
|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>
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coin toss: flaticon

spam: make it move

N

<latexit sha1_base64="TyvLTfM0cvZbGwyfAzaca9iXgqQ=">AAACj3icbVFNi9RAEO2JX+v4NaOe9NI6KJ6GZFF2EVYGvOhBWcHZXZiEodKpzDTT6WS7KysxBE/+Le/+BH+FN9GbncyCO7s+aHi8etVUvYoLJS35/o+ed+nylavXtq73b9y8dfvOYHj3wOalETgVucrNUQwWldQ4JUkKjwqDkMUKD+PV67Z+eILGylx/pKrAKIOFlqkUQE6aDwR3CGNcSF0fl6BJrj43fd6px5/4Ux4ugHBmqVK4V6dSqT2DyaNtv4nqMANaClD1+6Zpnc4fhl1viDr59918MPLHfgd+kQSnZDR58HX068u7b/vzYe9+mOSizFCTUGDtLPALimowJIXCph+W FgsQK1jgzFENGdqo7tJo+BOnJDzNjXuaeKee7aghs7bKYudsF7Dna63431qxrKwUtuEb6jqxVmmZkrEBU53JcmNWSnejWuqiJNRiPWpaKk45b4/DE2lQkKocAWGk25aLJRgQ5E7YdzkG51O7SA62x8Hz8YsPLtCXbI0t9pA9Zs9YwHbYhL1h+2zKBPvOfrLf7I839Ha8V95kbfV6pz332Aa8t38BvVrMLg==</latexit>

H

<latexit sha1_base64="wQO5CgsntwqAQEFEdZIPbKKHgwQ=">AAACK3icbZDLSgMxGIUzXut4a9Wdm2ARXJUZURRBLLjpsgV7gXYomTTThmYyY5IRxqFP4FafQLe+g+/gQhS3vodpp6ht/SHwcc7/w8lxQ0alsqx3Y25+YXFpObNirq6tb2xmc1s1GUQCkyoOWCAaLpKEUU6qiipGGqEgyHcZqbv9y6FfvyFC0oBfqTgkjo+6nHoUI6WlSqmdzVsFazRwFuwx5C9eHt/M8/Cp3M4ZO61OgCOfcIUZkrJpW6FyEiQUxYwMzFYkSYhwH3VJUyNHPpFOMko6gPta6UAvEPpxBUfq34sE+VLGvqs3faR6ctobiv96YS+WFMsBnFAV7d+miYbEqCuQiJPrCPFf5yer8k6dhPIwUoTjNKoXMagCOCwOdqggWLFYA8KC6t9C3EMCYaXrNXWP9nRrs1A7LNhHheOKlS+egXQyYBfsgQNggxNQBCVQBlWAAQF34B48GM/Gq/FhfKarc8b4ZhtMjPH1Ddvkq9s=</latexit>



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

Asher Peres



Zlatko Minev, IBM Quantum (3)

Hello World! to a real quantum experiment

image: qiskit



Zlatko Minev, IBM Quantum (4)

Hello World! to a real quantum experiment

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>

refresher: 

Qubit computational 
basis states

Qubit gate

|0i , |1i

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

Qubit observable

X

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

Z

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



Zlatko Minev, IBM Quantum (5)

Hello World! to a real quantum experiment

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>



Zlatko Minev, IBM Quantum (6)

Hello World! to a real quantum experiment

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>

.

.

.

<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>



Zlatko Minev, IBM Quantum (7)

Hello World! to a real quantum experiment

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>



Zlatko Minev, IBM Quantum (8)

Hello World! to a real quantum experiment

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>



Zlatko Minev, IBM Quantum (9)

Hello World! to a real quantum experiment

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>

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>

hZi = (�1)d ,
where d is the circuit depth

<latexit sha1_base64="3k6qaxq3N85vQ1nEEmx1VXiJt/Q="></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>
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Ideal

Ideal experiment (warning: doesn’t exist)
hZi = (�1)d

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

X

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

⇣ ⌘d

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

hZi = (�1)d

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

X

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

⇣ ⌘d

<latexit sha1_base64="8nObI7fEpUMDwLP2GWPrkf2c3EA="></latexit>
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Why study quantum noise?

