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From THIS … 



… to THIS

We made it!



Let’s create one

<latexit sha1_base64="34vxCSg+fPENuK+mJYAhvqzt/DE=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwOxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlbqXNMnt6uZGkjolcpuxZ2BLhMvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRJsZsaSBgfsQF0LFUsAuNns5Mn9NQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+ZlQSYqg+HxRmEqKMZ3+T/tCA0c5toRxLeytlA+ZZhxtSkUbgrf48jJpnle8aqV6f1Gu3eRxFMgxOSFnxCOXpEbuSJ00CCcxeSav5M1B58V5dz7mrStOPnNE/sD5/AGTKpDR</latexit>

= |0i

<latexit sha1_base64="Cm5e83dHmRpr+sbp2Ee+CSPTt8M=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWz3bRLN5uwOxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W49cGxGrBxwn3I/oQIlQMIpW6lyTJ6+rqRpI3iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx28oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpv+TvtCcoRxbQpkW9lbChlRThjalog3BW3x5mTTPK161Ur2/KNdu8jgKcAwncAYeXEIN7qAODWAQwzO8wpuDzovz7nzMW1ecfOYI/sD5/AGUtZDS</latexit>

= |1i
<latexit sha1_base64="puPnFl3Y7dVdhfTcAipOi7Il9Fs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwuxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6xGV5rF8MOME/YgOJA85o8ZKnWvypLqKyoHAXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezkCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9H/S5wqZEWNLKFPc3krYkCrKjE2paEPwFl9eJs3ziletVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxjE8Ayv8OYY58V5dz7mrStOPnMEf+B8/gD5AJET</latexit>

= |ri

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit> ..
.

We can control the state with a laser set to a specific frequency

<latexit sha1_base64="Q1SCbhgYSP/QlaHhsU7vLITdn0w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ9OKxgv3ANpTNdpIu3WzC7kYosf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+zulfcPWipOJcUmjXksOz5RyJnApmaaYyeRSCKfY9sf3Uz99iNKxWJxr8cJehEJBQsYJdpID1dPYU8SEXLslytO1ZnBXiZuTiqQo9Evf/UGMU0jFJpyolTXdRLtZURqRjlOSr1UYULoiITYNVSQCJWXzS6e2CdGGdhBLE0Jbc/U3xMZiZQaR77pjIgeqkVvKv7ndVMdXHoZE0mqUdD5oiDlto7t6fv2gEmkmo8NIVQyc6tNh0QSqk1IJROCu/jyMmmdVd1atXZ3Xqlf53EU4QiO4RRcuIA63EIDmkBBwDO8wpulrBfr3fqYtxasfOYQ/sD6/AGRNJDe</latexit>

= |gi



Let’s create one

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit> ..
.

By applying a specific pulse we can create a superposition 

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit> ..
.

<latexit sha1_base64="q1+WjfO0udIcvV5Oeicg6YQJB44="></latexit> p
2

2
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2

2

!2

=
1

2
+

1

2
= 1

Each state with probability  
of being populated of:

<latexit sha1_base64="34vxCSg+fPENuK+mJYAhvqzt/DE=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwOxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlbqXNMnt6uZGkjolcpuxZ2BLhMvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRJsZsaSBgfsQF0LFUsAuNns5Mn9NQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+ZlQSYqg+HxRmEqKMZ3+T/tCA0c5toRxLeytlA+ZZhxtSkUbgrf48jJpnle8aqV6f1Gu3eRxFMgxOSFnxCOXpEbuSJ00CCcxeSav5M1B58V5dz7mrStOPnNE/sD5/AGTKpDR</latexit>

= |0i
<latexit sha1_base64="Q1SCbhgYSP/QlaHhsU7vLITdn0w=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ9OKxgv3ANpTNdpIu3WzC7kYosf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+zulfcPWipOJcUmjXksOz5RyJnApmaaYyeRSCKfY9sf3Uz99iNKxWJxr8cJehEJBQsYJdpID1dPYU8SEXLslytO1ZnBXiZuTiqQo9Evf/UGMU0jFJpyolTXdRLtZURqRjlOSr1UYULoiITYNVSQCJWXzS6e2CdGGdhBLE0Jbc/U3xMZiZQaR77pjIgeqkVvKv7ndVMdXHoZE0mqUdD5oiDlto7t6fv2gEmkmo8NIVQyc6tNh0QSqk1IJROCu/jyMmmdVd1atXZ3Xqlf53EU4QiO4RRcuIA63EIDmkBBwDO8wpulrBfr3fqYtxasfOYQ/sD6/AGRNJDe</latexit>

= |gi

<latexit sha1_base64="Cm5e83dHmRpr+sbp2Ee+CSPTt8M=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWz3bRLN5uwOxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W49cGxGrBxwn3I/oQIlQMIpW6lyTJ6+rqRpI3iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx28oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpv+TvtCcoRxbQpkW9lbChlRThjalog3BW3x5mTTPK161Ur2/KNdu8jgKcAwncAYeXEIN7qAODWAQwzO8wpuDzovz7nzMW1ecfOYI/sD5/AGUtZDS</latexit>

= |1i
<latexit sha1_base64="puPnFl3Y7dVdhfTcAipOi7Il9Fs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwuxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6xGV5rF8MOME/YgOJA85o8ZKnWvypLqKyoHAXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezkCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9H/S5wqZEWNLKFPc3krYkCrKjE2paEPwFl9eJs3ziletVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxjE8Ayv8OYY58V5dz7mrStOPnMEf+B8/gD5AJET</latexit>

= |ri

<latexit sha1_base64="7FXXvsn4xHG0DcNK22PvsJ5LecU=">AAACI3icbVBNS8NAEJ3Ur1q/qh69LBZBEEpSpIogFL14rGA/oClls920SzebuLsRSux/8eJf8eJBKV48+F/ctjlo2wcDj/dmmJnnRZwpbdvfVmZldW19I7uZ29re2d3L7x/UVRhLQmsk5KFselhRzgStaaY5bUaS4sDjtOENbid+44lKxULxoIcRbQe4J5jPCNZG6uSvrl1fYpK46lHqpDQamXq2XYlFj1N0hpa4Tup28gW7aE+BFomTkgKkqHbyY7cbkjigQhOOlWo5dqTbCZaaEU5HOTdWNMJkgHu0ZajAAVXtZPrjCJ0YpYv8UJoSGk3VvxMJDpQaBp7pDLDuq3lvIi7zWrH2L9sJE1GsqSCzRX7MkQ7RJDDUZZISzYeGYCKZuRWRPjapaBNrzoTgzL+8SOqlolMulu/PC5WbNI4sHMExnIIDF1CBO6hCDQi8wBt8wKf1ar1bY+tr1pqx0plD+Afr5xeOZKV5</latexit>

=

p
2

2
|0i+

p
2

2
|1i



And we can do much more

<latexit sha1_base64="puPnFl3Y7dVdhfTcAipOi7Il9Fs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwuxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6xGV5rF8MOME/YgOJA85o8ZKnWvypLqKyoHAXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezkCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9H/S5wqZEWNLKFPc3krYkCrKjE2paEPwFl9eJs3ziletVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxjE8Ayv8OYY58V5dz7mrStOPnMEf+B8/gD5AJET</latexit>

