAwmghRlNjtzTSwrRhqwBmm/354HtpQhrkVy6NTgTxK3wCBVajgXWIPd8ihAyQkc8V/GWAvlUm2Ay/MQ9l1IIezewROjUzmC0c1gKmt3II6RNlt8NkEtJ5ugIRx68ipla6OH97af56uri3YIkuMuvLTLVmBuHSDHDiFx8emXYpBqDSfrDBb9nMdRXwGIHDpNO+t5umxWQeAZyo8IhsQIdNJflTkCnuTy6pduUYJOInH9JqVDIZn7C51I0IdjlYlXCe2NS1s1il3BwIyZETMI/lPnJKAybbEyY8hmq5jPE+BrVR  T0MxIZ+gffJx3qp9ynCZPwGp7bS7tpeDub8E7ty+XSDoVYKgn2y1aRCUJo1tKNCsfzfnOogngRAP3HZmRfSM+12QcfWzCOI2rk/LM519BEElCxc0lzz1pxAhR2QcCi/TMdPh4iog+7YivmJXlaQb4rPqhqjYvgk+woZMvn/GZFTIfBWTjiDAzTElGM5punrvGzN86Q+YF0TzXOKrbRjdXBOTy4HBDFkCocEMAz1lFoZlsDKEAE6eUTDux5lM7Ta1wdwepq2VEENNx2S4GJ2sOSE9O9YwsrHe3bx1a2O9twdS3NuE5d26BY29VvduB5p6O5up6Q4z0pYw6XY66Hj82BtBNCPGxkRa+nfVEOSD13zrcPQd3pVoKP/qUhmROHCAJ3sqVWl1YTG7CroU   gzpkGosQNENuEivfp8oki9bSBihIA+u5P9dlT7ysILBoMFHvhkSnfRcQTVtBQJNGEl/r7bOybdzKAwQ1dYwZVLGwkSPoklSv3S21jWIvICNAvFNqNCZmSWxV14ZBM3ZhGa3XrMHSBSkQ2fkAFuzgKaVihQCrCJm4PsBRlVmYP/WFFh+rXlI6bS3KnvCFhp/a9pbyJf0iUtDBAbDy84HiqqNLsyZAKTcOlaCXyDH2vckBwRewDTKLHzdsAYFmZmdZZFt+AcStghWpEhp6CgVSFB7gJKQCWEYBtc/MZA2lVZX5gItYpcLybqhRoPvhGY/sKQyTqzGwEmyLVO0lwYKYMhOsIxRuD/0oeC0VjRWWBF8zbSn1eCYmYMaUw8C6mRegUxyPWWiOZd0CYUkZ  ZObrU0Wthy8ePH322+gFfMrd/8dOwNyumlLfgXxRy29JNBE2jn1VsEwGMxDeZrfTbLfbzTu9TmpuV+byPpubJnIuP8jnbBZstDrt7uchdTYGs83Nz20h8SH9GIVsL2ooSO4rCun/DeNQMOsyvNq+3cmYhU9I4LosilKFT5MIPzA1oLzkKOJQ4ikP6FMoIl2ul3ziK3TsO42iQO5tbUVs1oa9sU/YzAapnbC2Lbyt9zGTql601b1zu3fv9lZRAm1lY7R0Mb9l6k8tXV74hLYsSWsV9VRPjHq5mUmypgfPL9zjfLTMCiVFGrck73jdFLrHDAhsIa0SC7eWCscrDUou7cx1eSBZIe4C9IL7aUltOnURw8ec58r8L1+ZLQKWHz9iS16cnamK50d4pa9t  9W7aAIi67KkYhtuAdiuPoAoG43c8i/4s36ICLb1v7rQMMgZr3qzum6Gl902/+cX6zRf7zURuQ/r56Dr+Lea3WQxTi66C3UV0feGlInnn8QJkIx3qoNjH78mQv3vmYjHolyv0d93qTgLer6IoLDbYFYW0sd7bJLc2IC8QaRNy+rlIN7PeXyJ2JiMElRqdgqu9GjYdZ4vT5QttdpLSctL8xhGe/Wj46pUY/Sl6gWHWxisxDCtg8wJmtkZDgBX3SXbahMu1brLG+lKdcuKn2zyak0wdlMW6geGAqgTTZlOIsXEnqioIBldiK6pgAlwaYGQQRfjdK75N1Q06eBgx8MjlSx5ZDVuJxkan2dlUFuMY1JUMSQIahr2AnZWLIeo71C8zj54dXKIk6qNe9dlU 4TC+6Lt4ITy9zg/n1Wd68poIwlpm6iLDHnlFJX6VKnNrl31KZP5uA6L+coM2ecJ8mzWVn/QZc8yVnz2rMdjn4+yKlisoQBJNG+/qE1X3GOAg2beNR+KV+YKMjlzWdE4h4FZ/OUJq+umOlc9sF1CHBpXgx4Plm2SvmYQdUszKr8k+Oug+eLxwTfZb6rKHoJHLF84q99KE213EWEToGYQ7dm93m6ZvP1vvLv69EcsPX/fa3dvtnV921vcfrunfj9b+Zu3v1zbWumt31vbXnqy9WvtqzV6brv3z2r+s/evDf3v47w//8+F/adQf/iDr81drld/D//5fZvdX5w==</latexit>

ρ
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Mixed state (density matrix)

box; freepik. person: facebook

Probability 1-p

Probability p
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ρ = P [|0i] |0i h0|+ P [|1i] |1i h1|

= (1� p) |0i h0|+ p |1i h1|
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Mixed state (density matrix)

box; freepik. person: facebook

Probability 1-p

Probability p
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Recall

zero state ket

zero state bra

one state ket

one state bra
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applying X gate
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Mixed state expectation values
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Probability p
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ρ = P [|0i] |0i h0|+ P [|1i] |1i h1|

= (1� p) |0i h0|+ p |1i h1|

Expectation values
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


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



Trace of a matrix
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Tr [A] =
3X
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aii = a11 + a22 + a33
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Mixed state Bloch vector
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Probability 1-p

Probability p
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ρ = P [|0i] |0i h0|+ P [|1i] |1i h1|

= (1� p) |0i h0|+ p |1i h1|

Expectation value of Z
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

Trace of a matrix
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Tr [A] =
3X
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aii = a11 + a22 + a33
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Mixed state Bloch vector
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Probability 1-p

Probability p
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ρ = P [|0i] |0i h0|+ P [|1i] |1i h1|

= (1� p) |0i h0|+ p |1i h1|

Expectation value of Z
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Ẑ

�

�

�
1
E

= (1− p) (1) + (p) (−1)

= 1− 2p

<latexit sha1_base64="ZJwiNsKhXHBAurwxzobDF46m3NI="></latexit>

D

X̂

E

= 0

D

Ŷ
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Show that

and that generally for a qubit
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Mixed state Bloch vector

box; freepik. person: facebook

Expectation value of Z
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Show that

and that generally for a qubit
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Show that

And more generally for any qubit mixed state
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Visualizing the mixed-state Bloch vector
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Keep in mind that a qubit mixed state in general is
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For our state prep noisy monster, the state is

Bloch vector 

length = 1 - 2p

Purity
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Noisy state preparation for multiple qubits
Harder, but see if you can try the derivation 
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ρ = [(1� p) |0i h0|+ p |1i h1|]Q1
⌦ · · ·⌦ [(1� p) |0i h0|+ p |1i h1|]QN

where p is individual qubit thermal probability to be in the 1 state.
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Coherent noise
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Chapter 5

Incoherent noise

Measurements in quantum

Projection noise

in
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m
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t

