
Review of mathematics of single quantum bit systems



Quantum state is an element of a vector space
<latexit sha1_base64="w1S0rQ6DzK37AQ7UFw5kYZmwGCg=">AAACGXicbZBNS8NAEIY3ftb6FfXoZbEIglASKepFKHrxWMGq0IQy2U7bxc0m7G6EkvZvePGvePGgiEc9+W/c1gh+vbDw8swMs/NGqeDaeN67MzU9Mzs3X1ooLy4tr6y6a+sXOskUwyZLRKKuItAouMSm4UbgVaoQ4kjgZXR9Mq5f3qDSPJHnZpBiGENP8i5nYCxqu94waGgeKJA9gfSIBiDSPtCh94V2aRChgaFfgLZb8areRPSv8QtTIYUabfc16CQsi1EaJkDrlu+lJsxBGc4EjspBpjEFdg09bFkrIUYd5pPLRnTbkg7tJso+aeiEfp/IIdZ6EEe2MwbT179rY/hfrZWZ7mGYc5lmBiX7XNTNBDUJHcdEO1whM2JgDTDF7V8p64MCZmyYZRuC//vkv+Zir+rvV2tntUr9uIijRDbJFtkhPjkgdXJKGqRJGLkl9+SRPDl3zoPz7Lx8tk45xcwG+SHn7QM3GJ/S</latexit>

|!→ = ω|0→+ ε|1→Dirac notation

<latexit sha1_base64="2IFqKmNIB1IGZTXVN9wzNpJVQoQ="></latexit>(
ω
ε

)
= ω

(
1
0

)
+ ε

(
0
1

)
Matrix notation

Basis states are orthonormal

Inner product
<latexit sha1_base64="ALUlxeZG4/TzDR/I/UOGBJ0U2qo=">AAACH3icbZDNSgMxFIUz/tb6V3XpJlgEUSgzUqobQXTjsoLVQmcsd9LbNpjJDElGKFPfxI2v4saFIuKub2Naq2j1QODku/eS3BMmgmvjugNnanpmdm4+t5BfXFpeWS2srV/qOFUMaywWsaqHoFFwiTXDjcB6ohCiUOBVeHM6rF/dotI8lheml2AQQUfyNmdgLGoWKr4A2RFI/armfXpEv+5u3weRdOF6l+59Q6/vh2gsaxaKbskdif413tgUyVjVZuHdb8UsjVAaJkDrhucmJshAGc4E3uX9VGMC7AY62LBWQoQ6yEb73dFtS1q0HSt7pKEj+nMig0jrXhTazghMV0/WhvC/WiM17cMg4zJJDUr2+VA7FdTEdBgWbXGFzIieNcAUt3+lrAsKmLGR5m0I3uTKf83lfsmrlMrn5eLxyTiOHNkkW2SHeOSAHJMzUiU1wsg9eSTP5MV5cJ6cV+fts3XKGc9skF9yBh9Uu6FM</latexit>

→!| = →0|ω→ + →1|ε→

<latexit sha1_base64="u6qt9dfgSshQvi5FD6DOZs4lX14=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARUoWSSFE3QtGNywr2Ak0sk+m0HTqZhJmJUELzIG58FTcuFHHhRnwbp20ErR4Y+Pj/czhzfj9iVCrb/jRyC4tLyyv51cLa+sbmlrm905BhLDCp45CFouUjSRjlpK6oYqQVCYICn5GmP7yc+M07IiQN+Y0aRcQLUJ/THsVIaaljViwXsWiAbg/T1PWJ0lCC5/BbtJw0tUvwCGaeZaepU+qYRbtsTwv+BSeDIsiq1jHf3W6I44BwhRmSsu3YkfISJBTFjIwLbixJhPAQ9UlbI0cBkV4yvW4MD7TShb1Q6McVnKo/JxIUSDkKfN0ZIDWQ895E/M9rx6p35iWUR7EiHM8W9WIGVQgnUcEuFQQrNtKAsKD6rxAPkEBY6UALOgRn/uS/0DguOyflynWlWL3I4siDPbAPLOCAU1AFV6AG6gCDe/AInsGL8WA8Ga/G26w1Z2Qzu+BXGR9fo+6fIQ==</latexit>

(ω→ ε→) = ω→(1 0) + ε→(0 1)

<latexit sha1_base64="/oNHQtptyyiPB7Uw3qm50ObFjyM="></latexit>

→!|!→↑ = (ω↑ε↑)↓
(
ω→

ε→

)
= ω↑ω→ + ε↑ε→

Outer product
<latexit sha1_base64="9k1YwCyM/3cUig9RlP0UaHVCFVA="></latexit>

|!→↑!→| =
(
ω
ε

)
↓ (ω→↑ ε→↑) =

(
ωω→↑ ωε→↑

εω→↑ εε→↑

)

<latexit sha1_base64="UnP3VkN6IP+NoAlXIXM2n+BcjAg=">AAACQ3icbVDNS8MwHE3n15xfVY9egkPwNFIZ6kUYevE4wX3gWkaapVtYmpYkFUa3/82L/4A3/wEvHhTxKthulc1tDwKP997vl+S5IWdKI/Rq5FZW19Y38puFre2d3T1z/6CugkgSWiMBD2TTxYpyJmhNM81pM5QU+y6nDbd/k/qNRyoVC8S9HoTU8XFXMI8RrBOpbT7YHIsupxANLVtO6BX8E60hmorItgvTNFqWnllhFdpmEZXQGHCRWBkpggzVtvlidwIS+VRowrFSLQuF2omx1IxwOirYkaIhJn3cpa2ECuxT5cTjDkbwJFE60AtkcoSGY3V2Isa+UgPfTZI+1j0176XiMq8Vae/SiZkII00FmVzkRRzqAKaFwg6TlGg+SAgmkiVvhaSHJSY6qT0twZr/8iKpn5Ws81L5rlysXGd15MEROAanwAIXoAJuQRXUAAFP4A18gE/j2Xg3vozvSTRnZDOH4B+Mn1/mOq3d</latexit>

→0|1↑ = →1|0↑ = 0

→0|0↑ = →1|1↑ = 1

Normalization
<latexit sha1_base64="xcAgzY6sW8UVkg2iIGE/UiGb1iY="></latexit>

→!→|!→↑ = →!|!↑ = |ω|2 + |ε|2 = 1

<latexit sha1_base64="5peE23TE2yFoixixgM5O0G8krXs="></latexit>

|0→↑0| =
(
1
0

)
(1 0) =

(
1 0
0 0

)

<latexit sha1_base64="oqMaOBSYX23imVRoauZnj0PZNAU="></latexit>

|1→↑1| =
(
0
1

)
(0 1) =

(
0 0
0 1

) <latexit sha1_base64="+InBcQApmse+GJFwc5qQDFJRZbk="></latexit>

|1→↑0| =
(
0
1

)
(1 0) =

(
0 0
1 0

)

<latexit sha1_base64="XPr79+9xE2K8DMjJmDim48qgFnk="></latexit>

|0→↑1| =
(
1
0

)
(0 1) =

(
0 1
0 0

)

Global phase is irrelevant
<latexit sha1_base64="Rdl5uvpkL925uJ158k1pD9YedzU=">AAACJnicbZDLTgIxFIY7XhFvqEs3jcQENmSGEHVDQnTjEhO5JAwhnXKAhs5M03aMZOBp3PgqblxgjHHno1hgFgiepMmX/z8np+f3BGdK2/a3tbG5tb2zm9pL7x8cHh1nTk7rKowkhRoNeSibHlHAWQA1zTSHppBAfI9DwxvezfzGE0jFwuBRjwS0fdIPWI9Roo3UyZRdwsWA4DIeL2jswrPIMVcMWMfJu27a9UAv/Bks28V8J5O1C/a88Do4CWRRUtVOZup2Qxr5EGjKiVItxxa6HROpGeUwSbuRAkHokPShZTAgPqh2PD9zgi+N0sW9UJoXaDxXlydi4is18j3T6RM9UKveTPzPa0W6d9OOWSAiDQFdLOpFHOsQzzLDXSaBaj4yQKhk5q+YDogkVJtk0yYEZ/XkdagXC85VofRQylZukzhS6BxdoBxy0DWqoHtURTVE0Qt6Q1P0Yb1a79an9bVo3bCSmTP0p6yfX4jdpJc=</latexit>

ω = |ω| exp(iε1)

ϑ = |ϑ| exp(iε2)

<latexit sha1_base64="yPTUDQ4rq/FO/7IrB8y22saBPc8="></latexit>

|!→ = exp(iω1)
(
|ε||0→+ |ϑ| exp(iω)|1→

)
<latexit sha1_base64="OS9Us0L9/QpLC+oLzqepKcK4Lm4=">AAACJ3icbZBNSwMxEIazflu/qh69BIugCGVXinpRRC8eK1gVuqXMptM2mM2GJCuWrv/Gi3/Fi6AievSfmNYV/BoIvDzvDJN5IyW4sb7/5o2Mjo1PTE5NF2Zm5+YXiotLZyZJNcMaS0SiLyIwKLjEmuVW4IXSCHEk8Dy6PBr451eoDU/kqe0pbMTQkbzNGViHmsX9LKwaHmqQHYF0j2YhCNWFLPO/2KZjEVrIQrxW6zxUXb6RBbnbLJb8sj8s+lcEuSiRvKrN4mPYSlgao7RMgDH1wFe20QdtORN4UwhTgwrYJXSw7qSEGE2jP7zzhq450qLtRLsnLR3S7xN9iI3pxZHrjMF2zW9vAP/z6qlt7zb6XKrUomSfi9qpoDahg9Boi2tkVvScAKa5+ytlXdDArIu24EIIfp/8V5xtlYPtcuWkUjo4zOOYIitklayTgOyQA3JMqqRGGLkl9+SJPHt33oP34r1+to54+cwy+VHe+wc8eaYu</latexit>

|!→ = |ω||0→+ |ε| exp(iϑ)|1→
<latexit sha1_base64="XJDHJq4ChBp7vsQhG6GsOxhvTbw=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIbixJKepGKLpxWcE+oA1hMp20QycPZiZCCQV/xY0LRdz6He78GydpFtp6YLiHc+7l3jlezJlUlvVtlFZW19Y3ypuVre2d3T1z/6Ajo0QQ2iYRj0TPw5JyFtK2YorTXiwoDjxOu97kNvO7j1RIFoUPahpTJ8CjkPmMYKUl1zwaxGOGrlFW3Do6z6vtmlWrZuVAy8QuSBUKtFzzazCMSBLQUBGOpezbVqycFAvFCKezyiCRNMZkgke0r2mIAyqdND9/hk61MkR+JPQLFcrV3xMpDqScBp7uDLAay0UvE//z+onyr5yUhXGiaEjmi/yEIxWhLAs0ZIISxaeaYCKYvhWRMRaYKJ1YRYdgL355mXTqNfui1rhvVJs3RRxlOIYTOAMbLqEJd9CCNhBI4Rle4c14Ml6Md+Nj3loyiplD+APj8wcSQJRI</latexit>

ω = ω2 → ω1

These two state vectors are the same for all purposes

but relative phase matters



Linear operators map a vector space on itself

<latexit sha1_base64="amUwdhi80T2/ledspQTNRjpBIOk="></latexit>

L̂|!→ = ωL̂|0→+ εL̂|1→
Linear operator acts on a vector to produce a new vector

<latexit sha1_base64="CicY6JZ9L1wo3i3f5OCnt6Ur3C0=">AAACNHicbZBNSwMxEIazflu/qh69BIsgCmVXRL0IohdBDxWsCt1aZtNpG8xml2RWKNUf5cUf4kUED4p49TeY1ip+DQRenneGybxRqqQl33/wBgaHhkdGx8ZzE5NT0zP52bkTm2RGYFkkKjFnEVhUUmOZJCk8Sw1CHCk8jS72uv7pJRorE31M7RSrMTS1bEgB5FAtfxAq0E2FPCxZeRW2gPgh3+af1P9EIai0BecrfPXLC768CKlr1fIFv+j3iv8VQV8UWL9KtfxdWE9EFqMmocDaSuCnVO2AISkUXufCzGIK4gKaWHFSQ4y22ukdfc2XHKnzRmLc08R79PtEB2Jr23HkOmOglv3tdeF/XiWjxla1I3WaEWrxsaiRKU4J7ybI69KgINV2AoSR7q9ctMCAIJdzzoUQ/D75rzhZKwYbxfWj9cLObj+OMbbAFtkyC9gm22H7rMTKTLAbds+e2LN36z16L97rR+uA15+ZZz/Ke3sH7QCojQ==</latexit>

→!|L̂ = →0|L̂ω→ + →1|L̂ε→

<latexit sha1_base64="2qUPOqL5x4k2aMyyNprXxUT6bko=">AAACKHicbVDLSgMxFM34tr6qLt0Ei6CbMiNF3YiiGxcuKlhb6NRyJ72dhmYyQ5IRyrSf48ZfcSOiiFu/xPQBPg8EDuecy809QSK4Nq777kxNz8zOzS8s5paWV1bX8usbNzpOFcMKi0WsagFoFFxixXAjsJYohCgQWA2650O/eodK81hem16CjQhCyducgbFSM3+y63fA0Eva98ua+wpkKHDvNvNbEIaoBvSY+mIk0mGgP05/+c18wS26I9C/xJuQApmg3Mw/+62YpRFKwwRoXffcxDQyUIYzgYOcn2pMgHUhxLqlEiLUjWx06IDuWKVF27GyTxo6Ur9PZBBp3YsCm4zAdPRvbyj+59VT0z5qZFwmqUHJxovaqaAmpsPWaIsrZEb0LAGmuP0rZR1QwIztNmdL8H6f/Jfc7Be9g2LpqlQ4PZvUsUC2yDbZJR45JKfkgpRJhTByTx7JC3l1Hpwn5815H0ennMnMJvkB5+MTPQCmJg==</latexit>