= |ri

This is one of infinitely many 
possible superposition states

This is a qubit

Rotating the qubit is like 
applying (quantum) gates

<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=

<latexit sha1_base64="LbTNLreADZRz28SsmJmFFCphIYU=">AAACGXicbVBNS8NAEN34WeNX1KOXxSJ4KolI9SIUvXisYD+gKWWzmbZLN5uwuxFL7N/w4l/x4kERj3ry37htg2jrg4HHezPMzAsSzpR23S9rYXFpeWW1sGavb2xubTs7u3UVp5JCjcY8ls2AKOBMQE0zzaGZSCBRwKERDC7HfuMWpGKxuNHDBNoR6QnWZZRoI3Uc9971JRE9Dvgc+wH0mMiSiGjJ7ka2h33fdm0fRPgjdpyiW3InwPPEy0kR5ah2nA8/jGkagdCUE6VanpvodkakZpTDyPZTBQmhA9KDlqGCRKDa2eSzET40Soi7sTQlNJ6ovycyEik1jALTae7rq1lvLP7ntVLdPWtnTCSpBkGni7opxzrG45hwyCRQzYeGECqZuRXTPpGEahOmbULwZl+eJ/Xjklcula9PipWLPI4C2kcH6Ah56BRV0BWqohqi6AE9oRf0aj1az9ab9T5tXbDymT30B9bnNzj9n9k=</latexit>

|0i =
✓
1
0

◆ <latexit sha1_base64="d8IEBGqODhbhgkU9B9q0EgNtsZA=">AAACGXicbVBNS8NAEN34WeNX1KOXxSJ4KolI9SIUvXisYD+gKWWzmbZLN5uwuxFL7N/w4l/x4kERj3ry37htg2jrg4HHezPMzAsSzpR23S9rYXFpeWW1sGavb2xubTs7u3UVp5JCjcY8ls2AKOBMQE0zzaGZSCBRwKERDC7HfuMWpGKxuNHDBNoR6QnWZZRoI3Uc997zJRE9Dvgc+wH0mMiSiGjJ7ka2i33f9mwfRPgjdpyiW3InwPPEy0kR5ah2nA8/jGkagdCUE6VanpvodkakZpTDyPZTBQmhA9KDlqGCRKDa2eSzET40Soi7sTQlNJ6ovycyEik1jALTae7rq1lvLP7ntVLdPWtnTCSpBkGni7opxzrG45hwyCRQzYeGECqZuRXTPpGEahOmbULwZl+eJ/Xjklcula9PipWLPI4C2kcH6Ah56BRV0BWqohqi6AE9oRf0aj1az9ab9T5tXbDymT30B9bnNzqqn9o=</latexit>

|1i =
✓
0
1

◆

<latexit sha1_base64="OrGcYjKCaYvq2+sUfQAqt4yy400="></latexit>

=
1p
2

✓
1 0
0 ei�

◆

<latexit sha1_base64="nhaQLHJc0J/Y67UCdYsas45XUf8="></latexit>

=
1p
2

✓
1 1
1 �1

◆

<latexit sha1_base64="xDBbdYaU4adl6WPjrJawAbLgV0Q=">AAACJXicbVBNS8NAEN34WeNX1aOXxSJ4KolI9aAgevFYwVahCWWymbaLm03Y3Ygl+me8+Fe8eLCI4Mm/4vYD8evBwOO9GWbmRZng2njeuzM1PTM7N19acBeXlldWy2vrTZ3mimGDpSJVVxFoFFxiw3Aj8CpTCEkk8DK6Ph36lzeoNE/lhelnGCbQlbzDGRgrtcuHd0Fd80CB7AqkRzSIsMtlkSVgFL+9dwMQWQ9oELjWMeAGKOMvt12ueFVvBPqX+BNSIRPU2+VBEKcsT1AaJkDrlu9lJixAGc4E2m25xgzYNXSxZamEBHVYjL68p9tWiWknVbakoSP1+0QBidb9JLKd9r6e/u0Nxf+8Vm46B2HBZZYblGy8qJMLalI6jIzGXCEzom8JMMXtrZT1QAEzNljXhuD/fvkvae5W/Vq1dr5XOT6ZxFEim2SL7BCf7JNjckbqpEEYeSBP5IUMnEfn2Xl13satU85kZoP8gPPxCQ3ipaI=</latexit>

| i =
✓
↵
�

◆

<latexit sha1_base64="Kj3pb44avETjLskTZ36nMOxRU1U=">AAACBXicbZBNS8MwGMfT+TbrW9WjHoJDEITRDplehKEXjxPcC2x1pFm6haVpSVJhdLt48at48aCIV7+DN7+NadeDbv4h8Mv/eR6S5+9FjEpl299GYWl5ZXWtuG5ubG5t71i7e00ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpeaPrtN56IELSkN+pcUTcAA049SlGSls969CcdBGLhmhyX4Gn+uIRlfEldMyeVbLLdia4CE4OJZCr3rO+uv0QxwHhCjMkZcexI+UmSCiKGZma3ViSCOERGpCORo4CIt0k22IKj7XTh34o9OEKZu7viQQFUo4DT3cGSA3lfC01/6t1YuVfuAnlUawIx7OH/JhBFcI0EtingmDFxhoQFlT/FeIhEggrHVwagjO/8iI0K2WnWq7enpVqV3kcRXAAjsAJcMA5qIEbUAcNgMEjeAav4M14Ml6Md+Nj1low8pl98EfG5w/195ZP</latexit>

|↵|2 + |�|2 = 1

<latexit sha1_base64="4ogScfWyNwk1u13lLgUqimCTPDY="></latexit>

H| i = 1p
2

✓
1 1
1 �1

◆✓
1
0

◆
=

1p
2

✓
1
1

◆
Example:

<latexit sha1_base64="oriQMxexGIjGWb1Z7e+EFyv6jA0=">AAACC3icbVA9SwNBEN2L3/Hr1NJmSRAEIdyJRBtBtLFUMB+QC2FuM0mW7O0du3tCSNLb+FdsLBSx9Q/Y+W/cxCs08cHA470ZZuaFieDaeN6Xk1tYXFpeWV3Lr29sbm27O7tVHaeKYYXFIlb1EDQKLrFiuBFYTxRCFAqshf2riV+7R6V5LO/MIMFmBF3JO5yBsVLLLZwHIJIejLxAgewKpEc0CNEAHfmZ0nKLXsmbgs4TPyNFkuGm5X4G7ZilEUrDBGjd8L3ENIegDGcCx/kg1ZgA60MXG5ZKiFA3h9NfxvTAKm3aiZUtaehU/T0xhEjrQRTazghMT896E/E/r5GazllzyGWSGpTsZ1EnFdTEdBIMbXOFzIiBJcAUt7dS1gMFzNj48jYEf/bleVI9LvnlUvn2pHhxmcWxSvZJgRwSn5ySC3JNbkiFMPJAnsgLeXUenWfnzXn/ac052cwe+QPn4xuknZov</latexit>

= ↵|0i+ �|1i



And we can add more qubits as well…

<latexit sha1_base64="puPnFl3Y7dVdhfTcAipOi7Il9Fs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRLN5uwuxFK7M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6xGV5rF8MOME/YgOJA85o8ZKnWvypLqKyoHAXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezkCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9H/S5wqZEWNLKFPc3krYkCrKjE2paEPwFl9eJs3ziletVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxjE8Ayv8OYY58V5dz7mrStOPnMEf+B8/gD5AJET</latexit>