SPAM: Sate & meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

In this chapter, we will show more results, and 

leave more of the calculations for you to try

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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|0i U

Quantum noise
Toy model example

* Monster image by jcomp on Freepik



Zlatko Minev, IBM Quantum (92)

<latexit sha1_base64="BjCJBo5wi/OzlAHNtJKRiXjHhN4=">AABDpHic7TxZe9zIcbRzOci1dh7z0g53/JGruUnqoDwbabmUtbauiNRq15yJvh6gZwYigIbQADkjLH5Zfkke85r8iVT1gWMGQ5FcSv5ie+zdBbqqq7ur6+4Gx6Hnirjb/a+f/PQv/vKv/vpvfva3 1t/9/T/84z999vNffCt4Etnslc09Hn03poJ5bsBexW7sse/CiFF/7LHX49MDhL8+Y5FweXAcL0I28uk0cCeuTWNoevPZq+GYTd0gfZfQIHZP32fW0BOxa5+mnw9PWZx2s88z8isynNKYpUNSPL+Sjz6LWZRCJxY4JRpvPtvstrvyR1Yfevphc0P/Xrz5+Vd3hg63E58F se1RIU563TAepTSCuXgMBkgEC6l9SqfsBB4D6jMxSuX6M9KAFodMeAT/BDGRreUeKfWFWPhjwPRpPBPLMGyshYWzhXBtkZHq+PHk7ih1gzCJWWCr4SeJR2JOkMXEcSNmx94CHqgdubACYs9oRG3glbAsq3ETP6RCjmY8iu0kFiSJXU+0vcX8hqgPpx4fU2/o8WA6dNhk 6Ar4dzpE3gbs3busBsXf7KVDZOJ4km72sjqUx7bCiPz0cdtu1+IcR+mQhyyiMY9wn9PjqBbvjC4jfkvrMUVIg7MlXGyrRX4eLmE+D2vxjpbxjurxgGNLiNBSvyCQmiVUaKpFjfj5Eia01GKenqbDiAZTjw1/qR/q0MbjdOgZNG8t2qHZYtjAw2zosUl8stkbRu50Fo+g g1VDOaJgSDZ7m/1U4mvqBLr5ruN47IfNviKgp0eQzuo6WAyUCjI/QP+zcAYWh/vpZj+rkqiMVMLrZWawH+pHGX/sEWARzzU/Nncu4Ih52lnljTX8moGRjNhzz3kEBu+A+z4F+zscT7J0GPDIpx4aQngXLHKZyIxaZmB8SOuSP8u6Ejbao6cwyj555tqMwICROyctaZbB Q7mCgDALwgMFspk0haRsWGNYJOhlBE5glAaAooiA+W0QBQOBBwPf+hJonDJB3JgIjv+HBw5u7hysLTSHql+TsNhuL3f2qcMIHwvuge8ibkD63X6vCQ8iZtQhMB0CE2DnxOFgV4GveikVFyAxWojRVNgthbQ0bdgqgNlmf94HfpaSBvm9R+NTToIKn0CB5WhgHRI/sAgh Q2TkUwl/HqK7Fik2w2/iRiJuQY+mfoROTQ2zucNawPRWDiEDIu12lE4jusjWIOL4VcTMypbnb6/MX00X9xYs0WVmfZWp1swgWpkBTvzywyPTrsQAVNr3Nvgtm3meBJ4gcJR22/f2sqyYzAHAiYy4yBZ02JaSPwOZcoPpFdWuHIPoqKwclUwnp2whVCOCPResSrRIberZ OlYpN4dcuMgJmMdqHzGjIRPtKeMQy4FarmIUYZ01xP+KeOGx1Bt72eDEDQIWEZjaoNVt99l8BOxADQItj9k8Jh4dM09Yy9MPPdAcvSj9ZkabuJ43ZvE5Y0F2NQtUWKL3p/4bnOkbIP5GUr8OmWsOTtAQPmPMEQTnIHXaLJK4fggRGwSrVcunN7nalm+zaq7Z6FVAZatX waub3VgdVG+Obr9oexrXYmvZjvIkxswFI3lwnwnG8gQ8JljCiCfAOBQi6GFmAasBbb76oLUTIcpjgQeQEi3VVe8SSO8MTXMEqREBh0RB48OZRUCw6NwVnbbsMVCWpaH+TY7c96jpyracu048GwwVCaAg37XhacwYuvRB3w2aFQrffU9EiUhj4bvBoNVr7zVJ3kLng1vY ohvmiAKZVfEOCJBg5QgO9ymi7PeM2RPUDz0mBnt5JxZANDGFHNJ3YzGIo4RV53Uk+dMidA5OWxFBNhDcOsW8QTyDnNHQm0auM/DpWx7V05kvjGFQxOSLJpRi5DIYQk7mebmrWiiMgNGIYHIqDGC+BtCYV2guxMydxIMumzcNzcZiLUbtnGVurWaqx1YtF8yaQUSyUJzS uGqMMK5ni8emkEYbnsiXKvkJ53HAIcJx37OsnoZkQj5B+/TDvJX7pHFZMAWp7bZ7tp+D3WAF3L19u0BQqwRBP+20aRiWJo1tKNBscDfnOogngRAP3La2ImrGgx7IuPxZBHEbN6flWmcPIKhk0ZLmkm+CGUTIMZlE3Nc6ZjpcXgXEwJbE1+yqlHRDfF7dEBnbN8FH2JDJ D86ZiAuZr2LSMQS4OaYAwznL1u99Y44vgyHzw3iRS3y1DaObG2JyOTCYI0sgNJhjoCfNwqgMloYQwOkTCsb9RMvUXlMZzJ1R1loLMdRUTIaLUcmaE9HzEwUjW5u97Vu3tjb7+yDF/W1Y3q1b0Nhv9e52oam/u52Z7jAjZQnTXreLjidI/DFEM3xiTKSlftcNQd77zTeO i77DvxYN6V89KmKShA7wZF+mKq0eLGZPQldCNYfZPJKVPdEOIRfzeRTOasO+MibqKSCJTHEWtk/FwBFz3mfp4+OnT7L04aOd3s5OVkXAODjH2LuH/1sKEsE4eH3YbeAuZEnRFIQamzDdgYhdprRW8YiKbxwJbiopfgMy9qgEYASyCvhlH72ZDBoY5lARjCYGWHPckaYq D1RNL4BIANg310985bAV4F4FoJy1BIBZHK2uT6rpBxZpHIdS32LuqPHa8EFvKkTiMwhC0D5iNRGCEGkhLBJArkIcVwA5gOFk9mzfqpkNzONmOPrx2dndW89PuYwqt67Prgq//izhf5bwP2oJLw8XznjMAzkU/LTRZzqdKHzAIBUBPTXt+BNsimcxJubb8/0SEL2jGycO G/T9PA4kBJLPvMNOBRAx0w4dMjM87NYgdKeghPK9yqh3NMKStp65zDRUIADJjwmgW+lx5EopMNFCr30XBjaIMNhIx1MCT0og2vxy0MuXYtp+jW1mCn8wd7/G34Oz77W6t2Fy8qW72+rvktVAoGy0bDeyn0gR04arO9l17vWzauptHT46414Mj6IJonbogUZFrk0eucxz iAHdlzIn94K4MjNWp1sgNBgoIZCZnhPsCer48kWZMCleyZbPKNYmyEtX4H9eQDITxC71zHjbHxgvUv1C0+8+wfxcCPcMK5F+yANob5ppSQkGKqAmwoV4SHU9Z9F98vrhy2ffPPvNPjmeAcIU+gulWYSGitw4iUHJsMCMR62qEkw9wckpA6OAI9hJhKVqWPccTEhZPZuy t0vOseB8NlZrQ4wpr2VhPvW2rBwhpsMhpwoSyNQWZMLzscBk+JCx2KD1qkWgMLMk4iGwtsR3g1Y0FV0jyCBFzCPZaCcxcwMnsVVD3rHUVvTE6lWlYToRSTSF9BtoQgo0ksKXuLpeeEP5xbK2kcv9fv+7p+To+Psnhx9rGl9zKSHUgZQ3TCKXJ0Ilt0JbMhanYBnypBP1 