(L̂|!→)† = ↑!|L̂†

Operators are specified by acting on (any) basis states
<latexit sha1_base64="UNsvLPEH2Rk+yXDyqCRyuH1jv6s="></latexit>

L̂|0→ = L00|0→+ L01|1→, L̂|1→ = L10|0→+ L11|1→

Dirac form

<latexit sha1_base64="mv38MBIqPuAfzqemuuZ3l08/kz4="></latexit>

L00 = →0|L̂|0↑ L01 = →1|L̂|0↑
L10 = →0|L̂|1↑ L11 = →1|L̂|1↑

Matrix elements

<latexit sha1_base64="W5ZXZn29H48hAstquH3AUX9aKDs=">AAACYHicdVHNT8IwHO2GH4ggQ296aSQmJiakNUS9mBC9eOCAiXwkjJCuFGjouqXtNGTwT3rz4MW/xDEwUcCXNH157/fS9tULBdcGoQ/Lzuzs7u1nD3KH+cJR0Skdt3QQKcqaNBCB6nhEM8ElaxpuBOuEihHfE6ztTR4XfvuVKc0D+WKmIev5ZCT5kFNiEqnvvLljYmAd3sN6P0ZoPkOuInIkmCvSDaIZvEo9PJ/hfzy8JYd/vC05PMv1nTKqoBRwk+AVKYMVGn3n3R0ENPKZNFQQrbsYhaYXE2U4FWyecyPNQkInZMS6CZXEZ7oXpwXN4UWiDOAwUMmSBqbq70RMfK2nvpdM+sSM9bq3ELd53cgM73oxl2FkmKTLg4aRgCaAi7bhgCtGjZgmhFDFk7tCOiaKUJP8yaIEvP7kTdK6ruCbSvW5Wq49rOrIgjNwDi4BBregBp5AAzQBBZ9WxspbBevLztpFu7Qcta1V5gT8gX36DV9VsrI=</latexit>

L̂ = L00|0→↑0|+ L01|1→↑0|+ L10|0→↑1|+ L11|1→↑1|

<latexit sha1_base64="2TvTe5QTq9l5/vM2XFgz5ZDIahE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRS1I1QdOPCRQX7gCaWm8kkHTp5MDMRSihu/BU3LhRx61e482+ctllo64ELh3Pu5d57vJQzqSzr21hYXFpeWS2tldc3Nre2zZ3dlkwyQWiTJDwRHQ8k5SymTcUUp51UUIg8Ttve4Grstx+okCyJ79QwpW4EYcwCRkBpqWfuO31Q+OY+d3wIQypG+AJPpZ5ZsarWBHie2AWpoAKNnvnl+AnJIhorwkHKrm2lys1BKEY4HZWdTNIUyABC2tU0hohKN5+8MMJHWvFxkAhdscIT9fdEDpGUw8jTnRGovpz1xuJ/XjdTwbmbszjNFI3JdFGQcawSPM4D+0xQovhQEyCC6Vsx6YMAonRqZR2CPfvyPGmdVO3Tau22VqlfFnGU0AE6RMfIRmeojq5RAzURQY/oGb2iN+PJeDHejY9p64JRzOyhPzA+fwCnrZZR</latexit>

L̂† = L̂

Hermitian operators represent physical observables through their 

eigenvalues and eigenvectors

<latexit sha1_base64="9QYoZGlV8UR/7GY12nXDFMe8ADY=">AAACPnicbVBLSwMxGMzWV62vVY9egkXwVHalqBeh6MVDDxXsA7pl+TZN29BsdkmyQln7y7z4G7x59OJBEa8eTR9CbTsQGGbmS/JNEHOmtOO8WpmV1bX1jexmbmt7Z3fP3j+oqSiRhFZJxCPZCEBRzgStaqY5bcSSQhhwWg/6NyO//kClYpG414OYtkLoCtZhBLSRfLvq9UCn5eGj45c9CaLLKb7CHjc3tMF3ZmTPy/1l3WVZd0b27bxTcMbAi8SdkjyaouLbL147IklIhSYclGq6TqxbKUjNCKfDnJcoGgPpQ5c2DRUQUtVKx+sP8YlR2rgTSXOExmN1diKFUKlBGJhkCLqn5r2RuMxrJrpz2UqZiBNNBZk81Ek41hEedYnbTFKi+cAQIJKZv2LSAwlEm8ZzpgR3fuVFUjsruOeF4l0xX7qe1pFFR+gYnSIXXaASukUVVEUEPaE39IE+rWfr3fqyvifRjDWdOUT/YP38Apoqrsc=</latexit>

L̂|0L→ = ω0|0L→
L̂|1L→ = ω1|1L→

<latexit sha1_base64="DetbA/GHXQB3nzNR/WgLsDdnMrU="></latexit>

ω0 = ω→
0, ω1 = ω→

1

→0L|1L↑ = 0
<latexit sha1_base64="pWQhlgujfYp5uJxnbgEcxmb+k7U="></latexit>

L̂ = ω0|0L→↑0L|+ ω1|1L→↑1L|

real

orthogonal

Unitary operators rotate basis:
<latexit sha1_base64="sTFm9q5s75OZO2uH1t1URdv4Njc=">AAACJnicbZDNSsNAFIUn9a/Wv6hLN4NFcCElkaJuCkU3LlxUMG2hCWEynbZDJ5MwMxFK2r6MG1/FjYuKiDsfxWmbhba9MHD4zr3cuSeIGZXKsr6N3Nr6xuZWfruws7u3f2AeHtVllAhMHByxSDQDJAmjnDiKKkaasSAoDBhpBP27qd94JkLSiD+pQUy8EHU57VCMlEa+WRla/oMrEO8yAivQ7SEFnaGVkYvxeGiv8O2M+GbRKlmzgsvCzkQRZFXzzYnbjnASEq4wQ1K2bCtWXoqEopiRUcFNJIkR7qMuaWnJUUikl87OHMEzTdqwEwn9uIIz+nciRaGUgzDQnSFSPbnoTeEqr5Wozo2XUh4ninA8X9RJGFQRnGYG21QQrNhAC4QF1X+FuIcEwkonW9Ah2IsnL4v6Zcm+KpUfy8XqbRZHHpyAU3AObHANquAe1IADMHgBb2ACPoxX4934NL7mrTkjmzkG/8r4+QWmeKSw</latexit>

|0L→ = Û |0→, |1L→ = Û |1→

<latexit sha1_base64="GKwnPZxhxVrH/K9pFWTNEcytcSw=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAILqTMSFGXRTcuXFSwD2iHIZOmbWgmMyQZoUzrxl9x40IRt/6FO//GtB1EWw9cODnnXnLvCWLOlHacL2thcWl5ZTW3ll/f2Nzatnd2aypKJKFVEvFINgKsKGeCVjXTnDZiSXEYcFoP+ldjv35PpWKRuNODmHoh7grWYQRrI/n2/tDxb1oSiy6nJ2jo/jx8u+AUnQnQPHEzUoAMFd/+bLUjkoRUaMKxUk3XibWXYqkZ4XSUbyWKxpj0cZc2DRU4pMpLJxeM0JFR2qgTSVNCo4n6eyLFoVKDMDCdIdY9NeuNxf+8ZqI7F17KRJxoKsj0o07CkY7QOA7UZpISzQeGYCKZ2RWRHpaYaBNa3oTgzp48T2qnRfesWLotFcqXWRw5OIBDOAYXzqEM11CBKhB4gCd4gVfr0Xq23qz3aeuClc3swR9YH997TZZJ</latexit>

|0L→, |1L→Eigenbasis

<latexit sha1_base64="A0jt8P6odOSwCNIkUU8xFj0boW4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpJIUTdC0Y3LCqYtNLFMJpN26GQSZiZCCdm58VfcuFDErb/gzr9x2kbQ1gMXzpxzL3Pv8RNGpbKsL6O0sLi0vFJeraytb2xumds7LRmnAhMHxywWHR9JwignjqKKkU4iCIp8Rtr+8Grst++JkDTmt2qUEC9CfU5DipHSUs/cdwdIQecuO7ZzeAF/Xm6A+n0i8p5ZtWrWBHCe2AWpggLNnvnpBjFOI8IVZkjKrm0lysuQUBQzklfcVJIE4SHqk66mHEVEetnkjhweaiWAYSx0cQUn6u+JDEVSjiJfd0ZIDeSsNxb/87qpCs+9jPIkVYTj6UdhyqCK4TgUGFBBsGIjTRAWVO8K8QAJhJWOrqJDsGdPnietk5p9Wqvf1KuNyyKOMtgDB+AI2OAMNMA1aAIHYPAAnsALeDUejWfjzXiftpaMYmYX/IHx8Q01R5hJ</latexit>

Û→1 = Û†

<latexit sha1_base64="EoEWtjozkw9XIk1YkhQJbmE3YSA="></latexit>

L̂|!→ =
[
Û

(
ω0 0
0 ω1

)
Û†

](
ε
ϑ

)

<latexit sha1_base64="/PwpCRdz2wKKsCcO61KTbZHEcPs="></latexit>

L̂|!→ =
(
L00 L10

L01 L11

)(
ω
ε

)

<latexit sha1_base64="hmNkZtijrnBJOy1AbZCbCpChrww="></latexit>

→!|L̂† = (ω→ ε→)

(
L→
00 L→

01

L→
10 L→

11

)

<latexit sha1_base64="NUeJigYXmBoIex9rV5DuwgAoF1k="></latexit>

L̂ = Û
(
ω0|0→↑0|+ ω1|1→↑1|

)
Û†

<latexit sha1_base64="yzWPx4PAWg0QNYLbN5ke8nCkuzI="></latexit>

Û |!→ =
(
↑0|0L→ ↑0|1L→
↑1|0L→ ↑1|1L→

)(
ω
ε

)

<latexit sha1_base64="wM6bcexCttx1F8j7v0Yxg8vbgJw=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKJVuBNRG0G0sbCIYBIhF8PcZnJZsrd37O4J4cxPsPGv2FgoYmtp579xk1yh0QcDj/dmmJkXJIJr47pfztT0zOzc/MJiYWl5ZXWtuL5R03GqGFZZLGJ1E4BGwSVWDTcCbxKFEAUC60HvfOjX71BpHstr00+wGUEoeYczMFZqFXfvXV+BDAXSE+p3wdDqbea3IQxRDe7d1mXutoolt+yOQP8SLyclkqPSKn767ZilEUrDBGjd8NzENDNQhjOBg4KfakyA9SDEhqUSItTNbPTQgO5YpU07sbIlDR2pPycyiLTuR4HtjMB09aQ3FP/zGqnpHDczLpPUoGTjRZ1UUBPTYTq0zRUyI/qWAFPc3kpZFxQwYzMs2BC8yZf/ktp+2TssH1wdlE7P8jgWyBbZJnvEI0fklFyQCqkSRh7IE3khr86j8+y8Oe/j1iknn9kkv+B8fAPudZyO</latexit>

|0→ = Û†|0L→
<latexit sha1_base64="5LQZHOnFJuWzQPH/7LUP39UxCvY=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKJVuBNRG0G0sbCIYBIhF8PcZnJZsrd37O4J4cxPsPGv2FgoYmtp579xk1yh0QcDj/dmmJkXJIJr47pfztT0zOzc/MJiYWl5ZXWtuL5R03GqGFZZLGJ1E4BGwSVWDTcCbxKFEAUC60HvfOjX71BpHstr00+wGUEoeYczMFZqFXfvPV+BDAXSE+p3wdDqbea3IQxRDe691mXutoolt+yOQP8SLyclkqPSKn767ZilEUrDBGjd8NzENDNQhjOBg4KfakyA9SDEhqUSItTNbPTQgO5YpU07sbIlDR2pPycyiLTuR4HtjMB09aQ3FP/zGqnpHDczLpPUoGTjRZ1UUBPTYTq0zRUyI/qWAFPc3kpZFxQwYzMs2BC8yZf/ktp+2TssH1wdlE7P8jgWyBbZJnvEI0fklFyQCqkSRh7IE3khr86j8+y8Oe/j1iknn9kkv+B8fAPxq5yQ</latexit>

|1→ = Û†|1L→



Pauli operators generate all unitary and hermitian operators
Computational basis Eigenbasis

<latexit sha1_base64="QT7q/kZL9rmjLb0XFVvT7uLnHpI="></latexit>

Ẑ|!→ =
(
1 0
0 ↑1

)(
ω
ε

)

<latexit sha1_base64="qGXmx7+vUJobi3rOeMAHdW1yD5s="></latexit>

X̂|!→ =
(
0 1
1 0

)(
ω
ε

)

<latexit sha1_base64="6gLTSTMT5ogFzOXxBXtRKwrY/50="></latexit>

Ŷ |!→ =
(
0 ↑i
i 0

)(
ω
ε

)