= |ri

<latexit sha1_base64="xDBbdYaU4adl6WPjrJawAbLgV0Q=">AAACJXicbVBNS8NAEN34WeNX1aOXxSJ4KolI9aAgevFYwVahCWWymbaLm03Y3Ygl+me8+Fe8eLCI4Mm/4vYD8evBwOO9GWbmRZng2njeuzM1PTM7N19acBeXlldWy2vrTZ3mimGDpSJVVxFoFFxiw3Aj8CpTCEkk8DK6Ph36lzeoNE/lhelnGCbQlbzDGRgrtcuHd0Fd80CB7AqkRzSIsMtlkSVgFL+9dwMQWQ9oELjWMeAGKOMvt12ueFVvBPqX+BNSIRPU2+VBEKcsT1AaJkDrlu9lJixAGc4E2m25xgzYNXSxZamEBHVYjL68p9tWiWknVbakoSP1+0QBidb9JLKd9r6e/u0Nxf+8Vm46B2HBZZYblGy8qJMLalI6jIzGXCEzom8JMMXtrZT1QAEzNljXhuD/fvkvae5W/Vq1dr5XOT6ZxFEim2SL7BCf7JNjckbqpEEYeSBP5IUMnEfn2Xl13satU85kZoP8gPPxCQ3ipaI=</latexit>

| i =
✓
↵
�

◆ <latexit sha1_base64="YWImtAsulRq8EFXMmgofkwr/3N8=">AAACGnicbVBNS8NAEN3Urxq/oh69LBbBU0mKVI9FLx4r2A9oSthsp+3SzSbsbsQS+ju8+Fe8eFDEm3jx37htg2jrg4HHezPMzAsTzpR23S+rsLK6tr5R3LS3tnd295z9g6aKU0mhQWMey3ZIFHAmoKGZ5tBOJJAo5NAKR1dTv3UHUrFY3OpxAt2IDATrM0q0kQLH80MYMJElEdGS3U9sn/BkSIIK9n3beNpQ2wfR++kInJJbdmfAy8TLSQnlqAfOh9+LaRqB0JQTpTqem+huRqRmlIPZmCpICB2RAXQMFSQC1c1mr03wiVF6uB9LU0Ljmfp7IiORUuMoNJ3mvqFa9Kbif14n1f2LbsZEkmoQdL6on3KsYzzNCfeYBKr52BBCJTO3YjokklBt0rRNCN7iy8ukWSl71XL15qxUu8zjKKIjdIxOkYfOUQ1dozpqIIoe0BN6Qa/Wo/VsvVnv89aClc8coj+wPr8BOMqhAA==</latexit>✓
↵2

�2

◆ <latexit sha1_base64="zswrV4fGcNiKNvvgRNkOvLYupfI=">AAACGnicbVBNS8NAEN3Urxq/oh69LBbBU0lUqseiF48V7Ac0oWy203bpZhN2N2IJ/R1e/CtePCjiTbz4b9y2QbT1wcDjvRlm5oUJZ0q77pdVWFpeWV0rrtsbm1vbO87uXkPFqaRQpzGPZSskCjgTUNdMc2glEkgUcmiGw6uJ37wDqVgsbvUogSAifcF6jBJtpI7j+SH0mciSiGjJ7se2T3gyIJ1T7Pu28bShtg+i+9PRcUpu2Z0CLxIvJyWUo9ZxPvxuTNMIhKacKNX23EQHGZGaUQ5mY6ogIXRI+tA2VJAIVJBNXxvjI6N0cS+WpoTGU/X3REYipUZRaDrNfQM1703E/7x2qnsXQcZEkmoQdLaol3KsYzzJCXeZBKr5yBBCJTO3YjogklBt0rRNCN78y4ukcVL2KuXKzVmpepnHUUQH6BAdIw+doyq6RjVURxQ9oCf0gl6tR+vZerPeZ60FK5/ZR39gfX4DO/mhAg==</latexit>✓
↵3

�3

◆ <latexit sha1_base64="ye77sn5Jd65NFrEYsmMhHIVQJ4Y=">AAACGnicbVBNS8NAEN3Urxq/oh69LBbBU0lEqseiF09SwX5AE8pmO22XbjZhdyOW0N/hxb/ixYMi3sSL/8ZtG0RbHww83pthZl6YcKa0635ZhaXlldW14rq9sbm1vePs7jVUnEoKdRrzWLZCooAzAXXNNIdWIoFEIYdmOLyc+M07kIrF4laPEggi0hesxyjRRuo4nh9Cn4ksiYiW7H5s+4QnA9K5xr5vG08bavsguj8dHafklt0p8CLxclJCOWod58PvxjSNQGjKiVJtz010kBGpGeVgNqYKEkKHpA9tQwWJQAXZ9LUxPjJKF/diaUpoPFV/T2QkUmoUhabT3DdQ895E/M9rp7p3HmRMJKkGQWeLeinHOsaTnHCXSaCajwwhVDJzK6YDIgnVJk3bhODNv7xIGidlr1Ku3JyWqhd5HEV0gA7RMfLQGaqiK1RDdUTRA3pCL+jVerSerTfrfdZasPKZffQH1uc3ke6hOA==</latexit>✓
↵N

�N

◆
<latexit sha1_base64="P+eNkZwsFVR4m1bY4YxpeAogwh0="></latexit>

=

0

BBB@

↵1↵2↵3 . . .↵N

↵1↵2↵3 . . .�N
...

�1�2�3 . . .�N

1

CCCA
= 2N

<latexit sha1_base64="jf3bwxzVcn4OMqCAcZi2EWkOYio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeWmV4hhHyEFw+KePV7vPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbj9xYodUDTlIeJnSoRCwYRSe1expFwm2/XPGr/gLkLwlyUoEcjX75szfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jirqloTTxbkzcuaUAYm1caWQLNSfE1OaWDtJIteZUBzZVW8u/ud1M4yvw6lQaYZcseWiOJMENZn/TgbCcIZy4ghlRrhbCRtRQxm6hEouhGD15b+kdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgzE8wQu8eqn37L1578vWgpfPHMMveB/fiX2PuA==</latexit>⌦ <latexit sha1_base64="jf3bwxzVcn4OMqCAcZi2EWkOYio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeWmV4hhHyEFw+KePV7vPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbj9xYodUDTlIeJnSoRCwYRSe1expFwm2/XPGr/gLkLwlyUoEcjX75szfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jirqloTTxbkzcuaUAYm1caWQLNSfE1OaWDtJIteZUBzZVW8u/ud1M4yvw6lQaYZcseWiOJMENZn/TgbCcIZy4ghlRrhbCRtRQxm6hEouhGD15b+kdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgzE8wQu8eqn37L1578vWgpfPHMMveB/fiX2PuA==</latexit>⌦ <latexit sha1_base64="jf3bwxzVcn4OMqCAcZi2EWkOYio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeWmV4hhHyEFw+KePV7vPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbj9xYodUDTlIeJnSoRCwYRSe1expFwm2/XPGr/gLkLwlyUoEcjX75szfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jirqloTTxbkzcuaUAYm1caWQLNSfE1OaWDtJIteZUBzZVW8u/ud1M4yvw6lQaYZcseWiOJMENZn/TgbCcIZy4ghlRrhbCRtRQxm6hEouhGD15b+kdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgzE8wQu8eqn37L1578vWgpfPHMMveB/fiX2PuA==</latexit>⌦ <latexit sha1_base64="jf3bwxzVcn4OMqCAcZi2EWkOYio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZDZmeWmV4hhHyEFw+KePV7vPk3TpI9aLSgoajqprsrSqWw6PtfXmFtfWNzq7hd2tnd2z8oHx61rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbj9xYodUDTlIeJnSoRCwYRSe1expFwm2/XPGr/gLkLwlyUoEcjX75szfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jirqloTTxbkzcuaUAYm1caWQLNSfE1OaWDtJIteZUBzZVW8u/ud1M4yvw6lQaYZcseWiOJMENZn/TgbCcIZy4ghlRrhbCRtRQxm6hEouhGD15b+kdVENatXa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgzE8wQu8eqn37L1578vWgpfPHMMveB/fiX2PuA==</latexit>⌦<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