e4oO1LWlpmN6Z0z4oMfmzQIua4ct5WWBDIqusHCrSLEvQE5yuw51WOwDXg84ZYtO23agy9gNOaQ2HekzIXcVg10kRFS70UOVdeYTl3ZlUNiVZtHBCGZdB7DsaOwbGnWChb21eAZNdOyIC1Tzjqwd7DalXTygwFgX123Z+WNH2BTI9NpdWEOpuVjcXQSRMkw6h047jhZY 6NgDqEz+e+3ddq+CqPy4wbxdQZRT+sbsBNlC4yAPmSY8As0Q28TK96kyyaK1tAES0sB67m9U2RMvK3AsGkzluyHRbd8FRNNWEFCkkcS3avssvY2dPECQU8eYQRYLGzmCKkn1271S2zjxQzIGxDulRmNiVsRWdm0YNGMXVtH6zRosVZACkV0MYcEOnlJKVnCwipCJqwMc WZmF+dOAK/Gx6iWl21ai7POAK/iZbXekLxkUkYIKDoCVXwwlVx1VmjUBSrlxJAW9RI6xH00OCD6DbRA6ftyyOQSa2s6y2LaCAohbBSuSJTT0FBIkKTzESQgJsIwCKp+pZQ2lVZb5gItYpcLybqRQoPvRuRvbMxgmV2NgJdgWIdtLggUxpRasYxRuH/0oeC0ZjRWWBF+1 tpR6POFTMGPSYWDdzA/RKU4mLDLHsl6BsKIMWRMzDYcoO2Fl6s0Y1Y/kV64X/F2C8EUO67e/JYdPDp8ePjv+SIsa2sYVmQ17+za3bZCyYBg1aO9l9YjaWn4QL9/AAnc3Uyc36DYcdWFBd5AqkeamMLNSLL+xOVhQnREJK1XDnFGPT1ZnLs9dHRaCBmECFxGsdkm5tNK3 b2UxD2wMuQwVna7J+mqZzJqeqn6ZYXYmHy08jsaTZF2MlSZJPuPagUtITWKuo5izLpM9YhoVfbKckirnnbGYp/KVu0Esnx4gfx9A+PUA75JkS21JmFVpIOkLaMjwdZmIw88DIHOVudTSuepk6hak52KoyIQGeIvJpJ4hWD4QJLmp5xBor9mLH8dqvbxuGF9nRbIb9lqz jJLiPKAgNGeQDD5QEvNAuFiaTiG3Azn/NBbrKHRRxQ5VQvWxzNQfwFIIubBPYS3qjEWDFLJRkU3dP1snpDdjWNQUUCAx3dS5rx1Zl1eC9eopdRCGI7JbmSREK0hTCv6VDRmSTUKMGBRh0ruYzgXGbIVU/xqk9JwmbkC96lKNPoMl4qfMMFsxGbgtuf7jmW14csOsXsOh 6zC7dteuw+p8Tpdm9ooTuKwPuKYLuL4HuK4D0ObrU0WtR88efvPkj9ELBNT1/oSdgLldNaOBA/mikt+SaCJskgSyYJkO5yC8zV632W63m3f63czcrszlfb4wTeRCfpAv2DzcanXbvS8i6mwN59vbX9hc4EP2IQp6L2ooCDeQFLL/H8ahYNZVeLVzu6uZhU9I4KYsilSF T5MIPzQ1oLzkyJNI4CkP6FPEY1WuF+40kOjYdxbHodjvdGI2b8Pe2KdsboPUTlnb5n7nXcKErBd1endu9+/d7hQl0JYeo6WK+S1Tf2qp8sIntGVpVquoZ2pi1M/NTKqbHj69dI+L0bQVSos0bkXe8bopdE8YEOggrRILOyuF47UGJZd25nluKFgh7hz0wg2yktp06yKG DznPtflfvjKbhyw/fsSWvDg7lxXPD/BKXdvMagavEgUXdCJFlQ1aBXJ+vDNKP299Xu1SM18WOJUpf7QFKKN01RXcutoKssvYmUK2a6pJy6vAohM67wlNPIyeORm7U9IiaIIFCb1E4NE7/Nv2uMB6Z0Csa9/cuoRil43YIy+ZQ1h/pQv+VxgKqB7O5V00gtfq98kExsPh 0oPnz19+8+zh8SEGLXgVHO9r25xHDsTHMSNb6kriNqEx2cKiLN5G2L6PWIbGCa5kDv7ETYSsnatEQpa1BztdLH2TRRkM26yuepDBDsClSVbnOL9ujVI1IO6UOhULk5jch1AJ/Gsjv5QA22yGL52Ktb5sNiyHihnDEyrBfFcamYaVNQw2MYVg04C8OWJ4VC5PUM1RAZow 5UK0PcNZXtZv7Ozu9PqdGT9vxbxlRwwY2aIt/fFJC6m2gGRLmkhhGYsJHrxTLMoVZEJ918MblnmzvINQcDevkZIBkYwEqGFuAcNLHchnhOptKgPllY9dCV1cCNUnbiUYQoHnGBQQfQUeNG1fH71PE3Nuju/ynomMjM1Ztdxn80YjG2m8ni3ISX9EzmcsID0k8m/kNcTG EbfBU1R2SH5sU/2qx7ApAxInI+BnztqCg2SzlzUAIi97SobhNqDdyiOogsH4Hc+yP8u3qEDL7ps7LUPNYMWb9X01Wnbf9Ftcrt9iud+c5zZkkI+u4t9iftvFMLXoMthdRlcXXiqSdxEvQDaykQqKA/yeDPm7by4Wg355XH0qLu8k4P0qisJig12RSFub/W1yawvyAp41 Iadf8Gxb9/4asbWMEFRqdAqe8mrYdKIXp8oXyuykpeVk+Y0jPPtR8PUrMfpT9ALDrIxXahhWwBYFzGyNggAr7hN92oTLtT5mjfW5POXET7fdeEG0OkiL9RGGA6oCTJtNIcbGnaiqIBhcga2ogilwaYiRQRzjd6/4NpM36OBB/bWA0iUPXcOWorHVbXa3pcU4AXUlI5KC hmEv/OsA5Ysh8jvUr7VH1weXKInqqFd+NlU4jC8HHl4Iz27yw3n5mZ64IYKwlrm8yLBPXlCBX6WK3NrpT4nM3zYg8o8btMljFtisKf1kwJhjrvzsW43hA3eir2h5nAIkVbTxrj6RdY8hDqK/bTzmL8wXZHTssaZzBgG3/OMImemnOlY+s11CHRlUgh8Plm+SvWQCdkgy K78me3DYe/ho6Zrs99RjX4FGrl44q9xL415vGWMZoW8Q7tj9vR26irBjEHYoomRvPtvsLf9hidWHb/vt3u327r/3Nx98pf/oxM82/mXjXze2NnobdzYebDzeeLHxasPe+M+N/974n43/PfjVwZODo4NXCvWnP9F9/nmj8jv4j/8Dt859Dg==</latexit>

|0i U

Quantum noise
Toy model example

* Monster image by jcomp on Freepik

probability  1-p

probability  p

<latexit sha1_base64="cVGiq7Gf0p4jK8cxYAhwUrjOvz4="></latexit>

I
<latexit sha1_base64="lyx5YvThzTQ36uFVOPyY48o/WZM="></latexit>

X

<latexit sha1_base64="K/YYWHlJlnZkY1q79LNdb1HkDBs="></latexit>

<latexit sha1_base64="K/YYWHlJlnZkY1q79LNdb1HkDBs="></latexit>

=

=



Zlatko Minev, IBM Quantum (93)

<latexit sha1_base64="w96jf0ZPx2BmrmSC4NZxoFta+m0="></latexit>

|0i X U

Noise raveling of quantum trajectories

* Monster image by jcomp on Freepik

probability  1-p

probability  p

<latexit sha1_base64="bghq9rIZ9sOg++VGFcpWPAIGvQQ="></latexit>

|0i I U
Results in mixed state just like in our 

discussion of state preparation error 

and mixed states

How does this noise act on the state?