<latexit sha1_base64="gJrR5b1JUW74j2MU/FxjmyuJXHM=">AAACJ3icbZBNS8NAEIY39avWr6pHL4tFEISSSFEvStGLgocK9kObUDbbTbt0swm7GzGG/hsv/hUvgoro0X/iNs1BWwcWnnlnhtl53ZBRqUzzy8jNzM7NL+QXC0vLK6trxfWNhgwigUkdBywQLRdJwigndUUVI61QEOS7jDTdwdmo3rwjQtKAX6s4JI6Pepx6FCOlpU7xxO4jBS/hMbRJKCkLOEyVC7gH71NMWkPN8VhObkbJQ5bcDjvFklk204DTYGVQAlnUOsVXuxvgyCdcYYakbFtmqJwECUUxI8OCHUkSIjxAPdLWyJFPpJOkdw7hjla60AuEflzBVP09kSBfyth3daePVF9O1kbif7V2pLwjJ6E8jBTheLzIixhUARyZBrtUEKxYrAFhQfVfIe4jgbDS1ha0CdbkydPQ2C9bB+XKVaVUPc3syIMtsA12gQUOQRWcgxqoAwwewTN4A+/Gk/FifBif49ackc1sgj9hfP8AQAmjJA==</latexit>

L̂ = ωÎ + xX̂ + yŶ + zẐ

<latexit sha1_base64="tR+iC7b2JjWRhWHFLq5EQMFPxvY=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARuipJKepGKLrRXQV70TaWyXTSDp1MwsxEKKGv4MZXceNCEbfu3Pk2TtJAtfWHgY//nMOZ87sho1JZ1reRW1peWV3Lrxc2Nre2d8zdvaYMIoFJAwcsEG0XScIoJw1FFSPtUBDku4y03NFFUm89ECFpwG/UOCSOjwacehQjpa2eWeoOkYLt+wo8gynezvBuhleFnlm0ylYquAh2BkWQqd4zv7r9AEc+4QozJGXHtkLlxEgoihmZFLqRJCHCIzQgHY0c+UQ6cXrRBB5ppw+9QOjHFUzd3xMx8qUc+67u9JEayvlaYv5X60TKO3ViysNIEY6ni7yIQRXAJB7Yp4JgxcYaEBZU/xXiIRIIKx1iEoI9f/IiNCtl+7hcva4Wa+dZHHlwAA5BCdjgBNTAJaiDBsDgETyDV/BmPBkvxrvxMW3NGdnMPvgj4/MHhpaZrQ==</latexit>

X̂2 = Ŷ 2 = Ẑ2 = Î

<latexit sha1_base64="zO0dHoDPwnBI89v3kxNtcmlB76Q=">AAACBHicbZDLSgMxFIbPeK31Nuqym2ARXEiZKUXdCEU3LivYi06HkkkzbWjmQpIRytCFG1/FjQtF3PoQ7nwb0+kstPVAyMf/n0Nyfi/mTCrL+jaWlldW19YLG8XNre2dXXNvvyWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3uhq6rcfqJAsCm/VOKZugAch8xnBSks9s+R0h1ihzgnK7jsXXaAqy/i+Z5atipUVWgQ7hzLk1eiZX91+RJKAhopwLKVjW7FyUywUI5xOit1E0hiTER5QR2OIAyrdNFtigo600kd+JPQJFcrU3xMpDqQcB57uDLAaynlvKv7nOYnyz92UhXGiaEhmD/kJRypC00RQnwlKFB9rwEQw/VdEhlhgonRuRR2CPb/yIrSqFfu0UrupleuXeRwFKMEhHIMNZ1CHa2hAEwg8wjO8wpvxZLwY78bHrHXJyGcO4E8Znz95VJYU</latexit>

[X̂, Ŷ ] = 2iẐ
<latexit sha1_base64="U6Y9aGih1PJPB76pd71BUM7PHkc=">AAACBHicbZDLSgMxFIbPeK31Nuqym2ARXEiZKUXdCEU3LivYi06HkkkzbWjmQpIRytCFG1/FjQtF3PoQ7nwb0+kstPVAyMf/n0Nyfi/mTCrL+jaWlldW19YLG8XNre2dXXNvvyWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3uhq6rcfqJAsCm/VOKZugAch8xnBSks9s+R0h1ih+xOU3R0XXaAqy/iuZ5atipUVWgQ7hzLk1eiZX91+RJKAhopwLKVjW7FyUywUI5xOit1E0hiTER5QR2OIAyrdNFtigo600kd+JPQJFcrU3xMpDqQcB57uDLAaynlvKv7nOYnyz92UhXGiaEhmD/kJRypC00RQnwlKFB9rwEQw/VdEhlhgonRuRR2CPb/yIrSqFfu0UrupleuXeRwFKMEhHIMNZ1CHa2hAEwg8wjO8wpvxZLwY78bHrHXJyGcO4E8Znz95cJYU</latexit>

[Ẑ, X̂] = 2iŶ
<latexit sha1_base64="JBwY7mncceTPATGjrSAmyHS0noQ=">AAACBHicbZDLSgMxFIbPeK31Nuqym2ARXEiZKUXdCEU3LivYi06HkkkzbWjmQpIRytCFG1/FjQtF3PoQ7nwb0+kstPVAyMf/n0Nyfi/mTCrL+jaWlldW19YLG8XNre2dXXNvvyWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3uhq6rcfqJAsCm/VOKZugAch8xnBSks9s+R0h1ihuxOU3fcuukBVlnGnZ5atipUVWgQ7hzLk1eiZX91+RJKAhopwLKVjW7FyUywUI5xOit1E0hiTER5QR2OIAyrdNFtigo600kd+JPQJFcrU3xMpDqQcB57uDLAaynlvKv7nOYnyz92UhXGiaEhmD/kJRypC00RQnwlKFB9rwEQw/VdEhlhgonRuRR2CPb/yIrSqFfu0UrupleuXeRwFKMEhHIMNZ1CHa2hAEwg8wjO8wpvxZLwY78bHrHXJyGcO4E8Znz95dJYU</latexit>

[Ŷ , Ẑ] = 2iX̂

Any hermitian operator

<latexit sha1_base64="aur3pd81JbC2X3qJNlnOn94BMR4=">AAACJ3icbVDLSsNAFJ34rPEVdelmsAiCWBIp6kYpunFZwT6wCWUynbRDJ5MwMxFK2r9x46+4EVREl/6J0zZUbT0wcO4593LnHj9mVCrb/jTm5hcWl5ZzK+bq2vrGprW1XZVRIjCp4IhFou4jSRjlpKKoYqQeC4JCn5Ga370a+rV7IiSN+K3qxcQLUZvTgGKktNS0LtwOUvAO9m1XIN5mBJ7DQ2dSua45bug7P/6RM6maVt4u2CPAWeJkJA8ylJvWi9uKcBISrjBDUjYcO1ZeioSimJGB6SaSxAh3UZs0NOUoJNJLR3cO4L5WWjCIhH5cwZH6eyJFoZS90NedIVIdOe0Nxf+8RqKCMy+lPE4U4Xi8KEgYVBEchgZbVBCsWE8ThAXVf4W4gwTCSkdr6hCc6ZNnSfW44JwUijfFfOkyiyMHdsEeOAAOOAUlcA3KoAIweABP4BW8GY/Gs/FufIxb54xsZgf8gfH1DXVto+I=</latexit>

Ẑ|0→ = +1|0→
Ẑ|1→ = ↑1|1→

<latexit sha1_base64="jAf5mw4rW3XzlkTTLAl0DRnSSOw=">AAACG3icbVDLSgMxFM34rPVVdekmWAQ3lplS1I1QdOOygn1gZyiZ9LYNzWSGJCOUmf6HG3/FjQtFXAku/BvTdhbaeuByD+fcS3KPH3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYUqjTkIey5RMFnAmoa6Y5tCIJJPA5NP3h9cRvPoBULBR3ehSBF5C+YD1GiTZSp1B2B0Tje3yJU9uVRPQ5uHzasJ3iU5w6c6qTdgpFu2RPgReJk5EiylDrFD7dbkjjAISmnCjVduxIewmRmlEO47wbK4gIHZI+tA0VJADlJdPbxvjYKF3cC6UpofFU/b2RkECpUeCbyYDogZr3JuJ/XjvWvQsvYSKKNQg6e6gXc6xDPAkKd5kEqvnIEEIlM3/FdEAkodrEmTchOPMnL5JGueSclSq3lWL1Kosjhw7RETpBDjpHVXSDaqiOKHpEz+gVvVlP1ov1bn3MRpesbOcA/YH19QN/a5/f</latexit>

Ẑ = |0→↑0|↓ |1→↑1|

<latexit sha1_base64="//Jv9ku+e0ApW2P2VPZy64AxtBw=">AAACJ3icbVDLSgMxFM3UVx1foy7dBIsglJYZKepGKbpxWcE+oDOUTJq2oZnMkGSEMu3fuPFX3Agqokv/xLQdqrYeCJx7zr3c3ONHjEpl259GZml5ZXUtu25ubG5t71i7ezUZxgKTKg5ZKBo+koRRTqqKKkYakSAo8Bmp+/3rsV+/J0LSkN+pQUS8AHU57VCMlJZa1qXbQwo24DDvCsS7jMALmHdmleua04Zh4ccvOLOqZeXsoj0BXCROSnIgRaVlvbjtEMcB4QozJGXTsSPlJUgoihkZmW4sSYRwH3VJU1OOAiK9ZHLnCB5ppQ07odCPKzhRf08kKJByEPi6M0CqJ+e9sfif14xV59xLKI9iRTieLurEDKoQjkODbSoIVmygCcKC6r9C3EMCYaWjNXUIzvzJi6R2UnROi6XbUq58lcaRBQfgEBwDB5yBMrgBFVAFGDyAJ/AK3oxH49l4Nz6mrRkjndkHf2B8fQNRO6PM</latexit>

X̂|+→ = +1|+→
X̂|↑→ = ↑1|↑→

<latexit sha1_base64="fLhp7b+KM2DjP/PDeRfCvvDp+eM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAhCaUlKUTdC0Y3LCvYBTSiT6aQdOpmEmYlQkv6HG3/FjQtFXAku/BunaRbaeuByD+fcy8w9XsSoVJb1baysrq1vbBa2its7u3v75sFhW4axwKSFQxaKrockYZSTlqKKkW4kCAo8Rjre+Gbmdx6IkDTk92oSETdAQ059ipHSUt+sOSOkYBdewbTsCMSHjDgsa7CcwgpMKwtqJe2bJatqZYDLxM5JCeRo9s1PZxDiOCBcYYak7NlWpNwECUUxI9OiE0sSITxGQ9LTlKOASDfJbpvCU60MoB8KXVzBTP29kaBAykng6ckAqZFc9Gbif14vVv6lm1AexYpwPH/IjxlUIZwFBQdUEKzYRBOEBdV/hXiEBMJKx1nUIdiLJy+Tdq1qn1frd/VS4zqPowCOwQk4Aza4AA1wC5qgBTB4BM/gFbwZT8aL8W58zEdXjHznCPyB8fUDX0Wfyw==</latexit>

X̂ = |+→↑+|↓ |↓→↑↓|

<latexit sha1_base64="rOexsQuSGIx/7pPMgXYCDJ9uq0E=">AAACK3icbVDLSgMxFM34rONr1KWbYBGE0jIjRd0IpW5cVrAP6Qwlk2ba0ExmSDJCafs/bvwVF7rwgVv/w7QdaG09EDj33HO5ucePGZXKtj+NldW19Y3NzJa5vbO7t28dHNZklAhMqjhikWj4SBJGOakqqhhpxIKg0Gek7vduxv36IxGSRvxe9WPihajDaUAxUlpqWWW3ixR8gMMcdQXiHUbgNcw5s9J1zallmJ9z5J1Z2bKydsGeAC4TJyVZkKLSsl7ddoSTkHCFGZKy6dix8gZIKIoZGZluIkmMcA91SFNTjkIivcHk1hE81UobBpHQjys4UecnBiiUsh/62hki1ZWLvbH4X6+ZqODKG1AeJ4pwPF0UJAyqCI6Dg20qCFasrwnCguq/QtxFAmGl4zV1CM7iycukdl5wLgrFu2K2VE7jyIBjcALOgAMuQQncggqoAgyewAt4Bx/Gs/FmfBnfU+uKkc4cgT8wfn4BxF2lmg==</latexit>

Ŷ |+ i→ = +1|+ i→
Ŷ |↑ i→ = ↑1|↑ i→

<latexit sha1_base64="9yYa6DNgJkaF5PTEIMNqY1AlDCE=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0UQSksipboRim5cVrAPaUKZTKft0MkkzEyEkvRP3PgrblwoIu76N07TLLT1wOUezrmXmXu8kFGpLGtm5NbWNza38tuFnd29/QPz8Kglg0hg0sQBC0THQ5IwyklTUcVIJxQE+R4jbW98O/fbT0RIGvAHNQmJ66MhpwOKkdJSz6w5I6TgI7yGSYk6AvEhIw5LGyzRBJZhUl7WyzTpmUWrYqWAq8TOSBFkaPTMb6cf4MgnXGGGpOzaVqjcGAlFMSPTghNJEiI8RkPS1ZQjn0g3Tu+bwjOt9OEgELq4gqn6eyNGvpQT39OTPlIjuezNxf+8bqQGV25MeRgpwvHioUHEoArgPCzYp4JgxSaaICyo/ivEIyQQVjrSgg7BXj55lbQuKnatUr2vFus3WRx5cAJOwTmwwSWogzvQAE2AwTN4Be/gw3gx3oxP42sxmjOynWPwB8bsB75SoZg=</latexit>