<latexit sha1_base64="cgmjPJ0XxrmnibU0ki8NRKJAwB0="></latexit>

✓
↵1

�1

◆
⌦
✓
↵2

�2

◆
=

0

BB@

↵1↵2

↵1�2

�1↵2

�1�2

1

CCA = ↵1↵2|00i+ ↵1�2|01i+ �1↵2|10i+ �1�2|11i



With 2 qubits we can also create entanglement…

… exploiting the Rydberg blockade.

When two atoms are close enough,  
electrons cannot be excited to |r> at 
the same time

The result:
<latexit sha1_base64="V4f3efmTTxxyg3aP3iFWbUHCOfw="></latexit>

|gg >! 1

2
(|ggi+ |gri+ |rgi+ |rri) = 1p

2
(|gi+ |ri)⌦ 1p

2
(|gi+ |ri)

<latexit sha1_base64="Lu5lRDBFJD6gLQc1jiZrIB1eS7w="></latexit>

|gg >! 1

2
(|ggi+ |gri+ |rgi � |rri)

Far apart:

Closer than R Two electrons are entangled!



Rotating a qubit + entanglement = quantum computation

This is called 
DIGITAL MODE

Prepare a state

Apply gates

Measure



The measurement problem is central in every type of QC because  
measuring means destroying a state.

<latexit sha1_base64="EUMSHrTPxpJ9nlj2NDLK0ThbiNw="></latexit>

|+i = 1p
2

✓
1
1

◆

<latexit sha1_base64="yAQ1BFntQBPmTW07/6uHPoB7XfQ=">AAACI3icbVDLSgMxFM34rPU16tJNsAh1U2aKVBEKRTcuK9gHdGrJpJk2NPMwuSOUof/ixl9x40Ipblz4L6bTWWjrgRsO59zLzT1uJLgCy/oyVlbX1jc2c1v57Z3dvX3z4LCpwlhS1qChCGXbJYoJHrAGcBCsHUlGfFewlju6mfmtJyYVD4N7GEes65NBwD1OCWipZ145gnlQdDxJaOKoRwlJeTLR5Ug+GMLZQ7mK56Y9U3EVRz0rfe2eWbBKVgq8TOyMFFCGes+cOv2Qxj4LgAqiVMe2IugmRAKngk3yTqxYROiIDFhH04D4THWT9MYJPtVKH3uh1BUATtXfEwnxlRr7ru70CQzVojcT//M6MXiX3YQHUQwsoPNFXiwwhHgWGO5zySiIsSaESq7/iumQ6ERAx5rXIdiLJy+TZrlkV0qVu/NC7TqLI4eO0QkqIhtdoBq6RXXUQBQ9o1f0jj6MF+PNmBqf89YVI5s5Qn9gfP8AXSijZw==</latexit> p
2

2

!2

=
1

2
= p0 = p1

<latexit sha1_base64="jBSj55g9puqpDhxZk6u1Egww7Rg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNIkeiF48Y5ZHAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1Fjp4cqt9oolt+zOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCav+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0nzouxVypX7y1LtJosjDydwCufgwTXU4A7q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz9sUo1A</latexit>

508
<latexit sha1_base64="ZNNdsi7YSDAq9okwUxpWnE0LiiQ=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIneEoHZEG0uMIiRwIXvLHGzY27vs7pkQwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777eTW1jc2t/LbhZ3dvf2D4uHRo45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGNzO/9YRK81g+mHGCfkQHkoecUWOl++pVpVcsuWV3DrJKvIyUIEOjV/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjpT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU8VsperVy7q5bq11kceTiBUzgHDy6gDrfQgCYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBb2GNQg==</latexit>

492
<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+
<latexit sha1_base64="6RB6C8tXblgVPajv1Fehae39vu4=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KlmR6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sRh/eyura+sbm4Wt4vbO7t5+6eCwaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTmtfIxxj3SmVcwTOgZeLnpAw56r3SV7evaBozaakgxnR8nNggI9pyKtik2E0NSwgdkQHrOCpJzEyQza6doFOn9FGktCtp0Uz9PZGR2JhxHLrOmNihWfSm4n9eJ7XRVZBxmaSWSTpfFKUCWYWmr6M+14xaMXaEUM3drYgOiSbUuoCKLgR/8eVl0jyv+NVK9f6iXLvJ4yjAMZzAGfhwCTW4gzo0gMIjPMMrvHnKe/HevY9564qXzxzBH3ifP6Ddjd8=</latexit>

= 1000

<latexit sha1_base64="jJ2rrGCBos15Qtaewt3Wo4Vn3WQ=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT15XETng2CuVvYo3g7tM/JyUIUe9V/rq9mOaCpSGcqJ1x/cSE2REGUY5TordVGNC6IgMsGOpJAJ1kM0OnrinVum7UaxsSePO1N8TGRFaj0VoOwUxQ73oTcX/vE5qoqsgYzJJDUo6XxSl3DWxO/3e7TOF1PCxJYQqZm916ZAoQo3NqGhD8BdfXibN84pfrVTvLsq16zyOAhzDCZyBD5dQg1uoQwMoCHiGV3hzlPPivDsf89YVJ585gj9wPn8AuLuQYA==</latexit>

|0i
<latexit sha1_base64="XTrNMsk4HR1Zrjbi3errkqDpNrI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT35XETng2CuVvYo3g7tM/JyUIUe9V/rq9mOaCpSGcqJ1x/cSE2REGUY5TordVGNC6IgMsGOpJAJ1kM0OnrinVum7UaxsSePO1N8TGRFaj0VoOwUxQ73oTcX/vE5qoqsgYzJJDUo6XxSl3DWxO/3e7TOF1PCxJYQqZm916ZAoQo3NqGhD8BdfXibN84pfrVTvLsq16zyOAhzDCZyBD5dQg1uoQwMoCHiGV3hzlPPivDsf89YVJ585gj9wPn8AukaQYQ==</latexit>

|1i

Example

A camera flashes the qubits  
and erases the ones in |r>



DIGITAL MODE

What can we do with digital?
Any algorithm, all of them. 
 
Ex: Shor, quantum neural networks …

Why isn’t everything digital?


It’s difficult :(



An “easier” approach: Analog Quantum Computation

Prepare a state

What can we do? 


Almost every algorithm.