For trajectory A:

Trajectory A:

Trajectory B:

t = 0 t = 1 t = 2

<latexit sha1_base64="BUWdmvCJANapF0PjdfKCKhAnvxk="></latexit>

ρ
A

0
= |0i h0|

<latexit sha1_base64="AkE3IYI5NxcF0KyuPg1mj5wStGg="></latexit>

ρ
A

1
= I |0i h0| I†

<latexit sha1_base64="8m0CiOTXI+3ZkIgAhfSnwQc12QU="></latexit>

ρ
A

2
= UI |0i h0| I†U †

<latexit sha1_base64="lGgfUp1KSjhryURkxEHjfPdhYxA="></latexit>

ρ
B

0
= |0i h0|

<latexit sha1_base64="rYb19jO3wNmtpxNlapEtiBYiTCo="></latexit>

ρ
B

1
= X |0i h0|X†

<latexit sha1_base64="hDlFOJO1J3My/SqTpi/N9+JsFIs="></latexit>

ρ
B

2
= UX |0i h0|X†

U
†

For trajectory B:

<latexit sha1_base64="lX8xzDKUTrTrEODWd0bAV7+rdbY="></latexit>

ρt = (1− p) ρAt + pρ
B

t

Average evolution



Zlatko Minev, IBM Quantum (94)

<latexit sha1_base64="w96jf0ZPx2BmrmSC4NZxoFta+m0="></latexit>

|0i X U

Average evolution: Quantum noise channel

* Monster image by jcomp on Freepik

probability  1-p

probability  p

<latexit sha1_base64="bghq9rIZ9sOg++VGFcpWPAIGvQQ="></latexit>

|0i I U

Trajectory A:

Trajectory B:

<latexit sha1_base64="RnR3dBMq3dHOrs7R2PZ17mzcW4w="></latexit>

|0i Λ U

=

+

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX



Zlatko Minev, IBM Quantum (95)

Bit flip channel effects on the Bloch vector

* Monster image by jcomp on Freepik

<latexit sha1_base64="RnR3dBMq3dHOrs7R2PZ17mzcW4w="></latexit>

|0i Λ U

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

<latexit sha1_base64="BQoMb4xU6BCkTcA36oBEuCu7zAU="></latexit>

ρ0 =
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

<latexit sha1_base64="Vq2bGAp8HDUKqUwLMbO07Ve5fmM="></latexit>

ρ1 = Λ (ρ0)
<latexit sha1_base64="jkg+v2fRh+OG1gXIatol14QBcaU="></latexit>

D

Î

E

,

D

X̂

E

,

D

Ŷ

E

,

D

Ẑ

E

<latexit sha1_base64="nXHnfsmQf6O5ltyxMazGlLoRRXA="></latexit>

D

Î
E

=

D

X̂
E

=

D

Ŷ
E

=

D

Ẑ
E

=

For the initial state ρ0 For the final state ρ1

<latexit sha1_base64="OGC9tHK0s7tYdUsj+sHOEdkOphw="></latexit>

D

Î
E

=
D

X̂
E

=
D

Ŷ
E

=
D

Ẑ
E

=

Show the effect of the noise channel on the Bloch 

vector of the state

Calculate                         and its                                    for ρ0, ρ1
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Bit flip channel effects on the Bloch vector

* Monster image by jcomp on Freepik

<latexit sha1_base64="RnR3dBMq3dHOrs7R2PZ17mzcW4w="></latexit>

|0i Λ U

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

<latexit sha1_base64="BQoMb4xU6BCkTcA36oBEuCu7zAU="></latexit>

ρ0 =
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

<latexit sha1_base64="Vq2bGAp8HDUKqUwLMbO07Ve5fmM="></latexit>

ρ1 = Λ (ρ0)
<latexit sha1_base64="jkg+v2fRh+OG1gXIatol14QBcaU="></latexit>

D

Î

E

,

D

X̂

E

,

D

Ŷ

E

,

D

Ẑ

E

Tool bag tricks:
<latexit sha1_base64="tLZ+QwHjGSWEv6h1SY0+c1yv6S0="></latexit>

For Â, B̂ ∈

n

Î , X̂, Ŷ , Ẑ
o

<latexit sha1_base64="4CQcXzvE01jj6TKpktgel6/bomQ="></latexit>

Ân
=

(

Â , n odd ,

Î , n even ,

Tr

h

Â
i

= 0

Tr

h

ÂB̂
i

= 2δAB

The trace is a linear functional 
<latexit sha1_base64="nUdwbyelv/MOwhO2cA7ieFeC8KI="></latexit>

For a, b ∈ C and Ĉ, D̂ ∈ L (H),
<latexit sha1_base64="MdVh+B/vKvwi353u1arQ8zlE544="></latexit>

Tr

h

aĈ + bD̂

i

= aTr

h

Ĉ

i

+ bTr

h

D̂

i

Paulis,

Show the effect of the noise channel on the Bloch 

vector of the state

Calculate                         and its                                    for ρ0, ρ1
<latexit sha1_base64="Y75DYCW9+19qPt8yuNDqPcNw148="></latexit>

D

Î
E

= Tr
h

Îρ
i

= Tr



Î ·
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

�

= Tr



1

2

⇣

Î + xX̂ + yŶ + zẐ

⌘

�

=
1

2
Tr

h

Î + xX̂ + yŶ + zẐ

i

=
1

2

⇣

Tr
h

Î

i

+ xTr
h

X̂

i

+ yTr
h

Ŷ

i

+ zTr
h

Ẑ

i⌘

=
1

2
(2 + 0 + 0 + 0)

= 1

Identity times anything is itself

trace is linear functional, move 

constant outside

trace is linear 

functional, expand 

sum and distribute

all Pauli operators are traceless, except for the identity

we have shown the trace of the mixed state is 1 as 

expected

For the initial state ρ0



Zlatko Minev, IBM Quantum (97)

Bit flip channel effects on the Bloch vector

* Monster image by jcomp on Freepik

<latexit sha1_base64="RnR3dBMq3dHOrs7R2PZ17mzcW4w="></latexit>

|0i Λ U

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

<latexit sha1_base64="BQoMb4xU6BCkTcA36oBEuCu7zAU="></latexit>

ρ0 =
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

<latexit sha1_base64="Vq2bGAp8HDUKqUwLMbO07Ve5fmM="></latexit>

ρ1 = Λ (ρ0)
<latexit sha1_base64="jkg+v2fRh+OG1gXIatol14QBcaU="></latexit>

D

Î

E

,

D

X̂

E

,

D

Ŷ

E

,

D

Ẑ

E

Tool bag tricks:
<latexit sha1_base64="tLZ+QwHjGSWEv6h1SY0+c1yv6S0="></latexit>

For Â, B̂ ∈

n

Î , X̂, Ŷ , Ẑ
o

<latexit sha1_base64="4CQcXzvE01jj6TKpktgel6/bomQ="></latexit>

Ân
=

(

Â , n odd ,

Î , n even ,

Tr

h

Â
i

= 0

Tr

h

ÂB̂
i

= 2δAB

The trace is a linear functional 
<latexit sha1_base64="nUdwbyelv/MOwhO2cA7ieFeC8KI="></latexit>