Ŷ = |+ i→↑+i|↓ |↓ i→↑↓i|

<latexit sha1_base64="XzMWB0oxKWqOqtC/LDg0b+KCVRQ=">AAACMnicbVDLSgMxFM34rPU16tJNsAiuykwp6kYoutFdBfuATimZNNOGJpkxyQhlOt/kxi8RXOhCEbd+hGk7grY9EDiccy439/gRo0o7zqu1tLyyurae28hvbm3v7Np7+3UVxhKTGg5ZKJs+UoRRQWqaakaakSSI+4w0/MHV2G88EKloKO70MCJtjnqCBhQjbaSOfTPyIu5JJHqMwAvoBRLhxE0TT91LnZTSdOT8uia4yHczv2MXnKIzAZwnbkYKIEO1Yz973RDHnAiNGVKq5TqRbidIaooZSfNerEiE8AD1SMtQgThR7WRycgqPjdKFQSjNExpO1L8TCeJKDblvkhzpvpr1xuIirxXr4LydUBHFmgg8XRTEDOoQjvuDXSoJ1mxoCMKSmr9C3EemFW1azpsS3NmT50m9VHRPi+XbcqFymdWRA4fgCJwAF5yBCrgGVVADGDyCF/AOPqwn6836tL6m0SUrmzkA/2B9/wALuqvj</latexit>

|±→ = 1↑
2
|0→± 1↑

2
|1→

<latexit sha1_base64="G6N8yjE7ErlO5thCEPEkMnRtC+k=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwVWZKUTdC0Y0LFxXsAzqlZNJMG5pkxiQjlOn8lBv/w5UuXCji1l8wbUfQ1gOBwznncnOPHzGqtOO8WLml5ZXVtfx6YWNza3vH3t1rqDCWmNRxyELZ8pEijApS11Qz0ookQdxnpOkPLyd+855IRUNxq0cR6XDUFzSgGGkjde3rsRdxSD2JRJ8ReA69QCKcuGniqTupk3Kajp0fdxZdDLhZoGsXnZIzBVwkbkaKIEOtaz95vRDHnAiNGVKq7TqR7iRIaooZSQterEiE8BD1SdtQgThRnWR6dQqPjNKDQSjNExpO1d8TCeJKjbhvkhzpgZr3JuJ/XjvWwVknoSKKNRF4tiiIGdQhnFQIe1QSrNnIEIQlNX+FeIBMK9oUXTAluPMnL5JGueSelCo3lWL1IqsjDw7AITgGLjgFVXAFaqAOMHgAz+ANvFuP1qv1YX3Oojkrm9kHf2B9fQMw3Kzz</latexit>

| ± i→ = 1↑
2
|0→± i

1↑
2
|1→

Changing between the basis

Global phase does not matter!
<latexit sha1_base64="eNjbWX9Gy3HOS7qbDIC0V+YdWus=">AAACKXicbVDLSgMxFM34rPU16tJNsAhuLDNS1GXRjcsK9gGdUjLpbRuaeZhkimXafo4bf8WNgqJu/REz7SjaeiBwOOfem3uPG3ImlWW9GwuLS8srq5m17PrG5ta2ubNbkUEkKJRpwANRc4kEznwoK6Y41EIBxHM5VN3eZeJX+yAkC/wbNQih4ZGOz9qMEqWlplkc2o4gfocDPsZDK+VjR8GdiuE2Yn3CwVdYBaPxj52Ufrc1zZyVtybA88ROSQ6lKDXNZ6cV0MjTUyknUtZtK1SNmAjFKIdR1okkhIT2SAfqmvrEA9mIJ5eO8KFWWrgdCP30VhP1d0dMPCkHnqsrPaK6ctZLxP+8eqTa542Y+WGkwKfTj9oR13fjJDbcYgKo4gNNCBVM74pplwhClQ43q0OwZ0+eJ5WTvH2aL1wXcsWLNI4M2kcH6AjZ6AwV0RUqoTKi6B49ohf0ajwYT8ab8TEtXTDSnj30B8bnF4Mep2o=</latexit>

|1→ ↑ |0→ equivalent to |0→ ↑ |1→

<latexit sha1_base64="KNJ1oxxm4fgt5MbJh5VSgAnl+mI="></latexit>

|0→ =
(
1
0

)
|1→ =

(
0
1

)
<latexit sha1_base64="bkYohaVh3/Byk0qD/x8UVRgEHwo=">AAACJXicbVBNS8NAEN34bfyqevSyWARPJRFRDwpFLx4r2FZoQplsp+3iZhN2N2KJ/hkv/hUvHiwiePKvuGmL+PVg4PHeDDPzolRwbTzv3Zmanpmdm19YdJeWV1bXSusbDZ1kimGdJSJRVxFoFFxi3XAj8CpVCHEksBldnxV+8waV5om8NIMUwxh6knc5A2Oldun4LqhpHiiQPYH0hLpBhD0u8zQGo/jtvRuASPsQBIVhwA1Qdr7MdqnsVbwR6F/iT0iZTFBrl4ZBJ2FZjNIwAVq3fC81YQ7KcCbQLss0psCuoYctSyXEqMN89OU93bFKh3YTZUsaOlK/T+QQaz2II9tp7+vr314h/ue1MtM9CnMu08ygZONF3UxQk9AiMtrhCpkRA0uAKW5vpawPCpixwbo2BP/3y39JY6/iH1T2L/bL1dNJHAtki2yTXeKTQ1Il56RG6oSRB/JEXsjQeXSenVfnbdw65UxmNskPOB+f4gWlig==</latexit>

|!→ =
(
ω
ε

)

<latexit sha1_base64="FQYzcOaIW749+tYPPzMraWEJJ6U=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0VQhJIUUTdC0Y3LClaLTSmT6aQdOpnEmRuhpPkVN/6KGxeKdCf+jNM2C18HBg7nnMude/xYcA2O82EV5uYXFpeKy6WV1bX1DXtz60ZHiaKsQSMRqaZPNBNcsgZwEKwZK0ZCX7Bbf3Ax8W8fmNI8ktcwjFk7JD3JA04JGKljn44OPUVkTzB8hr1AEZq6WerpewW4mu17fQJpM8OHeMLw3cHIyeMdu+xUnCnwX+LmpIxy1Dv22OtGNAmZBCqI1i3XiaGdEgWcCpaVvESzmNAB6bGWoZKETLfT6YUZ3jNKFweRMk8CnqrfJ1ISaj0MfZMMCfT1b28i/ue1EghO2ymXcQJM0tmiIBEYIjypC3e5YhTE0BBCFTd/xbRPTE1gSi2ZEtzfJ/8lN9WKe1w5ujoq187zOopoB+2ifeSiE1RDl6iOGoiiR/SMXtGb9WS9WO/WeBYtWPnMNvoB6/MLwRiipw==</latexit>

|+→ = 1↑
2
(X̂ + Ẑ)|0→

<latexit sha1_base64="xOsWGDzqO4jUvZipZcXFSAmz094=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiKWJJStBtBdONSwWqxKWUynbRDJ5M4cyOUNL/ixl9x40KR7sSfcdpm4evAwOGcc7lzjx8LrsFxPqyZ2bn5hcXCUnF5ZXVt3d7YvNFRoiir00hEquETzQSXrA4cBGvEipHQF+zW75+P/dsHpjSP5DUMYtYKSVfygFMCRmrbteGhp4jsCoZPsBcoQlM3Sz19rwBXsj2vRyBtZPgAjxm+2x+6ebxtl5yyMwH+S9yclFCOy7Y98joRTUImgQqiddN1YmilRAGngmVFL9EsJrRPuqxpqCQh0610cmGGd43SwUGkzJOAJ+r3iZSEWg9C3yRDAj392xuL/3nNBIJaK+UyToBJOl0UJAJDhMd14Q5XjIIYGEKo4uavmPaIqQlMqUVTgvv75L/kplJ2j8rVq2rp9Cyvo4C20Q7aQy46RqfoAl2iOqLoET2jV/RmPVkv1rs1mkZnrHxmC/2A9fkFxheiqg==</latexit>

|→↑ = 1↓
2
(X̂ + Ẑ)|1↑

<latexit sha1_base64="x8yApFXVIIUaS8QR5eq1bGXuTUE=">AAACK3icbVDLTgIxFO34RHyhLt00EhMTI5kxRF0S3LjERB4JQ0in3IGGzsO2QyQDfI8bf8WFLnzErf9hgQlR8CRNTs499/be44ScSWWaH8bS8srq2npqI725tb2zm9nbr8ggEhTKNOCBqDlEAmc+lBVTHGqhAOI5HKpO93pcr/ZASBb4d6ofQsMjbZ+5jBKlpWamyAamLYjf5oBP8cBK+GhkK3hQMdxHrEc4+AqrYDgazcxnbOZtZrJmzpwALxIrIVmUoNTMvNitgEaenko5kbJumaFqxEQoRjkM03YkISS0S9pQ19QnHshGPLl1iI+10sJuIPTTW03U3x0x8aTse452ekR15HxtLP5Xq0fKvWrEzA8jBT6dfuRGXN+Nx8HhFhNAFe9rQqhgeldMO0QQqnS8aR2CNX/yIqmc56yLXP42ny0UkzhS6BAdoRNkoUtUQDeohMqIokf0jN7Qu/FkvBqfxtfUumQkPQfoD4zvH2TSqQo=</latexit>

i|0→+ |1→ equivalent to |0→ ↑ i|1→

<latexit sha1_base64="JC48yfP4RRK7tnSiIN6xO3vO+is=">AAACIXicbVDLSgMxFM34tr6qLt0Ei1AplJlStBuh6Malgn1op5RMmmlDM5kxuSOUsb/ixl9x40IRd+LPmLaz0NYDgcM553JzjxcJrsG2v6yFxaXlldW19czG5tb2TnZ3r67DWFFWo6EIVdMjmgkuWQ04CNaMFCOBJ1jDG1yM/cYDU5qH8gaGEWsHpCe5zykBI3WylccCdxWRPcHwGXZ9RWjijBJX3yvApVHe7RPAt7iAJ+Tu+NFO051szi7aE+B54qQkh1JcdbKfbjekccAkUEG0bjl2BO2EKOBUsFHGjTWLCB2QHmsZKknAdDuZXDjCR0bpYj9U5knAE/X3REICrYeBZ5IBgb6e9cbif14rBr/STriMYmCSThf5scAQ4nFduMsVoyCGhhCquPkrpn1iWgJTasaU4MyePE/qpaJzUixfl3PV87SONXSADlEeOegUVdElukI1RNETekFv6N16tl6tD+tzGl2w0pl99AfW9w8TVqI5</latexit>

|+ i→ = 1↑
2
(Ŷ + Ẑ)|0→

<latexit sha1_base64="zgbqUQzdFgq1hCmFEuu9W6175Ok=">AAACIXicbVDLSsNAFJ34tr6qLt0MFqEilqSIuhFENy4V7EObUCbTSTt0MokzN0KJ+RU3/oobF4q4E3/Gac1CWw8MHM45lzv3+LHgGmz705qanpmdm19YLCwtr6yuFdc36jpKFGU1GolINX2imeCS1YCDYM1YMRL6gjX8/vnQb9wzpXkkr2EQMy8kXckDTgkYqV08ftjnriKyKxg+wW6gCE2dLHX1nQJczcpujwC+wXt4RG53H5w83S6W7Io9Ap4kTk5KKMdlu/jhdiKahEwCFUTrlmPH4KVEAaeCZQU30SwmtE+6rGWoJCHTXjq6MMM7RungIFLmScAj9fdESkKtB6FvkiGBnh73huJ/XiuB4NhLuYwTYJL+LAoSgSHCw7pwhytGQQwMIVRx81dMe8S0BKbUginBGT95ktSrFeewcnB1UDo9y+tYQFtoG5WRg47QKbpAl6iGKHpEz+gVvVlP1ov1bn38RKesfGYT/YH19Q0YVaI8</latexit>

|→ i↑ = 1↓
2
(Ŷ + Ẑ)|1↑

<latexit sha1_base64="UXx3oEcRoh+Of7GXil6KdOkJvCo=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJiLoRim5cVrAXaEI5mU7aoZNJmJkIJe3Cja/ixoUibn0Id76N0zYLbf1h4OM/53Dm/EHCmdKO820VVlbX1jeKm6Wt7Z3dPXv/oKniVBLaIDGPZTsARTkTtKGZ5rSdSApRwGkrGN5M660HKhWLxb0eJdSPoC9YyAhoY3XtsjcAjdtjx5Mg+pziKzx2c+7aFafqzISXwc2hgnLVu/aX14tJGlGhCQelOq6TaD8DqRnhdFLyUkUTIEPo045BARFVfjY7YoKPjdPDYSzNExrP3N8TGURKjaLAdEagB2qxNjX/q3VSHV76GRNJqqkg80VhyrGO8TQR3GOSEs1HBoBIZv6KyQAkEG1yK5kQ3MWTl6F5WnXPq2d3Z5XadR5HEZXRETpBLrpANXSL6qiBCHpEz+gVvVlP1ov1bn3MWwtWPnOI/sj6/AFqKJdT</latexit>

X̂|0→ = |1→
<latexit sha1_base64="F9ZN57jVXW32dy5bcoITnPEcDBQ=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJiLoRim5cVrAXaEI5mU7aoZNJmJkIJe3Cja/ixoUibn0Id76N0zYLbf1h4OM/53Dm/EHCmdKO820VVlbX1jeKm6Wt7Z3dPXv/oKniVBLaIDGPZTsARTkTtKGZ5rSdSApRwGkrGN5M660HKhWLxb0eJdSPoC9YyAhoY3XtsjcAjdtj15Mg+pziKzx2cu7aFafqzISXwc2hgnLVu/aX14tJGlGhCQelOq6TaD8DqRnhdFLyUkUTIEPo045BARFVfjY7YoKPjdPDYSzNExrP3N8TGURKjaLAdEagB2qxNjX/q3VSHV76GRNJqqkg80VhyrGO8TQR3GOSEs1HBoBIZv6KyQAkEG1yK5kQ3MWTl6F5WnXPq2d3Z5XadR5HEZXRETpBLrpANXSL6qiBCHpEz+gVvVlP1ov1bn3MWwtWPnOI/sj6/AFqNJdT</latexit>