Are there other ways to create a QC?

analog QC,
superconducting

technology
digital QC,

superconducting
technology

analogue/digital QC,
Rydberg atom

technology

Yes, a few people are working on it



Are there other ways to create a QC?
Probably more than a few



Is any technology better than other?
Two main ways to tell: no. of qubits and noise

Each company/university/research center has 
a roadmap (path) inside this graph over time



Lets run an algorithm

Pick an architecture: neutral atoms


Pick a method: analog, no choice


Pick a classical problem: combinatorial


Pick an algorithm: variational quantum circuit



THE MIS problem

001011 110100
Is a solution It’s not a solution

1
2

3

4

5

6

<latexit sha1_base64="+SgpAZV5SQR+9qU+XQ3aqPBKDKg=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQ1JKIVDdCUQSXFewD2hAm00mddjIJMxNpCf0BN/6KGxeKuHXvzr9xmmahrQcunDnnXu7c40WMSmVZ30Zubn5hcSm/XFhZXVvfMDe36jKMBSY1HLJQND0kCaOc1BRVjDQjQVDgMdLw+ldjv/FAhKQhv1PDiDgB6nLqU4yUllxz7xpewOO2jAOXwoGuQ5g+EnrUG6XCwO25ZtEqWSngLLEzUgQZqq751e6EOA4IV5ghKVu2FSknQUJRzMio0I4liRDuoy5pacpRQKSTpNeM4L5WOtAPhS6uYKr+nkhQIOUw8HRngNS9nPbG4n9eK1b+uZNQHsWKcDxZ5McMqhCOo4EdKghWbKgJwoLqv0J8jwTCSgdY0CHY0yfPkvpJyS6XyrenxcplFkce7IBdcABscAYq4AZUQQ1g8AiewSt4M56MF+Pd+Ji05oxsZhv8gfH5A6zAmhk=</latexit>

E = �
X

i

xi +
X

i,j

xixj
<latexit sha1_base64="qycbwVKPHNrqd/ti/yUd+RWieuA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBC8GHZVohchKILHCOYByRJmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6387S8srq2npuI7+5tb2zW9jbr+soUQxrLBKRagZUo+ASa4Ybgc1YIQ0DgY1geDvxG0+oNI/koxnF6Ie0L3mPM2qs1Lgj1+T0nHQKRbfkTkEWiZeRImSodgpf7W7EkhClYYJq3fLc2PgpVYYzgeN8O9EYUzakfWxZKmmI2k+n547JsVW6pBcpW9KQqfp7IqWh1qMwsJ0hNQM9703E/7xWYnpXfsplnBiUbLaolwhiIjL5nXS5QmbEyBLKFLe3EjagijJjE8rbELz5lxdJ/azklUvlh4ti5SaLIweHcAQn4MElVOAeqlADBkN4hld4c2LnxXl3PmatS042cwB/4Hz+AP2mjg0=</latexit>

E = �3
<latexit sha1_base64="RSPS9CrAvRGQJYVvaAuxZUj3uyU=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8EiCGJJqlQ3QlEElxXsBdpQJtNJO3QyCTMToYY+iRsXirj1Udz5Nk7aLrT1h4GP/5zDOfP7MWdKO863tbS8srq2ntvIb25t7xTs3b2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3hTVZvPlKpWCQe9CimXoj7ggWMYG2srl24RVfo9AydoHIGbtcuOiVnIrQI7gyKMFOta391ehFJQio04ViptuvE2kux1IxwOs53EkVjTIa4T9sGBQ6p8tLJ4WN0ZJweCiJpntBo4v6eSHGo1Cj0TWeI9UDN1zLzv1o70cGllzIRJ5oKMl0UJBzpCGUpoB6TlGg+MoCJZOZWRAZYYqJNVnkTgjv/5UVolEtupVS5Py9Wr2dx5OAADuEYXLiAKtxBDepAIIFneIU368l6sd6tj2nrkjWb2Yc/sj5/ALVKj+Y=</latexit>

E = �3 + 2 = �1



Why MIS?

First: Ubiquitous

Second: Ising encoding

Third: spatial dependency

Equivalence between graph problem 
 


and atoms positions

<latexit sha1_base64="Czd1exs9UHzYHGmzsN0OaYs2fXw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBg5REpHosevFYwX5AE8Jmu2mXbjZhdyPW0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhSlnSjvOt7Wyura+sVnaKm/v7O5V7P2DtkoySWiLJDyR3RArypmgLc00p91UUhyHnHbC0c3U7zxQqVgi7vU4pX6MB4JFjGBtpMCuPAYMeUwgL3fOXG8S2FWn5syAlolbkCoUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNNJ2csUTTEZ4QHtGSpwTJWfzw6foBOj9FGUSFNCo5n6eyLHsVLjODSdMdZDtehNxf+8XqajKz9nIs00FWS+KMo40gmapoD6TFKi+dgQTCQztyIyxBITbbIqmxDcxZeXSfu85tZr9buLauO6iKMER3AMp+DCJTTgFprQAgIZPMMrvFlP1ov1bn3MW1esYuYQ/sD6/AFQ/ZI8</latexit>

xi 2 {0, 1}

<latexit sha1_base64="Pu+Vw2lRxEj0DuOBlBi7lqk7xtQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0WoqCWRUt0IRSm6rGAf0JQwmU7ttJNJmJlIS+iPuPFX3LhQxIUb8W+cJl1o64ELh3Pu5d573IBRqUzz20gtLC4tr6RXM2vrG5tb2e2duvRDgUkN+8wXTRdJwignNUUVI81AEOS5jDTcwdXEbzwQIanP79QoIG0P3XPapRgpLTnZYgVewBNbhp4TUWhTDq/HcOhQeAQTMU+P+4exUUmModN3sjmzYMaA88SakhyYoupkP+2Oj0OPcIUZkrJlmYFqR0goihkZZ+xQkgDhAbonLU058ohsR/F3Y3iglQ7s+kIXVzBWf09EyJNy5Lm600OqJ2e9ifif1wpV97wdUR6EinCcLOqGDCofTqKCHSoIVmykCcKC6lsh7iGBsNKBZnQI1uzL86R+WrBKhdJtMVe+nMaRBntgH+SBBc5AGdyAKqgBDB7BM3gFb8aT8WK8Gx9Ja8qYzuyCPzC+fgAJ+p90</latexit>

E = �
X

i2G

xi +
X

(i,j)2E

xixj <latexit sha1_base64="DQqDbutWDmmnglar7M3X7BmhXWw=">AAACA3icbVDLSgMxFL3js9bXqDvdBIsgCGVGpLoRim5cVrAPbIchk2ba0ExmSDJCGQtu/BU3LhRx60+4829MH4i2Hrhwcs695N4TJJwp7Thf1tz8wuLScm4lv7q2vrFpb23XVJxKQqsk5rFsBFhRzgStaqY5bSSS4ijgtB70Lod+/Y5KxWJxo/sJ9SLcESxkBGsj+fburc/unZbEosMpOkdH7s/LtwtO0RkBzRJ3QgowQcW3P1vtmKQRFZpwrFTTdRLtZVhqRjgd5FupogkmPdyhTUMFjqjystENA3RglDYKY2lKaDRSf09kOFKqHwWmM8K6q6a9ofif10x1eOZlTCSppoKMPwpTjnSMhoGgNpOUaN43BBPJzK6IdLHERJvY8iYEd/rkWVI7LrqlYun6pFC+mMSRgz3Yh0Nw4RTKcAUVqAKBB3iCF3i1Hq1n6816H7fOWZOZHfgD6+MbWrmWtw==</latexit>