For a, b ∈ C and Ĉ, D̂ ∈ L (H),
<latexit sha1_base64="MdVh+B/vKvwi353u1arQ8zlE544="></latexit>

Tr

h

aĈ + bD̂

i

= aTr

h

Ĉ

i

+ bTr

h

D̂

i

Paulis,

<latexit sha1_base64="v7DKpPYyhuptttnGWnrqPt9euE4="></latexit>

D

X̂
E

= Tr

h

X̂ρ

i

= Tr



X̂ ·

1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

�

=
1

2
Tr

h

X̂Î

i

+
1

2
xTr

h

X̂X̂

i

+
1

2
yTr

h

X̂Ŷ

i

+
1

2
zTr

h

X̂Ẑ

i

=
1

2�
�

��
Tr

h

X̂

i

+
1

2
xTr

h

Î

i

+
1

2
yconst

⇢
⇢
⇢⇢

Tr

h

Ẑ

i

+
1

2
zconst

⇢
⇢

⇢⇢
Tr

h

Ŷ

i

=
1

2
xTr

h

Î

i

= x

* Some constants we don’t need to 

calculate since the terms are zero

Show the effect of the noise channel on the Bloch 

vector of the state

Calculate                         and its                                    for ρ0, ρ1

For the initial state ρ0

trace is linear functional, 

expand sum and distribute
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Bit flip channel effects on the Bloch vector

* Monster image by jcomp on Freepik

<latexit sha1_base64="RnR3dBMq3dHOrs7R2PZ17mzcW4w="></latexit>

|0i Λ U

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

<latexit sha1_base64="BQoMb4xU6BCkTcA36oBEuCu7zAU="></latexit>

ρ0 =
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

<latexit sha1_base64="Vq2bGAp8HDUKqUwLMbO07Ve5fmM="></latexit>

ρ1 = Λ (ρ0)
<latexit sha1_base64="jkg+v2fRh+OG1gXIatol14QBcaU="></latexit>

D

Î

E

,

D

X̂

E

,

D

Ŷ

E

,

D

Ẑ

E

Show the effect of the noise channel on the Bloch 

vector of the state

Calculate                         and its                                    for ρ0, ρ1

<latexit sha1_base64="nXHnfsmQf6O5ltyxMazGlLoRRXA="></latexit>

D

Î
E

= 1

D

X̂
E

= x
D

Ŷ
E

= y
D

Ẑ
E

= z

For the initial state ρ0 For the final state ρ1

<latexit sha1_base64="OGC9tHK0s7tYdUsj+sHOEdkOphw="></latexit>

D

Î
E

= 1
D

X̂
E

= x
D

Ŷ
E

= (1− 2p) y
D

Ẑ
E

= (1− 2p) z

The noisy damping factor for each 

Pauli is often called the Pauli fidelity 

for the relevant Pauli component 
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Visual explanation
<latexit sha1_base64="DmzWGE1TKYKdUJL3IL7ReZk9uhw="></latexit>

Q1 Λ I
<latexit sha1_base64="WjLrtySP2hjJeZrI79TLf7GoR6I="></latexit>

ρ
<latexit sha1_base64="T/pZXk8MykP3QUV/x4AWBBW3UEQ="></latexit>

Λ(ρ)

contraction

loss of information

reduced purity 

eigenvalues > 0

Bloch sphere 

of pure states

X is eigenvector 

of map
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Effect of repeated noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="BQoMb4xU6BCkTcA36oBEuCu7zAU="></latexit>

ρ0 =
1

2

⇣

Î + xX̂ + yŶ + zẐ
⌘

<latexit sha1_base64="Vq2bGAp8HDUKqUwLMbO07Ve5fmM="></latexit>

ρ1 = Λ (ρ0)

<latexit sha1_base64="s63M40mUIvhxIWgMrt0bNT4LgmI="></latexit>

ρ Λ I
<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

For the bit flip channel, find the effect on the Bloch vector of 

repeating the noise d times with an identity gate as the unitary

Initial state

<latexit sha1_base64="CtbKHcHuJfaw7itxPMkcM0aglFY="></latexit>

ρd = Λ (ρd−1)

...

<latexit sha1_base64="zcE7EWIfZOxFXb/FfjMlZsroToY="></latexit>

✓ ◆d

Use the result 2 slides back for the effect of the channel 

on the Bloch components with the recursive relation on 

the left:

<latexit sha1_base64="OGC9tHK0s7tYdUsj+sHOEdkOphw="></latexit>

D

Î
E

= 1
D

X̂
E

= x
D

Ŷ
E

= (1− 2p) y
D

Ẑ
E

= (1− 2p) z
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It follows that the noise causes the Bloch vector components 

to shift exponentially a rate given by the Pauli fidelities of 

the noise channel, where the fidelity is

and the Bloch components are

<latexit sha1_base64="TD5MKV6QZUi6Kw25b0nKro9Gdt8="></latexit>
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0

0.25

0.5

0.75

1

Depth d
B
lo
ch

re
la
ti
v
e
d
ec
a
y X

Y

Z

Effect of repeated noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="s63M40mUIvhxIWgMrt0bNT4LgmI="></latexit>

ρ Λ I
<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

For the bit flip channel, find the effect on the Bloch vector of 

repeating the noise d times with an identity gate as the unitary

<latexit sha1_base64="zcE7EWIfZOxFXb/FfjMlZsroToY="></latexit>

✓ ◆d

<latexit sha1_base64="tf31R4OCGCC0XjjWFpnFZpqVV8c="></latexit>

D

Î
E

(d) = 1
D

X̂
E

(d) = x
D

Ŷ
E

(d) = fdy
D

Ẑ
E

(d) = fdz

<latexit sha1_base64="LyUBF+yKszoU74cf/pwP4CYnAk0="></latexit>

f = 1− 2p

f =  0.95
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It follows that the noise causes the Bloch vector components 

to shift exponentially a rate given by the Pauli fidelities of 

the noise channel, where the fidelity is

<latexit sha1_base64="TD5MKV6QZUi6Kw25b0nKro9Gdt8="></latexit>
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Depth d
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Y

Z

Effect of repeated noise

* Monster image by jcomp on Freepik

<latexit sha1_base64="s63M40mUIvhxIWgMrt0bNT4LgmI="></latexit>

ρ Λ I
<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX

For the bit flip channel, find the effect on the Bloch vector of 

repeating the noise d times with an identity gate as the unitary

<latexit sha1_base64="zcE7EWIfZOxFXb/FfjMlZsroToY="></latexit>

✓ ◆d

<latexit sha1_base64="LyUBF+yKszoU74cf/pwP4CYnAk0="></latexit>

f = 1− 2p

f =  0.95

Note, to first order the errors add up linearly rather than 

quadratically as for coherent noise, in other words, slower:

<latexit sha1_base64="cXw3Eb8iWzNdcMnJwu+eBvOYDOg="></latexit>

D

Ẑ

E

(d) = (1− 2p)
d
z ≈ (1− 2pd) z +O

�

d2
�
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Coherent error

ε = 3 degrees over rotation 

Projection noise

800 shots 

Readout error

ε = p(1|0) = 0.02

ν = p(0|1) = 0.05

State prep error

p = 0.025

Incoherent bit flip noise

p = 0.008

Hello World example: all the pieces explained 

<latexit sha1_base64="3wht0ENK9BO5JdhISMQb4s9PM8k="></latexit>

Λ (ρ) = (1− p) IρI + pXρX
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<latexit sha1_base64="BjCJBo5wi/OzlAHNtJKRiXjHhN4=">AABDpHic7TxZe9zIcbRzOci1dh7z0g53/JGruUnqoDwbabmUtbauiNRq15yJvh6gZwYigIbQADkjLH5Zfkke85r8iVT1gWMGQ5FcSv5ie+zdBbqqq7ur6+4Gx6Hnirjb/a+f/PQv/vKv/vpvfva3 1t/9/T/84z999vNffCt4Etnslc09Hn03poJ5bsBexW7sse/CiFF/7LHX49MDhL8+Y5FweXAcL0I28uk0cCeuTWNoevPZq+GYTd0gfZfQIHZP32fW0BOxa5+mnw9PWZx2s88z8isynNKYpUNSPL+Sjz6LWZRCJxY4JRpvPtvstrvyR1Yfevphc0P/Xrz5+Vd3hg63E58F se1RIU563TAepTSCuXgMBkgEC6l9SqfsBB4D6jMxSuX6M9KAFodMeAT/BDGRreUeKfWFWPhjwPRpPBPLMGyshYWzhXBtkZHq+PHk7ih1gzCJWWCr4SeJR2JOkMXEcSNmx94CHqgdubACYs9oRG3glbAsq3ETP6RCjmY8iu0kFiSJXU+0vcX8hqgPpx4fU2/o8WA6dNhk 6Ar4dzpE3gbs3busBsXf7KVDZOJ4km72sjqUx7bCiPz0cdtu1+IcR+mQhyyiMY9wn9PjqBbvjC4jfkvrMUVIg7MlXGyrRX4eLmE+D2vxjpbxjurxgGNLiNBSvyCQmiVUaKpFjfj5Eia01GKenqbDiAZTjw1/qR/q0MbjdOgZNG8t2qHZYtjAw2zosUl8stkbRu50Fo+g g1VDOaJgSDZ7m/1U4mvqBLr5ruN47IfNviKgp0eQzuo6WAyUCjI/QP+zcAYWh/vpZj+rkqiMVMLrZWawH+pHGX/sEWARzzU/Nncu4Ih52lnljTX8moGRjNhzz3kEBu+A+z4F+zscT7J0GPDIpx4aQngXLHKZyIxaZmB8SOuSP8u6Ejbao6cwyj555tqMwICROyctaZbB Q7mCgDALwgMFspk0haRsWGNYJOhlBE5glAaAooiA+W0QBQOBBwPf+hJonDJB3JgIjv+HBw5u7hysLTSHql+TsNhuL3f2qcMIHwvuge8ibkD63X6vCQ8iZtQhMB0CE2DnxOFgV4GveikVFyAxWojRVNgthbQ0bdgqgNlmf94HfpaSBvm9R+NTToIKn0CB5WhgHRI/sAgh Q2TkUwl/HqK7Fik2w2/iRiJuQY+mfoROTQ2zucNawPRWDiEDIu12lE4jusjWIOL4VcTMypbnb6/MX00X9xYs0WVmfZWp1swgWpkBTvzywyPTrsQAVNr3Nvgtm3meBJ4gcJR22/f2sqyYzAHAiYy4yBZ02JaSPwOZcoPpFdWuHIPoqKwclUwnp2whVCOCPResSrRIberZ OlYpN4dcuMgJmMdqHzGjIRPtKeMQy4FarmIUYZ01xP+KeOGx1Bt72eDEDQIWEZjaoNVt99l8BOxADQItj9k8Jh4dM09Yy9MPPdAcvSj9ZkabuJ43ZvE5Y0F2NQtUWKL3p/4bnOkbIP5GUr8OmWsOTtAQPmPMEQTnIHXaLJK4fggRGwSrVcunN7nalm+zaq7Z6FVAZatX waub3VgdVG+Obr9oexrXYmvZjvIkxswFI3lwnwnG8gQ8JljCiCfAOBQi6GFmAasBbb76oLUTIcpjgQeQEi3VVe8SSO8MTXMEqREBh0RB48OZRUCw6NwVnbbsMVCWpaH+TY7c96jpyracu048GwwVCaAg37XhacwYuvRB3w2aFQrffU9EiUhj4bvBoNVr7zVJ3kLng1vY ohvmiAKZVfEOCJBg5QgO9ymi7PeM2RPUDz0mBnt5JxZANDGFHNJ3YzGIo4RV53Uk+dMidA5OWxFBNhDcOsW8QTyDnNHQm0auM/DpWx7V05kvjGFQxOSLJpRi5DIYQk7mebmrWiiMgNGIYHIqDGC+BtCYV2guxMydxIMumzcNzcZiLUbtnGVurWaqx1YtF8yaQUSyUJzS uGqMMK5ni8emkEYbnsiXKvkJ53HAIcJx37OsnoZkQj5B+/TDvJX7pHFZMAWp7bZ7tp+D3WAF3L19u0BQqwRBP+20aRiWJo1tKNBscDfnOogngRAP3La2ImrGgx7IuPxZBHEbN6flWmcPIKhk0ZLmkm+CGUTIMZlE3Nc6ZjpcXgXEwJbE1+yqlHRDfF7dEBnbN8FH2JDJ D86ZiAuZr2LSMQS4OaYAwznL1u99Y44vgyHzw3iRS3y1DaObG2JyOTCYI0sgNJhjoCfNwqgMloYQwOkTCsb9RMvUXlMZzJ1R1loLMdRUTIaLUcmaE9HzEwUjW5u97Vu3tjb7+yDF/W1Y3q1b0Nhv9e52oam/u52Z7jAjZQnTXreLjidI/DFEM3xiTKSlftcNQd77zTeO i77DvxYN6V89KmKShA7wZF+mKq0eLGZPQldCNYfZPJKVPdEOIRfzeRTOasO+MibqKSCJTHEWtk/FwBFz3mfp4+OnT7L04aOd3s5OVkXAODjH2LuH/1sKEsE4eH3YbeAuZEnRFIQamzDdgYhdprRW8YiKbxwJbiopfgMy9qgEYASyCvhlH72ZDBoY5lARjCYGWHPckaYq D1RNL4BIANg310985bAV4F4FoJy1BIBZHK2uT6rpBxZpHIdS32LuqPHa8EFvKkTiMwhC0D5iNRGCEGkhLBJArkIcVwA5gOFk9mzfqpkNzONmOPrx2dndW89PuYwqt67Prgq//izhf5bwP2oJLw8XznjMAzkU/LTRZzqdKHzAIBUBPTXt+BNsimcxJubb8/0SEL2jGycO G/T9PA4kBJLPvMNOBRAx0w4dMjM87NYgdKeghPK9yqh3NMKStp65zDRUIADJjwmgW+lx5EopMNFCr30XBjaIMNhIx1MCT0og2vxy0MuXYtp+jW1mCn8wd7/G34Oz77W6t2Fy8qW72+rvktVAoGy0bDeyn0gR04arO9l17vWzauptHT46414Mj6IJonbogUZFrk0eucxz