X̂|1→ = |0→

<latexit sha1_base64="FS7zSncSZLzJ1OzmPMx2W/MFgkk=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAyCVdiVoDZC0MYygnlIdgmzk9lkyOzsMjMrhCSNjb9iY6GIrf9g5984SbbQxAMXzpxzL3PvCRLOlHacbyu3tLyyupZfL2xsbm3v2Lt7dRWnktAaiXksmwFWlDNBa5ppTpuJpDgKOG0E/euJ33igUrFY3OlBQv0IdwULGcHaSG370Othje5Hjiex6HKKLhEbudmjbRedkjMFWiRuRoqQodq2v7xOTNKICk04VqrlOon2h1hqRjgdF7xU0QSTPu7SlqECR1T5w+kVY3RslA4KY2lKaDRVf08McaTUIApMZ4R1T817E/E/r5Xq8MIfMpGkmgoy+yhMOdIxmkSCOkxSovnAEEwkM7si0sMSE22CK5gQ3PmTF0n9tOSelcq35WLlKosjDwdwBCfgwjlU4AaqUAMCj/AMr/BmPVkv1rv1MWvNWdnMPvyB9fkDOeyXxw==</latexit>

Ŷ |0→ = i|1→
<latexit sha1_base64="Ni7LNqoy391b0nj6CgKjxTF9tEI=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgxjIjRd0IRTcuK9iHdEq5k2ba0ExmSDJCmXblxl9x40IRt36DO//GtJ2FVg9cODnnXnLv8WPOlHacLyu3sLi0vJJfLaytb2xu2ds7dRUlktAaiXgkmz4oypmgNc00p81YUgh9Thv+4GriN+6pVCwSt3oY03YIPcECRkAbqWPve33Q+G7kehJEj1N8gY/ZyMleHbvolJwp8F/iZqSIMlQ79qfXjUgSUqEJB6VarhPrdgpSM8LpuOAlisZABtCjLUMFhFS10+kZY3xolC4OImlKaDxVf06kECo1DH3TGYLuq3lvIv7ntRIdnLdTJuJEU0FmHwUJxzrCk0xwl0lKNB8aAkQysysmfZBAtEmuYEJw50/+S+onJfe0VL4pFyuXWRx5tIcO0BFy0RmqoGtURTVE0AN6Qi/o1Xq0nq03633WmrOymV30C9bHN6s5l/4=</latexit>

Ŷ |1→ = ↑i|0→

“Computational” basis

Any unitary operator
<latexit sha1_base64="VvYo6Ggtsue8svHNjsuDTeZjUgA=">AAACBnicbVA9SwNBEN3zM8avqKUIi0GITbiToDZC0MbCIoKXBHJH2NtMkiV7H+zOiSGksvGv2FgoYutvsPPfuPkoNPHBwOO9GWbmBYkUGm3721pYXFpeWc2sZdc3Nre2czu7VR2nioPLYxmresA0SBGBiwIl1BMFLAwk1ILe1civ3YPSIo7usJ+AH7JOJNqCMzRSM3fgdRlSl15QDx6SgvBaIJHRsXpz3Mzl7aI9Bp0nzpTkyRSVZu7La8U8DSFCLpnWDcdO0B8whYJLGGa9VEPCeI91oGFoxELQ/mD8xpAeGaVF27EyFSEdq78nBizUuh8GpjNk2NWz3kj8z2uk2D73ByJKUoSITxa1U0kxpqNMaEso4Cj7hjCuhLmV8i5TjKNJLmtCcGZfnifVk6JzWizdlvLly2kcGbJPDkmBOOSMlMk1qRCXcPJInskrebOerBfr3fqYtC5Y05k98gfW5w+arJdP</latexit>

Û = exp(iωL̂)

prove it!prove it!



Visualizing single qubit states on the Bloch sphere

<latexit sha1_base64="XzMWB0oxKWqOqtC/LDg0b+KCVRQ=">AAACMnicbVDLSgMxFM34rPU16tJNsAiuykwp6kYoutFdBfuATimZNNOGJpkxyQhlOt/kxi8RXOhCEbd+hGk7grY9EDiccy439/gRo0o7zqu1tLyyurae28hvbm3v7Np7+3UVxhKTGg5ZKJs+UoRRQWqaakaakSSI+4w0/MHV2G88EKloKO70MCJtjnqCBhQjbaSOfTPyIu5JJHqMwAvoBRLhxE0TT91LnZTSdOT8uia4yHczv2MXnKIzAZwnbkYKIEO1Yz973RDHnAiNGVKq5TqRbidIaooZSfNerEiE8AD1SMtQgThR7WRycgqPjdKFQSjNExpO1L8TCeJKDblvkhzpvpr1xuIirxXr4LydUBHFmgg8XRTEDOoQjvuDXSoJ1mxoCMKSmr9C3EemFW1azpsS3NmT50m9VHRPi+XbcqFymdWRA4fgCJwAF5yBCrgGVVADGDyCF/AOPqwn6836tL6m0SUrmzkA/2B9/wALuqvj</latexit>

|±→ = 1↑
2
|0→± 1↑

2
|1→

<latexit sha1_base64="G6N8yjE7ErlO5thCEPEkMnRtC+k=">AAACNXicbVDLSgMxFM3UV62vUZdugkVwVWZKUTdC0Y0LFxXsAzqlZNJMG5pkxiQjlOn8lBv/w5UuXCji1l8wbUfQ1gOBwznncnOPHzGqtOO8WLml5ZXVtfx6YWNza3vH3t1rqDCWmNRxyELZ8pEijApS11Qz0ookQdxnpOkPLyd+855IRUNxq0cR6XDUFzSgGGkjde3rsRdxSD2JRJ8ReA69QCKcuGniqTupk3Kajp0fdxZdDLhZoGsXnZIzBVwkbkaKIEOtaz95vRDHnAiNGVKq7TqR7iRIaooZSQterEiE8BD1SdtQgThRnWR6dQqPjNKDQSjNExpO1d8TCeJKjbhvkhzpgZr3JuJ/XjvWwVknoSKKNRF4tiiIGdQhnFQIe1QSrNnIEIQlNX+FeIBMK9oUXTAluPMnL5JGueSelCo3lWL1IqsjDw7AITgGLjgFVXAFaqAOMHgAz+ANvFuP1qv1YX3Oojkrm9kHf2B9fQMw3Kzz</latexit>

| ± i→ = 1↑
2
|0→± i

1↑
2
|1→

<latexit sha1_base64="fMpRxLlKgbwNOxwSN+NHVdmwizk=">AAACI3icbVDLSgMxFM3Ud31VXboJFsFVmZGi4kp047KCVaFTSia9bUMzyZDcEcuo3+LGX3HjQiluXPgvZmoFrR4IHM65j9wTJVJY9P13rzA1PTM7N79QXFxaXlktra1fWJ0aDnWupTZXEbMghYI6CpRwlRhgcSThMuqf5P7lNRgrtDrHQQLNmHWV6AjO0Emt0uGtHxqmuhLuQ4QbzJQ22KOJlnAXhsXb4Lfr9n67xVap7Ff8EehfEoxJmYxRa5WGYVvzNAaFXDJrG4GfYDNjBgXPB4aphYTxPutCw1HFYrDNbHTjHd12Spt2tHFPIR2pPzsyFls7iCNXGTPs2UkvF//zGil2DpqZUEmKoPjXok4qKWqaB0bbwgBHOXCEcSPcXynvMcM4uljzEILJk/+Si91KsFepnlXLR8fjOObJJtkiOyQg++SInJIaqRNOHsgTeSGv3qP37A29t6/Sgjfu2SC/4H18AmAPpfM=</latexit>

|0→ north pole

|1→ south pole
eigenstates of Z

eigenstates of X

eigenstates of Y

+

<latexit sha1_base64="InfJMbEmrwslin1tHSJguMBqcs4="></latexit>

|!→ = cos
ω

2
|0→+ exp(iε) sin

ω

2
|1→

<latexit sha1_base64="DOfmeVdmB7kwj10inZyKUfjccV4=">AAACGXicbVBNS8NAEN34WetX1KOXYBE8SEmkqMeiF48V7Ae0pWy203bpZhN2J8US2p/hxb/ixYMiHvXkv3HbRtDWBwNv35thZ54fCa7Rdb+speWV1bX1zEZ2c2t7Z9fe26/oMFYMyiwUoar5VIPgEsrIUUAtUkADX0DV719P/OoAlOahvMNhBM2AdiXvcEbRSC3bbSDcYyLME+M2jMYN7AHS03Gqh7L7Ywyoinq8ZefcvDuFs0i8lORIilLL/mi0QxYHIJEJqnXdcyNsJlQhZwJG2UasIaKsT7tQN1TSAHQzmV42co6N0nY6oTIl0ZmqvycSGmg9DHzTGVDs6XlvIv7n1WPsXDYTLqMYQbLZR51YOBg6k5icNlfAUAwNoUxxs6vDelRRhibMrAnBmz95kVTO8t55vnBbyBWv0jgy5JAckRPikQtSJDekRMqEkQfyRF7Iq/VoPVtv1vusdclKZw7IH1if3zFxous=</latexit>

latitude ω, longitude ε



Geometric link between a hermitian operator and its eigenstates

+

<latexit sha1_base64="+v8Y87sCgyf5dacC59VlIsEjTd4="></latexit>

|+!→ = cos
ω

2
|0→+ exp(iε) sin

ω

2
|1→

<latexit sha1_base64="6Bkiiex/3zqaA/w0r6/hq9UUUnc=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9gOaUDbbSbt0s4m7m0KJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLh7dRvjVAqFosHPU7Qj0hfsJBRoo3kP517dcU8SUSfY7dUdirODPYycXNShhz1bunL68U0jVBoyolSHddJtJ8RqRnlOCl6qcKE0CHpY8dQQSJUfjY7emKfGqVnh7E0JbQ9U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqUZB54vClNs6tqcJ2D0mkWo+NoRQycytNh0QSag2ORVNCO7iy8ukeVFxLyvV+2q5dpPHUYBjOIEzcOEKanAHdWgAhUd4hld4s0bWi/VufcxbV6x85gj+wPr8AaYEkgk=</latexit>

|+!→

<latexit sha1_base64="zztNjrP0Zzbrim7BK5/mv1sWcCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBG8WBIp6rHoxWMF+wFNKJvtpF262cTdTaHE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8Hwduq3RigVi8WDHifoR6QvWMgo0Ubyn869umKeJKLPsVsqOxVnBnuZuDkpQ456t/Tl9WKaRig05USpjusk2s+I1IxynBS9VGFC6JD0sWOoIBEqP5sdPbFPjdKzw1iaEtqeqb8nMhIpNY4C0xkRPVCL3lT8z+ukOrz2MyaSVKOg80Vhym0d29ME7B6TSDUfG0KoZOZWmw6IJFSbnIomBHfx5WXSvKi4l5XqfbVcu8njKMAxnMAZuHAFNbiDOjSAwiM8wyu8WSPrxXq3PuatK1Y+cwR/YH3+AKkikgs=</latexit>

|→!↑

Hermitian operator: 
<latexit sha1_base64="MSfd69EXDPRCmRKjHm74emp6fP0=">AAACKHicbZDLSsNAFIYn9VbrLerSzWARBKEkUtSNWHTjzgr2ok0Ik+mkHTq5MDMRY+njuPFV3Igo0q1P4iSNqNUfBn6+cw5nzu9GjAppGGOtMDM7N79QXCwtLa+srunrG00RxhyTBg5ZyNsuEoTRgDQklYy0I06Q7zLScgdnab11S7igYXAlk4jYPuoF1KMYSYUc/cTqIwmtC5/0EDyGVpga5y6jbbj3BZIMXH+De5iRG0cvGxUjE/xrzNyUQa66o79Y3RDHPgkkZkiIjmlE0h4iLilmZFSyYkEihAeoRzrKBsgnwh5mh47gjiJd6IVcvUDCjP6cGCJfiMR3VaePZF9M11L4X60TS+/IHtIgiiUJ8GSRFzMoQ5imBruUEyxZogzCnKq/QtxHHGGpsi2pEMzpk/+a5n7FPKhUL6vl2mkeRxFsgW2wC0xwCGrgHNRBA2DwAJ7AK3jTHrVn7V0bT1oLWj6zCX5J+/gEraSkiA==</latexit>

!̂ = ωxX̂ + ωyŶ + ωzẐ

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε <latexit sha1_base64="gF5rho7ZjOFI74N3F5nNYjGc8KE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARKmiZkaJuhKIblxXsBTqlZNLTNjRzIckUx6FP4cZXceNCEbfizrcxbQfR1h8CH/85h5PzuyFnUlnWl5FZWFxaXsmu5tbWNza3zO2dmgwiQaFKAx6IhkskcOZDVTHFoREKIJ7Loe4Orsb1+hCEZIF/q+IQWh7p+azLKFHaapvHzhBo4gQe9MgIX+DCFNt3Rzil+IfuD9tm3ipaE+F5sFPIo1SVtvnpdAIaeeAryomUTdsKVSshQjHKYZRzIgkhoQPSg6ZGn3ggW8nkrBE+0E4HdwOhn6/wxP09kRBPythzdadHVF/O1sbmf7VmpLrnrYT5YaTAp9NF3YhjFeBxRrjDBFDFYw2ECqb/immfCEKVTjKnQ7BnT56H2knRPi2Wbkr58mUaRxbtoX1UQDY6Q2V0jSqoiih6QE/oBb0aj8az8Wa8T1szRjqzi/7I+PgG1Meeig==</latexit>