Zi|0i = +1|0i

<latexit sha1_base64="644hM43tqHRCeorAFon1/lres/A=">AAACA3icbVDLSgMxFM34rPU16k43wSK4scyIVDdC0Y3LCvaB7TBk0jttaCYzJBmhjAU3/oobF4q49Sfc+TemD0RbD1w4Oedecu8JEs6Udpwva25+YXFpObeSX11b39i0t7ZrKk4lhSqNeSwbAVHAmYCqZppDI5FAooBDPehdDv36HUjFYnGj+wl4EekIFjJKtJF8e/fWZ/duSxLR4YDP8ZH78/LtglN0RsCzxJ2QApqg4tufrXZM0wiEppwo1XSdRHsZkZpRDoN8K1WQENojHWgaKkgEystGNwzwgVHaOIylKaHxSP09kZFIqX4UmM6I6K6a9obif14z1eGZlzGRpBoEHX8UphzrGA8DwW0mgWreN4RQycyumHaJJFSb2PImBHf65FlSOy66pWLp+qRQvpjEkUN7aB8dIhedojK6QhVURRQ9oCf0gl6tR+vZerPex61z1mRmB/2B9fENYPmWuw==</latexit>

Zi|1i = �1|1i
<latexit sha1_base64="zKs8YU4oM+1Gd29oqINL3Ig5iD8="></latexit>

H =
X

i2G

Zi +
X

(i,j)2E

(1� Zi)(1� Zj)



HOW TO RUN AN ANALOG ALGORITHM: 1. Load the graph

First: 
load randomly Then, readjust



HOW TO RUN AN ANALOG ALGORITHM: 2. Apply pulses for random times

<latexit sha1_base64="eJPw7JDKhRu95emVWZ74rUqRvcc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KIr41QdNONWME+oIlhMp20Q2eSMDMRS+jajb/ixoUibv0Cd/6N0zYLbT1w4XDOvdx7jx8zKpVlfRu5ufmFxaX8cmFldW19w9zcasgoEZjUccQi0fKRJIyGpK6oYqQVC4K4z0jT71+O/OY9EZJG4a0axMTlqBvSgGKktOSZu1XvCp5D55qTLoIldeDIhHsUOpJ2Obp78KhnFq2yNQacJXZGiiBDzTO/nE6EE05ChRmSsm1bsXJTJBTFjAwLTiJJjHAfdUlb0xBxIt10/MoQ7mulA4NI6AoVHKu/J1LEpRxwX3dypHpy2huJ/3ntRAVnbkrDOFEkxJNFQcKgiuAoF9ihgmDFBpogLKi+FeIeEggrnV5Bh2BPvzxLGodl+6R8fHNUrFxkceTBDtgDJWCDU1ABVVADdYDBI3gGr+DNeDJejHfjY9KaM7KZbfAHxucPADSZPg==</latexit>

HM = ⌦(t)
X

i

�
x
i

<latexit sha1_base64="P0w4wFgySS3Oj+wZ5XAVg69FpN0="></latexit>

HC = ��(t)
X

i

ni + Ui,j

X

(i,j)2E

ninj

This durations are 
initially random

Rotates qubits 
from |0> to |1>

Applies phase according 
to the energy of the  
problem



How do we go from 

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

<latexit sha1_base64="KLcgcrOF7T0WBjkv8Y9ykQoanZA=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkeqx6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1y0OoLCw/vzLAzb5AIro3rfjmltfWNza3ydmVnd2//oHp41NFxqhi2WSxi1QuoRsEltg03AnuJQhoFArvB9HZR7z6i0jyWD2aWoB/RseQhZ9RYq+vmGlZrbj1H8he8AmpQqDWsfg5GMUsjlIYJqnXfcxPjZ1QZzgTOK4NUY0LZlI6xb1HSCLWfLdedkzPrjEgYK/ukIUv350RGI61nUWA7I2omerW2MP+r9VMTXvsZl0lqULL8ozAVxMRkcTsZcYXMiJkFyhS3uxI2oYoyYxOq2BC81ZP/Quei7jXqjfvLWvOmiKMMJ3AK5+DBFTThDlrQBgZTeIIXeHUS59l5c97z1pJTzBzDLzkf3xK+jhs=</latexit> 00
00
00
0

<latexit sha1_base64="IJoX9mzdFm/FUECzaPE8WucYH9s=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkdZj0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPpppgn5ER5KHnFFjrY67kDcoV9zqksk6eDlUIFdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc+ipBFqP1usOyMX1hmSMFb2SUMW7u+JjEZaT6PAdkbUjPVqbW7+V+ulJrzxMy6T1KBky4/CVBATk/ntZMgVMiOmFihT3O5K2JgqyoxNqGRD8FZPXof2VdWrVWsP15XGbR5HEc7gHC7Bgzo04B6a0AIGE3iGV3hzEufFeXc+lq0FJ585hT9yPn8AFEKOHA==</latexit> 00
00
00
1

<latexit sha1_base64="a2LdyXLPk9Nek2zK7VpksmwvJR4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkeqx6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuGlz0OoLCw/vzLAzb5AIro3rfjmltfWNza3ydmVnd2//oHp41NFxqhi2WSxi1QuoRsEltg03AnuJQhoFArvB9Davdx9RaR7LBzNL0I/oWPKQM2qs1XVzee6wWnPrC3bJX/AKqEGh1rD6ORjFLI1QGiao1n3PTYyfUWU4EzivDFKNCWVTOsa+RUkj1H62WHdOzqwzImGs7JOGLNyfExmNtJ5Fge2MqJno1Vpu/lfrpya89jMuk9SgZMuPwlQQE5P8djLiCpkRMwuUKW53JWxCFWXGJlSxIXirJ/+FzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDKbwBC/w6iTOs/PmvC9bS04xcwy/5Hx8AxRDjhw=</latexit> 00
00
01
0

<latexit sha1_base64="QmqkVFEzL2GDbHuQJBcymMZDOqs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkeqx6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuGlz0OoLCw/vzLAzb5AIro3rfjmltfWNza3ydmVnd2//oHp41NFxqhi2WSxi1QuoRsEltg03AnuJQhoFArvB9Davdx9RaR7LBzNL0I/oWPKQM2qs1XVzed6wWnPrC3bJX/AKqEGh1rD6ORjFLI1QGiao1n3PTYyfUWU4EzivDFKNCWVTOsa+RUkj1H62WHdOzqwzImGs7JOGLNyfExmNtJ5Fge2MqJno1Vpu/lfrpya89jMuk9SgZMuPwlQQE5P8djLiCpkRMwuUKW53JWxCFWXGJlSxIXirJ/+FzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDKbwBC/w6iTOs/PmvC9bS04xcwy/5Hx8AxXHjh0=</latexit> 00
00
01
1

<latexit sha1_base64="53Klr6lgvA+YoTiFff68sVM6KlI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip4y0xKFfcqrsAWSdeTiqQozkof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w7IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEN37GZZIalGy5KEwFMTGZ/06GXCEzYmoJZYrbWwkbU0WZsQmVbAje6svrpH1V9WrV2sN1pXGbx1GEMziHS/CgDg24hya0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPHx1vjiI=</latexit> 11
11
11
1