iAHdlzIn94K4MjNWp1sgNBgoIZCZnhPsCer48kWZMCleyZbPKNYmyEtX4H9eQDITxC71zHjbHxgvUv1C0+8+wfxcCPcMK5F+yANob5ppSQkGKqAmwoV4SHU9Z9F98vrhy2ffPPvNPjmeAcIU+gulWYSGitw4iUHJsMCMR62qEkw9wckpA6OAI9hJhKVqWPccTEhZPZuy t0vOseB8NlZrQ4wpr2VhPvW2rBwhpsMhpwoSyNQWZMLzscBk+JCx2KD1qkWgMLMk4iGwtsR3g1Y0FV0jyCBFzCPZaCcxcwMnsVVD3rHUVvTE6lWlYToRSTSF9BtoQgo0ksKXuLpeeEP5xbK2kcv9fv+7p+To+Psnhx9rGl9zKSHUgZQ3TCKXJ0Ilt0JbMhanYBnypBP1 e4oO1LWlpmN6Z0z4oMfmzQIua4ct5WWBDIqusHCrSLEvQE5yuw51WOwDXg84ZYtO23agy9gNOaQ2HekzIXcVg10kRFS70UOVdeYTl3ZlUNiVZtHBCGZdB7DsaOwbGnWChb21eAZNdOyIC1Tzjqwd7DalXTygwFgX123Z+WNH2BTI9NpdWEOpuVjcXQSRMkw6h047jhZY 6NgDqEz+e+3ddq+CqPy4wbxdQZRT+sbsBNlC4yAPmSY8As0Q28TK96kyyaK1tAES0sB67m9U2RMvK3AsGkzluyHRbd8FRNNWEFCkkcS3avssvY2dPECQU8eYQRYLGzmCKkn1271S2zjxQzIGxDulRmNiVsRWdm0YNGMXVtH6zRosVZACkV0MYcEOnlJKVnCwipCJqwMc WZmF+dOAK/Gx6iWl21ai7POAK/iZbXekLxkUkYIKDoCVXwwlVx1VmjUBSrlxJAW9RI6xH00OCD6DbRA6ftyyOQSa2s6y2LaCAohbBSuSJTT0FBIkKTzESQgJsIwCKp+pZQ2lVZb5gItYpcLybqRQoPvRuRvbMxgmV2NgJdgWIdtLggUxpRasYxRuH/0oeC0ZjRWWBF+1 tpR6POFTMGPSYWDdzA/RKU4mLDLHsl6BsKIMWRMzDYcoO2Fl6s0Y1Y/kV64X/F2C8EUO67e/JYdPDp8ePjv+SIsa2sYVmQ17+za3bZCyYBg1aO9l9YjaWn4QL9/AAnc3Uyc36DYcdWFBd5AqkeamMLNSLL+xOVhQnREJK1XDnFGPT1ZnLs9dHRaCBmECFxGsdkm5tNK3 b2UxD2wMuQwVna7J+mqZzJqeqn6ZYXYmHy08jsaTZF2MlSZJPuPagUtITWKuo5izLpM9YhoVfbKckirnnbGYp/KVu0Esnx4gfx9A+PUA75JkS21JmFVpIOkLaMjwdZmIw88DIHOVudTSuepk6hak52KoyIQGeIvJpJ4hWD4QJLmp5xBor9mLH8dqvbxuGF9nRbIb9lqz jJLiPKAgNGeQDD5QEvNAuFiaTiG3Azn/NBbrKHRRxQ5VQvWxzNQfwFIIubBPYS3qjEWDFLJRkU3dP1snpDdjWNQUUCAx3dS5rx1Zl1eC9eopdRCGI7JbmSREK0hTCv6VDRmSTUKMGBRh0ruYzgXGbIVU/xqk9JwmbkC96lKNPoMl4qfMMFsxGbgtuf7jmW14csOsXsOh 6zC7dteuw+p8Tpdm9ooTuKwPuKYLuL4HuK4D0ObrU0WtR88efvPkj9ELBNT1/oSdgLldNaOBA/mikt+SaCJskgSyYJkO5yC8zV632W63m3f63czcrszlfb4wTeRCfpAv2DzcanXbvS8i6mwN59vbX9hc4EP2IQp6L2ooCDeQFLL/H8ahYNZVeLVzu6uZhU9I4KYsilSF T5MIPzQ1oLzkyJNI4CkP6FPEY1WuF+40kOjYdxbHodjvdGI2b8Pe2KdsboPUTlnb5n7nXcKErBd1endu9+/d7hQl0JYeo6WK+S1Tf2qp8sIntGVpVquoZ2pi1M/NTKqbHj69dI+L0bQVSos0bkXe8bopdE8YEOggrRILOyuF47UGJZd25nluKFgh7hz0wg2yktp06yKG DznPtflfvjKbhyw/fsSWvDg7lxXPD/BKXdvMagavEgUXdCJFlQ1aBXJ+vDNKP299Xu1SM18WOJUpf7QFKKN01RXcutoKssvYmUK2a6pJy6vAohM67wlNPIyeORm7U9IiaIIFCb1E4NE7/Nv2uMB6Z0Csa9/cuoRil43YIy+ZQ1h/pQv+VxgKqB7O5V00gtfq98kExsPh 0oPnz19+8+zh8SEGLXgVHO9r25xHDsTHMSNb6kriNqEx2cKiLN5G2L6PWIbGCa5kDv7ETYSsnatEQpa1BztdLH2TRRkM26yuepDBDsClSVbnOL9ujVI1IO6UOhULk5jch1AJ/Gsjv5QA22yGL52Ktb5sNiyHihnDEyrBfFcamYaVNQw2MYVg04C8OWJ4VC5PUM1RAZow 5UK0PcNZXtZv7Ozu9PqdGT9vxbxlRwwY2aIt/fFJC6m2gGRLmkhhGYsJHrxTLMoVZEJ918MblnmzvINQcDevkZIBkYwEqGFuAcNLHchnhOptKgPllY9dCV1cCNUnbiUYQoHnGBQQfQUeNG1fH71PE3Nuju/ynomMjM1Ztdxn80YjG2m8ni3ISX9EzmcsID0k8m/kNcTG EbfBU1R2SH5sU/2qx7ApAxInI+BnztqCg2SzlzUAIi97SobhNqDdyiOogsH4Hc+yP8u3qEDL7ps7LUPNYMWb9X01Wnbf9Ftcrt9iud+c5zZkkI+u4t9iftvFMLXoMthdRlcXXiqSdxEvQDaykQqKA/yeDPm7by4Wg355XH0qLu8k4P0qisJig12RSFub/W1yawvyAp41 Iadf8Gxb9/4asbWMEFRqdAqe8mrYdKIXp8oXyuykpeVk+Y0jPPtR8PUrMfpT9ALDrIxXahhWwBYFzGyNggAr7hN92oTLtT5mjfW5POXET7fdeEG0OkiL9RGGA6oCTJtNIcbGnaiqIBhcga2ogilwaYiRQRzjd6/4NpM36OBB/bWA0iUPXcOWorHVbXa3pcU4AXUlI5KC hmEv/OsA5Ysh8jvUr7VH1weXKInqqFd+NlU4jC8HHl4Iz27yw3n5mZ64IYKwlrm8yLBPXlCBX6WK3NrpT4nM3zYg8o8btMljFtisKf1kwJhjrvzsW43hA3eir2h5nAIkVbTxrj6RdY8hDqK/bTzmL8wXZHTssaZzBgG3/OMImemnOlY+s11CHRlUgh8Plm+SvWQCdkgy K78me3DYe/ho6Zrs99RjX4FGrl44q9xL415vGWMZoW8Q7tj9vR26irBjEHYoomRvPtvsLf9hidWHb/vt3u327r/3Nx98pf/oxM82/mXjXze2NnobdzYebDzeeLHxasPe+M+N/974n43/PfjVwZODo4NXCvWnP9F9/nmj8jv4j/8Dt859Dg==</latexit>
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Other quantum noise models?