ωε = (εx,εy,εz)

<latexit sha1_base64="UkynruCWWVM40Lq377tNV7bclm8=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMgBMKuBPUiBL14M4J5QDaE3kknGTI7u8zMCiHmO7z4K148KOJNvPg3Th4HTSxoKKq66e4KYsG1cd1vJ7W0vLK6ll7PbGxube9kd/eqOkoUwwqLRKTqAWgUXGLFcCOwHiuEMBBYC/pXY792j0rzSN6ZQYzNELqSdzgDY6VW1vN7YKh/E2IX6EPeL2vuK5BdgfSC5v1oUW9lc27BnYAuEm9GcmSGciv76bcjloQoDROgdcNzY9McgjKcCRxl/ERjDKwPXWxYKiFE3RxOXhvRI6u0aSdStqShE/X3xBBCrQdhYDtDMD09743F/7xGYjrnzSGXcWJQsumiTiKoieg4J9rmCpkRA0uAKW5vpawHCpixaWZsCN78y4ukelLwTgvF22KudDmLI00OyCE5Jh45IyVyTcqkQhh5JM/klbw5T86L8+58TFtTzmxmn/yB8/UDgA+f8Q==</latexit>

!̂|+”→ = +ω|+”→
<latexit sha1_base64="Uo8hN/3WHv9bZT/gw/GiMpcsL2Q=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoPgJWFXgnoRgl68GcE8IBtC76STDJmdXWZmhRDzHV78FS8eFPEmXvwbJ4+DJhY0FFXddHcFseDauO63k1paXlldS69nNja3tneyu3tVHSWKYYVFIlL1ADQKLrFiuBFYjxVCGAisBf2rsV+7R6V5JO/MIMZmCF3JO5yBsVIr6/k9MNS/CbEL9CHvlzX3FciuQHpB8360qLeyObfgTkAXiTcjOTJDuZX99NsRS0KUhgnQuuG5sWkOQRnOBI4yfqIxBtaHLjYslRCibg4nr43okVXatBMpW9LQifp7Ygih1oMwsJ0hmJ6e98bif14jMZ3z5pDLODEo2XRRJxHURHScE21zhcyIgSXAFLe3UtYDBczYNDM2BG/+5UVSPSl4p4XibTFXupzFkSYH5JAcE4+ckRK5JmVSIYw8kmfySt6cJ+fFeXc+pq0pZzazT/7A+foBiauf9w==</latexit>

!̂|→”↑ = →ω|→”↑

<latexit sha1_base64="8R7y70sH8O9O7Zh7MbXL42zcWnE=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUom6EohuXFewDmjZMppN26EwSZyZiDP0RN/6KGxeKuHAj/o3TNovaemHgPO7lzj1exKhUlvVj5JaWV1bX8uuFjc2t7R1zd68hw1hgUschC0XLQ5IwGpC6ooqRViQI4h4jTW94Nfab90RIGga3KolIh6N+QH2KkdKSa1ackJM+ghfQkXdCpVPqPnTL8ARmJJklj93yyDWLVsmaFFwEdgaKIKuaa345vRDHnAQKMyRl27Yi1UmRUBQzMio4sSQRwkPUJ20NA8SJ7KST60bwSCs96IdCv0DBiTo7kSIuZcI93cmRGsh5byz+57Vj5Z93UhpEsSIBni7yYwZVCMdRwR4VBCuWaICwoPqvEA+QQFjpQAs6BHv+5EXQKJfs01LlplKsXmZx5MEBOATHwAZnoAquQQ3UAQZP4AW8gXfj2Xg1PozPaWvOyGb2wZ8yvn8Bj6Sg+Q==</latexit>

ω =
√

ω2
x + ω2

y + ω2
z

<latexit sha1_base64="eviD1QbJT57cE4GDdDLy1fj4ZV8="></latexit>

ωz = ω cos ε

ωx = ω sin ε cosϑ

ωy = ω sin ε sinϑ

<latexit sha1_base64="k4k39bOxn7utJdNOMQ9q/5sDqaU="></latexit>

|→!↑ = sin
ω

2
|0↑ → exp(iε) cos

ω

2
|1↑

Verify it!

<latexit sha1_base64="uqWfoUGOCsjqCXSm6MD8lFaRKQY="></latexit>

!̂ = ω

(
cos ε exp(→iϑ) sin ε

exp(iϑ) sin ε → cos ε

)

Direction vector:



+<latexit sha1_base64="6Bkiiex/3zqaA/w0r6/hq9UUUnc=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9gOaUDbbSbt0s4m7m0KJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLh7dRvjVAqFosHPU7Qj0hfsJBRoo3kP517dcU8SUSfY7dUdirODPYycXNShhz1bunL68U0jVBoyolSHddJtJ8RqRnlOCl6qcKE0CHpY8dQQSJUfjY7emKfGqVnh7E0JbQ9U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqUZB54vClNs6tqcJ2D0mkWo+NoRQycytNh0QSag2ORVNCO7iy8ukeVFxLyvV+2q5dpPHUYBjOIEzcOEKanAHdWgAhUd4hld4s0bWi/VufcxbV6x85gj+wPr8AaYEkgk=</latexit>

|+!→

<latexit sha1_base64="zztNjrP0Zzbrim7BK5/mv1sWcCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBG8WBIp6rHoxWMF+wFNKJvtpF262cTdTaHE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8Hwduq3RigVi8WDHifoR6QvWMgo0Ubyn869umKeJKLPsVsqOxVnBnuZuDkpQ456t/Tl9WKaRig05USpjusk2s+I1IxynBS9VGFC6JD0sWOoIBEqP5sdPbFPjdKzw1iaEtqeqb8nMhIpNY4C0xkRPVCL3lT8z+ukOrz2MyaSVKOg80Vhym0d29ME7B6TSDUfG0KoZOZWmw6IJFSbnIomBHfx5WXSvKi4l5XqfbVcu8njKMAxnMAZuHAFNbiDOjSAwiM8wyu8WSPrxXq3PuatK1Y+cwR/YH3+AKkikgs=</latexit>

|→!↑

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε
<latexit sha1_base64="MSfd69EXDPRCmRKjHm74emp6fP0=">AAACKHicbZDLSsNAFIYn9VbrLerSzWARBKEkUtSNWHTjzgr2ok0Ik+mkHTq5MDMRY+njuPFV3Igo0q1P4iSNqNUfBn6+cw5nzu9GjAppGGOtMDM7N79QXCwtLa+srunrG00RxhyTBg5ZyNsuEoTRgDQklYy0I06Q7zLScgdnab11S7igYXAlk4jYPuoF1KMYSYUc/cTqIwmtC5/0EDyGVpga5y6jbbj3BZIMXH+De5iRG0cvGxUjE/xrzNyUQa66o79Y3RDHPgkkZkiIjmlE0h4iLilmZFSyYkEihAeoRzrKBsgnwh5mh47gjiJd6IVcvUDCjP6cGCJfiMR3VaePZF9M11L4X60TS+/IHtIgiiUJ8GSRFzMoQ5imBruUEyxZogzCnKq/QtxHHGGpsi2pEMzpk/+a5n7FPKhUL6vl2mkeRxFsgW2wC0xwCGrgHNRBA2DwAJ7AK3jTHrVn7V0bT1oLWj6zCX5J+/gEraSkiA==</latexit>

!̂ = ωxX̂ + ωyŶ + ωzẐ

General unitary: 

<latexit sha1_base64="wY305Bt6iGZ9QAjyOxF2fzZvTWU=">AAACJXicbZBNSwMxEIazftb6VfXoJVgEoVh2pagHhaIXjxVsFbqlzKbTNpjNLklWKNv+GS/+FS8eLCJ48q+YfghqHQi8vM8Mk3mDWHBtXPfDmZtfWFxazqxkV9fWNzZzW9s1HSWKYZVFIlJ3AWgUXGLVcCPwLlYIYSDwNri/HPHbB1SaR/LG9GJshNCRvM0ZGGs1c2d911cgOwLpOfVBxF1opu6gX/Armn+TAvUDNBNw+AM0c3m36I6LzgpvKvJkWpVmbui3IpaEKA0ToHXdc2PTSEEZzgQOsn6iMQZ2Dx2sWykhRN1Ix1cO6L51WrQdKfukoWP350QKoda9MLCdIZiu/stG5n+snpj2aSPlMk4MSjZZ1E4ENREdRUZbXCEzomcFMMXtXynrggJmbLBZG4L39+RZUTsqesfF0nUpX76YxpEhu2SPHBCPnJAyuSIVUiWMPJJn8kqGzpPz4rw575PWOWc6s0N+lfP5Bdu1pOc=</latexit>

|0→ = ω0|+!→+ ε0|↑!→
<latexit sha1_base64="2BM8eiBPr4d7X1chDlIhqgETWkI="></latexit>

R̂|0→ = ω0|+!→+ ε0 exp(+iϑt)|↑!→
Computational basis

<latexit sha1_base64="20Fu3d4v/zX/Ehs1a7XVu7EUInw=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAUMe6KqBdB9OIxilEhG0LvpJMMzs4uM71iiPkTL/6KFw+KiDf/xknMwVfBQFFVTU9XlCppyfc/vJHRsfGJydxUfnpmdm6+sLB4YZPMCKyIRCXmKgKLSmqskCSFV6lBiCOFl9H1cd+/vEFjZaLPqZNiLYaWlk0pgJxUL+yGbSB+drcRlq0MDeiWQn7AQ7xN+dqmDJMYW8Bpa3v9R6ReKPolfwD+lwRDUmRDlOuF97CRiCxGTUKBtdXAT6nWBUNSKOzlw8xiCuIaWlh1VEOMttYd3Nfjq05p8GZi3NPEB+r3iS7E1nbiyCVjoLb97fXF/7xqRs39WlfqNCPU4mtRM1OcEt4vizekQUGq4wgII91fuWiDAUGu0rwrIfh98l9ysV0Kdks7pzvFw6NhHTm2zFbYGgvYHjtkJ6zMKkywe/bIntmL9+A9ea/e21d0xBvOLLEf8D4+AXsOoWo=</latexit>

R̂|+!→ = exp(↑iωt/2)|+!→
<latexit sha1_base64="GGB2JpWD7g7VFSqeAInc4+aLG9M=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAUMe6KqBdB9OIxilEhG0LvpJMMzs4uM71iiPkTL/6KFw+KiDf/xknMwVfBQFFVTU9XlCppyfc/vJHRsfGJydxUfnpmdm6+sLB4YZPMCKyIRCXmKgKLSmqskCSFV6lBiCOFl9H1cd+/vEFjZaLPqZNiLYaWlk0pgJxUL+yGbSB+drcZlq0MDeiWQn7AQ7xN+dqGDJMYW8Bpa3v9R6ReKPolfwD+lwRDUmRDlOuF97CRiCxGTUKBtdXAT6nWBUNSKOzlw8xiCuIaWlh1VEOMttYd3Nfjq05p8GZi3NPEB+r3iS7E1nbiyCVjoLb97fXF/7xqRs39WlfqNCPU4mtRM1OcEt4vizekQUGq4wgII91fuWiDAUGu0rwrIfh98l9ysV0Kdks7pzvFw6NhHTm2zFbYGgvYHjtkJ6zMKkywe/bIntmL9+A9ea/e21d0xBvOLLEf8D4+AX5WoWw=</latexit>

R̂|→!↑ = exp(+iωt/2)|→!↑

<latexit sha1_base64="/tDnQnU3s/rC44md/TComzqDGO4=">AAACHnicbVDJSgNBEO1xN25Rj14ag+ApzIjbRQh68WYEs0AmhJpOTdLY3TN09wgh+iVe/BUvHhQRPOnf2Enm4Pag4PFeFVX1olRwY33/05uanpmdm19YLCwtr6yuFdc36ibJNMMaS0SimxEYFFxhzXIrsJlqBBkJbETXZyO/cYPa8ERd2UGKbQk9xWPOwDqpUzwI+2BpeCGxB7dhKsOq4aEG1RNIT+hISP6xOsWSX/bHoH9JkJMSyVHtFN/DbsIyicoyAca0Aj+17SFoy5nAu0KYGUyBXUMPW44qkGjaw/F7d3THKV0aJ9qVsnSsfp8YgjRmICPXKcH2zW9vJP7ntTIbH7eHXKWZRcUmi+JMUJvQUVa0yzUyKwaOANPc3UpZHzQw6xItuBCC3y//JfW9cnBY3r/cL1VO8zgWyBbZJrskIEekQs5JldQII/fkkTyTF+/Be/JevbdJ65SXz2ySH/A+vgDsoaMD</latexit>

!̂| ±”→ = ±ω| ±”→
Eigenstates basis

<latexit sha1_base64="gF5rho7ZjOFI74N3F5nNYjGc8KE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARKmiZkaJuhKIblxXsBTqlZNLTNjRzIckUx6FP4cZXceNCEbfizrcxbQfR1h8CH/85h5PzuyFnUlnWl5FZWFxaXsmu5tbWNza3zO2dmgwiQaFKAx6IhkskcOZDVTHFoREKIJ7Loe4Orsb1+hCEZIF/q+IQWh7p+azLKFHaapvHzhBo4gQe9MgIX+DCFNt3Rzil+IfuD9tm3ipaE+F5sFPIo1SVtvnpdAIaeeAryomUTdsKVSshQjHKYZRzIgkhoQPSg6ZGn3ggW8nkrBE+0E4HdwOhn6/wxP09kRBPythzdadHVF/O1sbmf7VmpLrnrYT5YaTAp9NF3YhjFeBxRrjDBFDFYw2ECqb/immfCEKVTjKnQ7BnT56H2knRPi2Wbkr58mUaRxbtoX1UQDY6Q2V0jSqoiih6QE/oBb0aj8az8Wa8T1szRjqzi/7I+PgG1Meeig==</latexit>