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

HOW TO RUN AN ANALOG ALGORITHM: 3. Measure and repeat

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

<latexit sha1_base64="IJoX9mzdFm/FUECzaPE8WucYH9s=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkdZj0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPpppgn5ER5KHnFFjrY67kDcoV9zqksk6eDlUIFdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc+ipBFqP1usOyMX1hmSMFb2SUMW7u+JjEZaT6PAdkbUjPVqbW7+V+ulJrzxMy6T1KBky4/CVBATk/ntZMgVMiOmFihT3O5K2JgqyoxNqGRD8FZPXof2VdWrVWsP15XGbR5HEc7gHC7Bgzo04B6a0AIGE3iGV3hzEufFeXc+lq0FJ585hT9yPn8AFEKOHA==</latexit> 00
00
00
1

<latexit sha1_base64="a2LdyXLPk9Nek2zK7VpksmwvJR4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkeqx6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuGlz0OoLCw/vzLAzb5AIro3rfjmltfWNza3ydmVnd2//oHp41NFxqhi2WSxi1QuoRsEltg03AnuJQhoFArvB9Davdx9RaR7LBzNL0I/oWPKQM2qs1XVzee6wWnPrC3bJX/AKqEGh1rD6ORjFLI1QGiao1n3PTYyfUWU4EzivDFKNCWVTOsa+RUkj1H62WHdOzqwzImGs7JOGLNyfExmNtJ5Fge2MqJno1Vpu/lfrpya89jMuk9SgZMuPwlQQE5P8djLiCpkRMwuUKW53JWxCFWXGJlSxIXirJ/+FzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDKbwBC/w6iTOs/PmvC9bS04xcwy/5Hx8AxRDjhw=</latexit> 00
00
01
0

<latexit sha1_base64="QmqkVFEzL2GDbHuQJBcymMZDOqs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSkeqx6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuGlz0OoLCw/vzLAzb5AIro3rfjmltfWNza3ydmVnd2//oHp41NFxqhi2WSxi1QuoRsEltg03AnuJQhoFArvB9Davdx9RaR7LBzNL0I/oWPKQM2qs1XVzed6wWnPrC3bJX/AKqEGh1rD6ORjFLI1QGiao1n3PTYyfUWU4EzivDFKNCWVTOsa+RUkj1H62WHdOzqwzImGs7JOGLNyfExmNtJ5Fge2MqJno1Vpu/lfrpya89jMuk9SgZMuPwlQQE5P8djLiCpkRMwuUKW53JWxCFWXGJlSxIXirJ/+FzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDKbwBC/w6iTOs/PmvC9bS04xcwy/5Hx8AxXHjh0=</latexit> 00
00
01
1

<latexit sha1_base64="53Klr6lgvA+YoTiFff68sVM6KlI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip4y0xKFfcqrsAWSdeTiqQozkof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w7IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEN37GZZIalGy5KEwFMTGZ/06GXCEzYmoJZYrbWwkbU0WZsQmVbAje6svrpH1V9WrV2sN1pXGbx1GEMziHS/CgDg24hya0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPHx1vjiI=</latexit> 11
11
11
1

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

<latexit sha1_base64="KPZMvFaDxeZzisCfq+nFUbcERWE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jps1Bq29ZeLw3w8y8IBFcG9f9ckpr6xubW+Xtys7u3v5B9fCoo+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpbe53H1FpHssHM0vQj+hY8pAzaqzUdb38ecNqza27C5C/xCtIDQq0htXPwShmaYTSMEG17ntuYvyMKsOZwHllkGpMKJvSMfYtlTRC7WeLdefkzCojEsbKfmnIQv3ZkdFI61kU2MqImole9XLxP6+fmvDaz7hMUoOSLQeFqSAmJvntZMQVMiNmllCmuN2VsAlVlBmbUMWG4K2e/Jd0Lupeo964v6w1b4o4ynACp3AOHlxBE+6gBW1gMIUneIFXJ3GenTfnfVlacoqeY/gF5+MbGNeOHw==</latexit> 01
01
01
1

Solution

We measure, obtain a bitstring, repeat N times
An example of a  
measured solution



How do we solve it: QAOA 
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How do we solve it: QAOA 

×"!"#$!

Neutral atom QPU

Loading

Re
ar

ra
ng

em
en

t Register
Quantum dynamics

Bitstring

#

Bayesian optimizer

…

!!

!" !(
#)

Cost estimation
+0 −5 +27

CLASSICAL OPTIMIZATION

Sequence parameterization

+"#+$#

Ne
w

 g
ue

ss

Es
tim

at
ed

 co
st

QAOA 
sequence 

Bitstrings 
distribution

QAOA  
sequence Bitstrings 

distribution

Loading has 50%  
succes rate per atom

Rearrangement takes 
95% of computation time

Dynamic errors: 
Doppler shift 
waist/amplitude fluctuations 
rephrasing 
depolarisation

Measurement errors 
5~8% false positive 
8~10% false negative

Low repetition rate 
~1 Hz (very bad!!)

Optimizer needs to  
converge in a few steps

Can’t exploit the gradient
Very noisy and imprecise 
energy estimate

Ramp Problem!

Error on durations!
Square signal  
approximation Decohernce time! 

Max duration 5000ns

Min duration 100ns

Descrutive measurement!



As a results

Depth! = 1 ! = 2 ! = 3

Depth! = 1 ! = 2 ! = 3

Simulation

Reality



So nothing works?

Depth! = 1 ! = 2 ! = 3



Conclusions

=

Be careful but be hopeful

Thank you







CORRECTING FOR SPAM: ONE WAY

N=6

N=11

CREATE A TRANSFER 
MATRIX 

WITH BINOMIAL PROBABILITIES 

BENCHMARK

( )<latexit sha1_base64="Tyh1SE4x/AZCApIy6aAJUc2/uW4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBKR6rHoxWMF+wFtCJvtpl272YTdiVpC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXJIJrcJxva2V1bX1js7RV3t7Z3du3DyptHaeKshaNRay6AdFMcMlawEGwbqIYiQLBOsH4eup3HpjSPJZ3MEmYF5Gh5CGnBIzk25XEz3hf8eEIiFLxI77Pfbvq1JwZ8DJxC1JFBZq+/dUfxDSNmAQqiNY910nAy4gCTgXLy/1Us4TQMRmynqGSREx72ez2HJ8YZYDDWJmSgGfq74mMRFpPosB0RgRGetGbiv95vRTCSy/jMkmBSTpfFKYCQ4ynQeABV4yCmBhCqOLmVkxHRBEKJq6yCcFdfHmZtM9qbr1Wvz2vNq6KOEroCB2jU+SiC9RAN6iJWoiiJ/SMXtGblVsv1rv1MW9dsYqZQ/QH1ucPjH+UyQ==</latexit>pi!j