Cartoon: Paul Noth
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Coherent

coin toss: flaticon; spam: make it move;

road based on: freepik

Our road ahead

State preparation 
& measurement

Projection &

measurement theory

Incoherent
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Coherent

road based on: freepik

Quantum gates meets coherent noise
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Gate from 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)
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Visualize: Bloch sphere
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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>

X |0i = |1i

X |1i = |0i

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

RX (θ + φ) = RX (θ)RX (φ)

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

Show

X̃ := RX (⇡ + ✏)

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

Show

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>
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Noisy gate decomposition
Ideal gate

X

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

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>



Zlatko Minev, IBM Quantum (24)

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✏ 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 (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>

Ideal Noisy
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Ideal

hψf |Z|ψf i = cos (dπ) = (�1)
d

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

 ̃f

�

�

�
Z

�

�

�
 ̃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>

Full experiment Noisy
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E

= cos (d⇡ + d✏)

<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>



Zlatko Minev, IBM Quantum (29)

Example: two-qubit ZZ error

|0i H

idle(t)

H

|0i H H

<latexit sha1_base64="dKxWYgpain3+DJESPc7F6KMNye4="></latexit>

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



Zlatko Minev, IBM Quantum (30)

� � � � � �
-���

-���

���

���

���
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���

���� ����� ω = �� ���
Example: two-qubit ZZ error

|0i H

idle(t)

H

|0i H H

<latexit sha1_base64="dKxWYgpain3+DJESPc7F6KMNye4="></latexit>



Zlatko Minev, IBM Quantum (31)

repeat d times

RY (π/2) X̃

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

Dive deeper? Try the following

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>



Zlatko Minev, IBM Quantum (32)

Coherent

coin toss: flaticon; spam: make it move;

road based on: freepik

Our road ahead

Projection &

measurement theory



Zlatko Minev, IBM Quantum (33)

Ideal circuit

|0i H

<latexit sha1_base64="uXcVzSsFAARa3yrr7jssuQ+qfYA="></latexit>



Zlatko Minev, IBM Quantum (34)

Variance



Zlatko Minev, IBM Quantum (35)

shot 1: |0i H m1 = 1

shot 2: |0i H m2 = 0

shot 3: |0i H m4 = 1

shot 4: |0i H m3 = 0

<latexit sha1_base64="UevwTmA8PgKLjST1DKc1ocv+ApE="></latexit>



Zlatko Minev, IBM Quantum (36)
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Zlatko Minev, IBM Quantum (37)

Animation of convergence of shots expectation value and mean



Zlatko Minev, IBM Quantum (38)
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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>



Zlatko Minev, IBM Quantum (39)

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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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. The variance of V.
4. Can you find an expression for an unbiased estimate of the sample variance?

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
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Coherent

coin toss: flaticon; spam: make it move;

road based on: freepik

Our road ahead

State preparation 
& measurement

Projection &

measurement theory
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State preparation & measurement errors

Spam cartoon by Make it move
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Qubit example

0/1

|0i U

<latexit sha1_base64="HTx5rOH84MAx85WxZfCI5gI/3RU="></latexit>







outcome probability quantum

P(M = 0) = 1� p = |h0|ψi|
2

P(M = 1) = p = |h1|ψi|
2
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Readout error
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Entropy
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Projection & sampling noise

X✏ X

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

✓

M = 0 M = 1

M̃ = 0 1− ✏ ⌫

M̃ = 1 ✏ 1− ⌫

◆
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✏ = 0.02

⌫ = 0.05
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State prep

0/1

|1i U
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0/1

|0i U
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Multiple qubits
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Thermal state
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Coherent

coin toss: flaticon; spam: make it move;

road based on: freepik

Our road ahead

State preparation 
& measurement

Projection &

measurement theory

Incoherent



Zlatko Minev, IBM Quantum (51)

|0i G̃

<latexit sha1_base64="Ju+yijjWdFwdTl97fe1P+PoRhXI="></latexit>
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Bit-flip noise
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Phase damping noise
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Depolarizing noise
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Stochastic Pauli Noise

px = 0.1

py = 0.2

pz = 0.4
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coin toss: flaticon; spam: make it move;

road based on: freepik

The journey behind us

State prep & measureQuantum measurement theory

Projection & sampling noise

Coherent noise

Incoherent noise



Next steps

Lab work with Qiskit
Run experiments on real devices 

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

Stay in touch

IBM Quantum

Thank you!

Zlatko K. Minev

@zlatko_minev zlatko-minev.com



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 he 
contemplates 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