ωε = (εx,εy,εz)
<latexit sha1_base64="8R7y70sH8O9O7Zh7MbXL42zcWnE=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUom6EohuXFewDmjZMppN26EwSZyZiDP0RN/6KGxeKuHAj/o3TNovaemHgPO7lzj1exKhUlvVj5JaWV1bX8uuFjc2t7R1zd68hw1hgUschC0XLQ5IwGpC6ooqRViQI4h4jTW94Nfab90RIGga3KolIh6N+QH2KkdKSa1ackJM+ghfQkXdCpVPqPnTL8ARmJJklj93yyDWLVsmaFFwEdgaKIKuaa345vRDHnAQKMyRl27Yi1UmRUBQzMio4sSQRwkPUJ20NA8SJ7KST60bwSCs96IdCv0DBiTo7kSIuZcI93cmRGsh5byz+57Vj5Z93UhpEsSIBni7yYwZVCMdRwR4VBCuWaICwoPqvEA+QQFjpQAs6BHv+5EXQKJfs01LlplKsXmZx5MEBOATHwAZnoAquQQ3UAQZP4AW8gXfj2Xg1PozPaWvOyGb2wZ8yvn8Bj6Sg+Q==</latexit>

ω =
√

ω2
x + ω2

y + ω2
z

Unitary operators correspond to rotations in the Bloch sphere
<latexit sha1_base64="hsDzHCrxTt9iTiwKu20iE6RLuiM=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrgbgtoIQRs7o5gHZEOYndwkQ2YfzNwVQ0hr46/YWChi6x/Y+TdOHoUmHrhw5px7mXuPF0mh0ba/rcTC4tLySnI1tba+sbmV3t6p6DBWHMo8lKGqeUyDFAGUUaCEWqSA+Z6Eqte7HPnVe1BahMEd9iNo+KwTiLbgDI3UTFO3y5De0nPqwkOUPRLjt3vtQ4dRPM4fNtMZO2ePQeeJMyUZMkWpmf5yWyGPfQiQS6Z13bEjbAyYQsElDFNurCFivMc6UDc0YD7oxmB8yZAeGKVF26EyFSAdq78nBszXuu97ptNn2NWz3kj8z6vH2D5rDEQQxQgBn3zUjiXFkI5ioS2hgKPsG8K4EmZXyrtMMY4mvJQJwZk9eZ5U8jnnJFe4KWSKF9M4kmSP7JMsccgpKZIrUiJlwskjeSav5M16sl6sd+tj0pqwpjO75A+szx8A8Zf/</latexit>

R̂ = exp(→i!̂t/2)

<latexit sha1_base64="B01msnyqyECfXzwku/gu8Xzzv4w=">AAACKHicbZBNSwMxEIazftb6VfXoJVgEUSy7IupFLHrxWMFWoVvLbDptQ7PZJckKZe3P8eJf8SKiSK/+EtMPQasDgZf3mWEybxALro3r9p2p6ZnZufnMQnZxaXllNbe2XtFRohiWWSQidRuARsEllg03Am9jhRAGAm+CzsWA39yj0jyS16YbYy2EluRNzsBYq547e/B8BbIlkJ5SP0ADdfcu3e097Pklzb/Rvg8ibn+j/R+onsu7BXdY9K/wxiJPxlWq5179RsSSEKVhArSuem5saikow5nAXtZPNMbAOtDCqpUSQtS1dHhoj25bp0GbkbJPGjp0f06kEGrdDQPbGYJp60k2MP9j1cQ0T2opl3FiULLRomYiqInoIDXa4AqZEV0rgClu/0pZGxQwY7PN2hC8yZP/ispBwTsqHF4d5ovn4zgyZJNskR3ikWNSJJekRMqEkUfyTN7Iu/PkvDgfTn/UOuWMZzbIr3I+vwD3e6X4</latexit>

|1→ = ω→
0 |+!→ ↑ ε→

0|↑!→
<latexit sha1_base64="d+6iUEKtB8mJE3Qxz3QJ30jS5TY="></latexit>

R̂|1→ = ω→
0 |+!→ ↑ ε→

0 exp(+iϑt)|↑!→

<latexit sha1_base64="LireaednYfd6VnvTWCNS7YMRDGU="></latexit>

R̂ rotates any state by angle ωt around the axis of εω



<latexit sha1_base64="MSfd69EXDPRCmRKjHm74emp6fP0=">AAACKHicbZDLSsNAFIYn9VbrLerSzWARBKEkUtSNWHTjzgr2ok0Ik+mkHTq5MDMRY+njuPFV3Igo0q1P4iSNqNUfBn6+cw5nzu9GjAppGGOtMDM7N79QXCwtLa+srunrG00RxhyTBg5ZyNsuEoTRgDQklYy0I06Q7zLScgdnab11S7igYXAlk4jYPuoF1KMYSYUc/cTqIwmtC5/0EDyGVpga5y6jbbj3BZIMXH+De5iRG0cvGxUjE/xrzNyUQa66o79Y3RDHPgkkZkiIjmlE0h4iLilmZFSyYkEihAeoRzrKBsgnwh5mh47gjiJd6IVcvUDCjP6cGCJfiMR3VaePZF9M11L4X60TS+/IHtIgiiUJ8GSRFzMoQ5imBruUEyxZogzCnKq/QtxHHGGpsi2pEMzpk/+a5n7FPKhUL6vl2mkeRxFsgW2wC0xwCGrgHNRBA2DwAJ7AK3jTHrVn7V0bT1oLWj6zCX5J+/gEraSkiA==</latexit>

!̂ = ωxX̂ + ωyŶ + ωzẐ

General unitary: 

<latexit sha1_base64="wY305Bt6iGZ9QAjyOxF2fzZvTWU=">AAACJXicbZBNSwMxEIazftb6VfXoJVgEoVh2pagHhaIXjxVsFbqlzKbTNpjNLklWKNv+GS/+FS8eLCJ48q+YfghqHQi8vM8Mk3mDWHBtXPfDmZtfWFxazqxkV9fWNzZzW9s1HSWKYZVFIlJ3AWgUXGLVcCPwLlYIYSDwNri/HPHbB1SaR/LG9GJshNCRvM0ZGGs1c2d911cgOwLpOfVBxF1opu6gX/Armn+TAvUDNBNw+AM0c3m36I6LzgpvKvJkWpVmbui3IpaEKA0ToHXdc2PTSEEZzgQOsn6iMQZ2Dx2sWykhRN1Ix1cO6L51WrQdKfukoWP350QKoda9MLCdIZiu/stG5n+snpj2aSPlMk4MSjZZ1E4ENREdRUZbXCEzomcFMMXtXynrggJmbLBZG4L39+RZUTsqesfF0nUpX76YxpEhu2SPHBCPnJAyuSIVUiWMPJJn8kqGzpPz4rw575PWOWc6s0N+lfP5Bdu1pOc=</latexit>

|0→ = ω0|+!→+ ε0|↑!→
<latexit sha1_base64="2BM8eiBPr4d7X1chDlIhqgETWkI="></latexit>

R̂|0→ = ω0|+!→+ ε0 exp(+iϑt)|↑!→
Computational basis

<latexit sha1_base64="20Fu3d4v/zX/Ehs1a7XVu7EUInw=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAUMe6KqBdB9OIxilEhG0LvpJMMzs4uM71iiPkTL/6KFw+KiDf/xknMwVfBQFFVTU9XlCppyfc/vJHRsfGJydxUfnpmdm6+sLB4YZPMCKyIRCXmKgKLSmqskCSFV6lBiCOFl9H1cd+/vEFjZaLPqZNiLYaWlk0pgJxUL+yGbSB+drcRlq0MDeiWQn7AQ7xN+dqmDJMYW8Bpa3v9R6ReKPolfwD+lwRDUmRDlOuF97CRiCxGTUKBtdXAT6nWBUNSKOzlw8xiCuIaWlh1VEOMttYd3Nfjq05p8GZi3NPEB+r3iS7E1nbiyCVjoLb97fXF/7xqRs39WlfqNCPU4mtRM1OcEt4vizekQUGq4wgII91fuWiDAUGu0rwrIfh98l9ysV0Kdks7pzvFw6NhHTm2zFbYGgvYHjtkJ6zMKkywe/bIntmL9+A9ea/e21d0xBvOLLEf8D4+AXsOoWo=</latexit>

R̂|+!→ = exp(↑iωt/2)|+!→
<latexit sha1_base64="GGB2JpWD7g7VFSqeAInc4+aLG9M=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAUMe6KqBdB9OIxilEhG0LvpJMMzs4uM71iiPkTL/6KFw+KiDf/xknMwVfBQFFVTU9XlCppyfc/vJHRsfGJydxUfnpmdm6+sLB4YZPMCKyIRCXmKgKLSmqskCSFV6lBiCOFl9H1cd+/vEFjZaLPqZNiLYaWlk0pgJxUL+yGbSB+drcZlq0MDeiWQn7AQ7xN+dqGDJMYW8Bpa3v9R6ReKPolfwD+lwRDUmRDlOuF97CRiCxGTUKBtdXAT6nWBUNSKOzlw8xiCuIaWlh1VEOMttYd3Nfjq05p8GZi3NPEB+r3iS7E1nbiyCVjoLb97fXF/7xqRs39WlfqNCPU4mtRM1OcEt4vizekQUGq4wgII91fuWiDAUGu0rwrIfh98l9ysV0Kdks7pzvFw6NhHTm2zFbYGgvYHjtkJ6zMKkywe/bIntmL9+A9ea/e21d0xBvOLLEf8D4+AX5WoWw=</latexit>

R̂|→!↑ = exp(+iωt/2)|→!↑

<latexit sha1_base64="/tDnQnU3s/rC44md/TComzqDGO4=">AAACHnicbVDJSgNBEO1xN25Rj14ag+ApzIjbRQh68WYEs0AmhJpOTdLY3TN09wgh+iVe/BUvHhQRPOnf2Enm4Pag4PFeFVX1olRwY33/05uanpmdm19YLCwtr6yuFdc36ibJNMMaS0SimxEYFFxhzXIrsJlqBBkJbETXZyO/cYPa8ERd2UGKbQk9xWPOwDqpUzwI+2BpeCGxB7dhKsOq4aEG1RNIT+hISP6xOsWSX/bHoH9JkJMSyVHtFN/DbsIyicoyAca0Aj+17SFoy5nAu0KYGUyBXUMPW44qkGjaw/F7d3THKV0aJ9qVsnSsfp8YgjRmICPXKcH2zW9vJP7ntTIbH7eHXKWZRcUmi+JMUJvQUVa0yzUyKwaOANPc3UpZHzQw6xItuBCC3y//JfW9cnBY3r/cL1VO8zgWyBbZJrskIEekQs5JldQII/fkkTyTF+/Be/JevbdJ65SXz2ySH/A+vgDsoaMD</latexit>

!̂| ±”→ = ±ω| ±”→
Eigenstates basis

<latexit sha1_base64="gF5rho7ZjOFI74N3F5nNYjGc8KE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARKmiZkaJuhKIblxXsBTqlZNLTNjRzIckUx6FP4cZXceNCEbfizrcxbQfR1h8CH/85h5PzuyFnUlnWl5FZWFxaXsmu5tbWNza3zO2dmgwiQaFKAx6IhkskcOZDVTHFoREKIJ7Loe4Orsb1+hCEZIF/q+IQWh7p+azLKFHaapvHzhBo4gQe9MgIX+DCFNt3Rzil+IfuD9tm3ipaE+F5sFPIo1SVtvnpdAIaeeAryomUTdsKVSshQjHKYZRzIgkhoQPSg6ZGn3ggW8nkrBE+0E4HdwOhn6/wxP09kRBPythzdadHVF/O1sbmf7VmpLrnrYT5YaTAp9NF3YhjFeBxRrjDBFDFYw2ECqb/immfCEKVTjKnQ7BnT56H2knRPi2Wbkr58mUaRxbtoX1UQDY6Q2V0jSqoiih6QE/oBb0aj8az8Wa8T1szRjqzi/7I+PgG1Meeig==</latexit>

ωε = (εx,εy,εz)
<latexit sha1_base64="8R7y70sH8O9O7Zh7MbXL42zcWnE=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUom6EohuXFewDmjZMppN26EwSZyZiDP0RN/6KGxeKuHAj/o3TNovaemHgPO7lzj1exKhUlvVj5JaWV1bX8uuFjc2t7R1zd68hw1hgUschC0XLQ5IwGpC6ooqRViQI4h4jTW94Nfab90RIGga3KolIh6N+QH2KkdKSa1ackJM+ghfQkXdCpVPqPnTL8ARmJJklj93yyDWLVsmaFFwEdgaKIKuaa345vRDHnAQKMyRl27Yi1UmRUBQzMio4sSQRwkPUJ20NA8SJ7KST60bwSCs96IdCv0DBiTo7kSIuZcI93cmRGsh5byz+57Vj5Z93UhpEsSIBni7yYwZVCMdRwR4VBCuWaICwoPqvEA+QQFjpQAs6BHv+5EXQKJfs01LlplKsXmZx5MEBOATHwAZnoAquQQ3UAQZP4AW8gXfj2Xg1PozPaWvOyGb2wZ8yvn8Bj6Sg+Q==</latexit>