Another way: discard bitstrings

ORIGINAL DATA DISCARD 20% DISCARD 50%

BENCHMARK



Parameters
<latexit sha1_base64="NcsGW4vQMhVm1mZB5gQKgxyH+vU=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqCAlKd6WRTcuK9gLtCFMJpN26OTCzIlQQjdufBU3LhRx6zu4822ctllo6w8DH/85hzPn9xLBFVjWt1FYWl5ZXSuulzY2t7Z3zN29lopTSVmTxiKWHY8oJnjEmsBBsE4iGQk9wdre8GZSbz8wqXgc3cMoYU5I+hEPOCWgLdc8rPRgwIC49inOqaaJ+jGoE9csW1VrKrwIdg5llKvhml89P6ZpyCKggijVta0EnIxI4FSwcamXKpYQOiR91tUYkZApJ5teMcbH2vFxEEv9IsBT9/dERkKlRqGnO0MCAzVfm5j/1bopBFdOxqMkBRbR2aIgFRhiPIkE+1wyCmKkgVDJ9V8xHRBJKOjgSjoEe/7kRWjVqvZF9fzurFy/zuMoogN0hCrIRpeojm5RAzURRY/oGb2iN+PJeDHejY9Za8HIZ/bRHxmfP1POlzQ=</latexit>

(✓1, ✓2, · · · )
<latexit sha1_base64="BFsX1+S213RIifyw9SVjcHNYjok=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVJCSFG/LogguK9gLtCFMJpN26OTCzIlQQldufBU3LhRx6zO4822ctllo9YeBj/+cw5nze4ngCizryygsLC4trxRXS2vrG5tb5vZOS8WppKxJYxHLjkcUEzxiTeAgWCeRjISeYG1veDWpt++ZVDyO7mCUMCck/YgHnBLQlmvuX1d6MGBAXPsY51TTRP0Y1JFrlq2qNRX+C3YOZZSr4ZqfPT+macgioIIo1bWtBJyMSOBUsHGplyqWEDokfdbVGJGQKSebnjHGh9rxcRBL/SLAU/fnREZCpUahpztDAgM1X5uY/9W6KQQXTsajJAUW0dmiIBUYYjzJBPtcMgpipIFQyfVfMR0QSSjo5Eo6BHv+5L/QqlXts+rp7Um5fpnHUUR76ABVkI3OUR3doAZqIooe0BN6Qa/Go/FsvBnvs9aCkc/sol8yPr4B6SeXgw==</latexit>

E(✓1, ✓2, · · · )

Output

Gaussian ProcessAcquisition Function

<latexit sha1_base64="/f5e85kGRYlBw3s1oacDSxw62i4=">AAACJnicbZDLSgNBEEV74ivGV9Slm8Yg6CbMiK9NICiC7iIYDWRC6OlUksaeB901Yhjma9z4K25cRETc+Sn2JFnEaEHD5dwquup6kRQabfvLys3NLywu5ZcLK6tr6xvFza07HcaKQ52HMlQNj2mQIoA6CpTQiBQw35Nw7z1cZP79IygtwuAWBxG0fNYLRFdwhga1ixX3EXjiYh+QpbRCXZ89tZNpmGYM+56XXF6n+9POAW0XS3bZHhX9K5yJKJFJ1drFodsJeexDgFwyrZuOHWErYQoFl5AW3FhDxPgD60HTyID5oFvJ6MyU7hnSod1QmRcgHdHpiYT5Wg98z3RmG+tZL4P/ec0Yu2etRARRjBDw8UfdWFIMaZYZ7QgFHOXACMaVMLtS3meKcTTJFkwIzuzJf8XdYdk5KR/fHJWq55M48mSH7JJ94pBTUiVXpEbqhJNn8kqG5N16sd6sD+tz3JqzJjPb5FdZ3z+f86Z6</latexit>

~✓ = max
~✓

EI(~✓)

<latexit sha1_base64="OQ54zzHuWoN0WymrqMNal3t7Gyo="></latexit>

EI(~✓) = �[✓?�(✓?) + �(✓?)]

[L Heneriet et al, Quantum (2020)]

Bayesian Optimization to optimize QAOA



What is a Gaussian Process
PRIOR POSTERIOR

<latexit sha1_base64="5ZhBuGxkSLOs0zqq8hOsw7Ln0wc="></latexit>

k(✓i, ✓j) / �2e
p

3||✓i�✓j ||
` + �2

N

Hyperparameters

Selected with optimization

Kernel



What is a Gaussian Process

After sampling

 30 points

After sampling

1 point



What is an Acquisition Function

<latexit sha1_base64="/f5e85kGRYlBw3s1oacDSxw62i4=">AAACJnicbZDLSgNBEEV74ivGV9Slm8Yg6CbMiK9NICiC7iIYDWRC6OlUksaeB901Yhjma9z4K25cRETc+Sn2JFnEaEHD5dwquup6kRQabfvLys3NLywu5ZcLK6tr6xvFza07HcaKQ52HMlQNj2mQIoA6CpTQiBQw35Nw7z1cZP79IygtwuAWBxG0fNYLRFdwhga1ixX3EXjiYh+QpbRCXZ89tZNpmGYM+56XXF6n+9POAW0XS3bZHhX9K5yJKJFJ1drFodsJeexDgFwyrZuOHWErYQoFl5AW3FhDxPgD60HTyID5oFvJ6MyU7hnSod1QmRcgHdHpiYT5Wg98z3RmG+tZL4P/ec0Yu2etRARRjBDw8UfdWFIMaZYZ7QgFHOXACMaVMLtS3meKcTTJFkwIzuzJf8XdYdk5KR/fHJWq55M48mSH7JJ94pBTUiVXpEbqhJNn8kqG5N16sd6sD+tz3JqzJjPb5FdZ3z+f86Z6</latexit>

~✓ = max
~✓

EI(~✓)

<latexit sha1_base64="MUJJzSUW5AjSssP5BwQ55JOgJhg="></latexit>

EI(✓) = �(z)(✓BEST � µ0) + �(z)�0

CURRENT BEST

p
POSTERIOR


 MEAN POSTERIOR 

VARIANCE

AT EACH BAYESIAN OPT STEP:

RED: 
ORANGE: 

<latexit sha1_base64="37NPfiPQtjg34a7Arb+vkn/cU1A=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0lEqseiF48VTFtoQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3OV+54kqzWL5aKYJDQQeSRYxgk0u9UV6PqjW3Lo7B1olXkFqUKA1qH71hzFJBZWGcKx1z3MTE2RYGUY4nVX6qaYJJhM8oj1LJRZUB9n81hk6s8oQRbGyJQ2aq78nMiy0norQdgpsxnrZy8X/vF5qopsgYzJJDZVksShKOTIxyh9HQ6YoMXxqCSaK2VsRGWOFibHxVGwI3vLLq6R9Wfca9cbDVa15W8RRhhM4hQvw4BqacA8t8IHAGJ7hFd4c4bw4787HorXkFDPH8AfO5w/CMo4S</latexit>

µ0

<latexit sha1_base64="ugBLlbbiUkETanr6qew3PJBFoYg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPoKeyKRI9BLx4jmAckS5idzCZD5rHMzAphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+m/ntJ6oNU/LRThIaCjyULGYEWye1e4YNBT7vlyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNj93is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4JsyYTFJLJVksilOOrEKz39GAaUosnziCiWbuVkRGWGNiXUIlF0Kw/PIqaV1Wg1q19nBVqd/mcRThBE7hAgK4hjrcQwOaQGAMz/AKb17ivXjv3seiteDlM8fwB97nDwJ3j18=</latexit>

�0