* Monster image by jcomp on Freepik

probability  p1

probability p2
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px = 0.1

py = 0.2

pz = 0.4
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1. Calculate the expectation values of <I>, <X>, <Y>, <Z> for the state after 
the following noise channels acted on a general qubit state
(hint: see bit flip channel example and last slide)

a) Phase noise 

b) Depolarizing noise

c) Stochastic Pauli noise

d) For (a) – (c) summarize the Pauli fidelities. 

2. Repeat the same calculation as (1) for the following channel known as 
amplitude damping and plot the effect on the Bloch sphere

(hard) Exercise on channels

Extra credit, harder problem to challenge yourself

<latexit sha1_base64="NRM8TWHnlUpGGjqUGj5HkGgkWG8="></latexit>
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0 0

◆

.
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Coherent noise

coin-toss icon: Good Ware, flaticon; spam: make it move; 

road based on: freepik; Monster image by jcomp on Freepik

We now understand noise, how do we overcome it?

Incoherent noise

Measurements in quantum

Projection noise

in
di
m
ar
t

SPAM: Sate & meter

<latexit sha1_base64="6r8IJGl5uHfcR7Ukq9bg/0Vtu/s="></latexit>

https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html
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<latexit sha1_base64="vmJnZJgIX2STl8qxWZDyrMkeMGc="></latexit>
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Λ̃i
Ui

· · ·

Q2 · · · · · ·

Qn · · · · · ·

Is it possible to understand & overcome

quantum noise with accuracy, efficiency, and scalability?

Energy relaxation T1

Dephasing T2

Coherent errors ZZ

Classical crosstalk

Quantum crosstalk 

State preparation error

Measurement correlated errors 

…

Control errors 

Photon shot noise 

1/f charge noise

1/f flux noise 

Nonequilibrium quasiparticles

Leakage

Cosmic rays 

…
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How to deal with errors due to noise?

Monitor
Error anticipated

Tell signal detected

No monitor
Error occurs

Error undetected

Minev, Nature (2019), ... ... subject of today

Catch and reverse

Monitor
Error occurs
Error detect

Quantum error correction

Shor, PRA (1995), ...

Error mitigation
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Error mitigation and error correction

Error mitigation: working with what you have

• benefit suppress errors on classical results (expectation values)

• q-cost no extra qubits or hardware resources needed

• c-cost trades classical resources (post-processing) for lower error 

• limitation bad asymptotic scaling: high number of samples & circuits

Error correction: protecting quantum information

• benefit suppress & correct errors to arbitrarily small level

• q-cost very large qubit and hardware overhead

• c-cost decoding and encoding can be classically costly

• challenge requires fault-tolerant operations and readout 
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Error mitigation landscape

more 

speed

more information, 

accuracy 
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Live every Friday 

120+ seminar 

244,461+ hours of total viewer 

watch time 

~ 1 million viewers (people who 

watched the video)

Nearly 26 million impressions 

(people who saw the video in their 

feed)

Equivalent to 130 years of a 

person’s work life [i.e., full-time 

equivalent (FTE)]

140+ years in 120+ seminars: Quantum research community connects on YouTube

Latest: Qiskit Quantum Seminar YouTube Series

qiskit.org/events/seminar-series
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Coherent noise

coin-toss icon: Good Ware, flaticon; spam: make it move; 

road based on: freepik; Monster image by jcomp on Freepik

We come the end of our journey today

Bonus content

Coherent ZZ noise
...

Incoherent noise

Measurements in quantum

Projection noise

in
di
m
ar
t

SPAM: Sate & meter
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Photo: F. Schmutzer

The important thing is not to stop questioning. 
Curiosity has its own reason for existence. 

One cannot help but be in awe when they 
contemplate the mysteries of eternity, of life, of the 
marvelous structure of reality.

It is enough if one tries merely to comprehend a 
little of this mystery each day.

IBM Quantum@zlatko_minev zlatko-minev.com



Introduction to 

Quantum Noise

by Zlatko K. Minev

zlatko-minev.com @zlatko_minev

Thank you!

Next:
Lab work with Qiskit

Run experiments on real devices 

Check out references, problems given in 
the lecture, dangerous bends

Stay in touch and have fun!
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Bonus content
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Coherent noise

coin toss: flaticon; spam: make it move;

road based on: freepik

Bonus content

SPAM: Noisy metersMeasurement in a nutshell 

Projection noise

Bonus contentIncoherent noise
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Bonus content: two-qubit coherent ZZ error

|0i H

idle(t)

H

|0i H H

<latexit sha1_base64="dKxWYgpain3+DJESPc7F6KMNye4=">AAAC4HichVFNixNBEO0Zv9bxY7Pqab00ZpX1EmaCoghCwMsqCCuY3YXMEHo6laSZnp6xu0Ydm8GT4E28+js8+z/8I57tSYLG7IIFDY9XVc2r99JSCoNh+NPzz52/cPHS1uXgytVr17c7OzeOTFFp DkNeyEKfpMyAFAqGKFDCSamB5amE4zR71vaP34I2olCvsS4hydlMiangDB017nyPU5gJZd9UTKHIPjRBLA0Kntm9OAO0YbPX0Hs0njEEe/AHjt4JDeZpPxn1eZ7YGOE9WjGR0Ozj/c2FHBC0bWgc//fzsxeDGNTkr0Q67nTDXrgoehpEK9Ad7H7q/vr48sfheMe7FU8K XuWgkEtmzCgKS0ws006NEx3ElYGS8YzNYOSgYjmYxC7sbehdx0zotNDuKaQLdn3DstyYOk/dZM5wbjZ7LXlmr5zXRnDTHrjGrmJwTIukSDXT9XpA61px+jixQpUVguJLqdNKUixomzaduJg4ytoBxrVw11I+Z5pxZ6wJnI/RpmunwVG/Fz3oPXzlDH1ClrVFbpM7ZJ9E 5BEZkANySIaEe7vewHvuvfBT/7P/xf+6HPW91c5N8k/5334Dt2zpvw==</latexit>

unwanted 

interaction
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Bonus content: two-qubit ZZ error

|0i H

idle(t)

H

|0i H H
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H

<latexit sha1_base64="emBws4tAzu7fDniqO4u+xLFoDWc="></latexit>

H =

 

h0| h1|
|0i 1

√

2

1
√

2

|1i 1
√

2

−1
√

2

!

<latexit sha1_base64="j0zCKvjQfMFwXKTXVjMsnlMcYKA="></latexit>

H |0i = |+xi = 1p
2

✓

1

1

◆

H |1i = |�xi = 1p
2

✓

1

�1

◆

<latexit sha1_base64="Eof2L3CYPZOQEfSiZAkp3YlBHdA="></latexit>

Hadamard gate Breakout to notebook

(see next slides)
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Coherent noise

coin toss: flaticon; spam: make it move;

road based on: freepik

Bonus content

SPAM: Noisy metersMeasurement in a nutshell 

Projection noise

Bonus contentIncoherent noise
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Recall the A matrix
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Χ Y

ideal output
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pnoisy = Apideal

<latexit sha1_base64="GEX34Tp7hjy3Bj+0at99ZOnEv4E="></latexit>

A =

✓

X = 0 X = 1

Y = 0 1− ✏ ⌫

Y = 1 ✏ 1− ⌫

◆

<latexit sha1_base64="Kn/aOcuvc9LXovk39Tb20dIckjE="></latexit>

Aideal =

✓

X = 0 X = 1

Y = 0 1 0

Y = 1 0 1

◆



Zlatko Minev, IBM Quantum (125)

Deeper dive on the readout A matrix & Shannon entropy
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Entropy
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Entropy
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The End!