ω =
√

ω2
x + ω2

y + ω2
z

Unitary operators correspond to rotations in the Bloch sphere
<latexit sha1_base64="hsDzHCrxTt9iTiwKu20iE6RLuiM=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrgbgtoIQRs7o5gHZEOYndwkQ2YfzNwVQ0hr46/YWChi6x/Y+TdOHoUmHrhw5px7mXuPF0mh0ba/rcTC4tLySnI1tba+sbmV3t6p6DBWHMo8lKGqeUyDFAGUUaCEWqSA+Z6Eqte7HPnVe1BahMEd9iNo+KwTiLbgDI3UTFO3y5De0nPqwkOUPRLjt3vtQ4dRPM4fNtMZO2ePQeeJMyUZMkWpmf5yWyGPfQiQS6Z13bEjbAyYQsElDFNurCFivMc6UDc0YD7oxmB8yZAeGKVF26EyFSAdq78nBszXuu97ptNn2NWz3kj8z6vH2D5rDEQQxQgBn3zUjiXFkI5ioS2hgKPsG8K4EmZXyrtMMY4mvJQJwZk9eZ5U8jnnJFe4KWSKF9M4kmSP7JMsccgpKZIrUiJlwskjeSav5M16sl6sd+tj0pqwpjO75A+szx8A8Zf/</latexit>

R̂ = exp(→i!̂t/2)

<latexit sha1_base64="B01msnyqyECfXzwku/gu8Xzzv4w=">AAACKHicbZBNSwMxEIazftb6VfXoJVgEUSy7IupFLHrxWMFWoVvLbDptQ7PZJckKZe3P8eJf8SKiSK/+EtMPQasDgZf3mWEybxALro3r9p2p6ZnZufnMQnZxaXllNbe2XtFRohiWWSQidRuARsEllg03Am9jhRAGAm+CzsWA39yj0jyS16YbYy2EluRNzsBYq547e/B8BbIlkJ5SP0ADdfcu3e097Pklzb/Rvg8ibn+j/R+onsu7BXdY9K/wxiJPxlWq5179RsSSEKVhArSuem5saikow5nAXtZPNMbAOtDCqpUSQtS1dHhoj25bp0GbkbJPGjp0f06kEGrdDQPbGYJp60k2MP9j1cQ0T2opl3FiULLRomYiqInoIDXa4AqZEV0rgClu/0pZGxQwY7PN2hC8yZP/ispBwTsqHF4d5ovn4zgyZJNskR3ikWNSJJekRMqEkUfyTN7Iu/PkvDgfTn/UOuWMZzbIr3I+vwD3e6X4</latexit>

|1→ = ω→
0 |+!→ ↑ ε→

0|↑!→
<latexit sha1_base64="d+6iUEKtB8mJE3Qxz3QJ30jS5TY="></latexit>

R̂|1→ = ω→
0 |+!→ ↑ ε→

0 exp(+iϑt)|↑!→

<latexit sha1_base64="LireaednYfd6VnvTWCNS7YMRDGU="></latexit>

R̂ rotates any state by angle ωt around the axis of εω

+<latexit sha1_base64="6Bkiiex/3zqaA/w0r6/hq9UUUnc=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9gOaUDbbSbt0s4m7m0KJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLh7dRvjVAqFosHPU7Qj0hfsJBRoo3kP517dcU8SUSfY7dUdirODPYycXNShhz1bunL68U0jVBoyolSHddJtJ8RqRnlOCl6qcKE0CHpY8dQQSJUfjY7emKfGqVnh7E0JbQ9U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqUZB54vClNs6tqcJ2D0mkWo+NoRQycytNh0QSag2ORVNCO7iy8ukeVFxLyvV+2q5dpPHUYBjOIEzcOEKanAHdWgAhUd4hld4s0bWi/VufcxbV6x85gj+wPr8AaYEkgk=</latexit>

|+!→

<latexit sha1_base64="zztNjrP0Zzbrim7BK5/mv1sWcCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBG8WBIp6rHoxWMF+wFNKJvtpF262cTdTaHE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8Hwduq3RigVi8WDHifoR6QvWMgo0Ubyn869umKeJKLPsVsqOxVnBnuZuDkpQ456t/Tl9WKaRig05USpjusk2s+I1IxynBS9VGFC6JD0sWOoIBEqP5sdPbFPjdKzw1iaEtqeqb8nMhIpNY4C0xkRPVCL3lT8z+ukOrz2MyaSVKOg80Vhym0d29ME7B6TSDUfG0KoZOZWmw6IJFSbnIomBHfx5WXSvKi4l5XqfbVcu8njKMAxnMAZuHAFNbiDOjSAwiM8wyu8WSPrxXq3PuatK1Y+cwR/YH3+AKkikgs=</latexit>

|→!↑

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε

Basis change is like tilting your head



Time-evolution of qubit states is set by the Schrodinger equation

<latexit sha1_base64="5blq1uGYmket86mqg8oRQa6hdRQ=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2QNpTNdtIu3U3C7kQoob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmkODxzLW7YAZkCKCBgqU0E40MBVIaAWj26nfegJtRBw94DgBX7FBJELBGVrpsYtDQEav3V654lbdGegy8XJSITnqvfJXtx/zVEGEXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSiCkwfjY7eEJPrNKnYaxtRUhn6u+JjCljxiqwnYrh0Cx6U/E/r5NieOVnIkpShIjPF4WppBjT6fe0LzRwlGNLGNfC3kr5kGnG0WZUsiF4iy8vk+ZZ1buont+fV2o3eRxFckSOySnxyCWpkTtSJw3CiSLP5JW8Odp5cd6dj3lrwclnDskfOJ8/80uP3A==</latexit>

ω = 0

<latexit sha1_base64="awfCOcYoGeeMxaXJXn1MyD48xDw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+QGMGBB8E6S8X625dXcOvEq8gtRQgVa/+hUMFM0SJoEKYozvuSmEOdHAqWDTSpAZlhI6JkPmWypJwkyYz0+e4jOrDHCstC0JeK7+nshJYswkiWxnQmBklr2Z+J/nZxBfhzmXaQZM0sWiOBMYFJ79jwdcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXSuah7l/XGQ6PWvC3iKKMTdIrOkYeuUBPdoxZqI4oUekav6M0B58V5dz4WrSWnmDlGf+B8/gDPrZD1</latexit>

ω = ε

<latexit sha1_base64="LutR10rTZ/E90iSHPEQh1TRIYDI="></latexit>

ω|!→
ωt

= ↑ i

⊋Ĥ|!→
<latexit sha1_base64="Vmv2tFUIcRIS5yxhmKtHMEeshdU="></latexit>

Ĥ/⊋ = →ωx

2
X̂ → ωY

2
Ŷ → ωz

2
Ẑ

<latexit sha1_base64="V6jfBeCi0i0ZKzbL9k1ESoMP1fY=">AAACEnicbVC7SgNBFJ31bXxFLW0Gg6CFYVeCipVoY6lgVMiGMDu5GwfnsczcFcMSf8HGX7GxUMTWys6/cRJT+DrFcDjn3jv3niSTwmEYfgQjo2PjE5NT06WZ2bn5hfLi0pkzueVQ50Yae5EwB1JoqKNACReZBaYSCefJ1WHfP78G64TRp9jNoKlYR4tUcIZeapU3YoQbLFJjKQoFm0K3IQP/aOzdxtfAi9go6LDeXqtcCavhAPQviYakQoY4bpXf47bhufKjuGTONaIww2bBLAouoVeKcwcZ41esAw1PNVPgmsXgpB5d80qb9tdKjUY6UL93FEw511WJr1QML91vry/+5zVyTHebhdBZjqD510dpLika2s+HtoUFjrLrCeNW+F0pv2SWcfQplnwI0e+T/5KzrWq0Xa2d1Cr7B8M4psgKWSXrJCI7ZJ8ckWNSJ5zckQfyRJ6D++AxeAlev0pHgmHPMvmB4O0T7cqe5w==</latexit>

for time-independent ωε :
<latexit sha1_base64="jb+8q2BDbt2omjgaVV7E4BwN4qg="></latexit>

|!(t)→ = exp(↑iĤt/⊋)|!(t = 0)

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε X

P

rotation around 

at a constant rate

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε
<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>ω

compare to motion of classical harmonic oscillator!

General 
Qubit 
Hamiltonian



Quantum measurement: qubit is a unit-length arrow, on average!
<latexit sha1_base64="gF5rho7ZjOFI74N3F5nNYjGc8KE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARKmiZkaJuhKIblxXsBTqlZNLTNjRzIckUx6FP4cZXceNCEbfizrcxbQfR1h8CH/85h5PzuyFnUlnWl5FZWFxaXsmu5tbWNza3zO2dmgwiQaFKAx6IhkskcOZDVTHFoREKIJ7Loe4Orsb1+hCEZIF/q+IQWh7p+azLKFHaapvHzhBo4gQe9MgIX+DCFNt3Rzil+IfuD9tm3ipaE+F5sFPIo1SVtvnpdAIaeeAryomUTdsKVSshQjHKYZRzIgkhoQPSg6ZGn3ggW8nkrBE+0E4HdwOhn6/wxP09kRBPythzdadHVF/O1sbmf7VmpLrnrYT5YaTAp9NF3YhjFeBxRrjDBFDFYw2ECqb/immfCEKVTjKnQ7BnT56H2knRPi2Wbkr58mUaRxbtoX1UQDY6Q2V0jSqoiih6QE/oBb0aj8az8Wa8T1szRjqzi/7I+PgG1Meeig==</latexit>

ωε = (εx,εy,εz)
<latexit sha1_base64="8R7y70sH8O9O7Zh7MbXL42zcWnE=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUom6EohuXFewDmjZMppN26EwSZyZiDP0RN/6KGxeKuHAj/o3TNovaemHgPO7lzj1exKhUlvVj5JaWV1bX8uuFjc2t7R1zd68hw1hgUschC0XLQ5IwGpC6ooqRViQI4h4jTW94Nfab90RIGga3KolIh6N+QH2KkdKSa1ackJM+ghfQkXdCpVPqPnTL8ARmJJklj93yyDWLVsmaFFwEdgaKIKuaa345vRDHnAQKMyRl27Yi1UmRUBQzMio4sSQRwkPUJ20NA8SJ7KST60bwSCs96IdCv0DBiTo7kSIuZcI93cmRGsh5byz+57Vj5Z93UhpEsSIBni7yYwZVCMdRwR4VBCuWaICwoPqvEA+QQFjpQAs6BHv+5EXQKJfs01LlplKsXmZx5MEBOATHwAZnoAquQQ3UAQZP4AW8gXfj2Xg1PozPaWvOyGb2wZ8yvn8Bj6Sg+Q==</latexit>

ω =
√

ω2
x + ω2

y + ω2
zDefine a direction

<latexit sha1_base64="eviD1QbJT57cE4GDdDLy1fj4ZV8="></latexit>

ωz = ω cos ε

ωx = ω sin ε cosϑ

ωy = ω sin ε sinϑ

Define a hermitian “projection”operator
<latexit sha1_base64="MSfd69EXDPRCmRKjHm74emp6fP0=">AAACKHicbZDLSsNAFIYn9VbrLerSzWARBKEkUtSNWHTjzgr2ok0Ik+mkHTq5MDMRY+njuPFV3Igo0q1P4iSNqNUfBn6+cw5nzu9GjAppGGOtMDM7N79QXCwtLa+srunrG00RxhyTBg5ZyNsuEoTRgDQklYy0I06Q7zLScgdnab11S7igYXAlk4jYPuoF1KMYSYUc/cTqIwmtC5/0EDyGVpga5y6jbbj3BZIMXH+De5iRG0cvGxUjE/xrzNyUQa66o79Y3RDHPgkkZkiIjmlE0h4iLilmZFSyYkEihAeoRzrKBsgnwh5mh47gjiJd6IVcvUDCjP6cGCJfiMR3VaePZF9M11L4X60TS+/IHtIgiiUJ8GSRFzMoQ5imBruUEyxZogzCnKq/QtxHHGGpsi2pEMzpk/+a5n7FPKhUL6vl2mkeRxFsgW2wC0xwCGrgHNRBA2DwAJ7AK3jTHrVn7V0bT1oLWj6zCX5J+/gEraSkiA==</latexit>

!̂ = ωxX̂ + ωyŶ + ωzẐ

<latexit sha1_base64="rDJ4EpRni6AzpD8S46fTstfdvzM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cK9gOaUDbbSbt0dxN2N4US+0+8eFDEq//Em//GbZuDtj4YeLw3w8y8KOVMG8/7dkpr6xubW+Xtys7u3v6Be3jU0kmmKDRpwhPViYgGziQ0DTMcOqkCIiIO7Wh0N/PbY1CaJfLRTFIIBRlIFjNKjJV6rvsUpAIHDc0CReSAQ8+tejVvDrxK/IJUUYFGz/0K+gnNBEhDOdG663upCXOiDKMcppUg05ASOiID6FoqiQAd5vPLp/jMKn0cJ8qWNHiu/p7IidB6IiLbKYgZ6mVvJv7ndTMT34Q5k2lmQNLFojjj2CR4FgPuMwXU8IklhCpmb8V0SBShxoZVsSH4yy+vktZFzb+qXT5cVuu3RRxldIJO0Tny0TWqo3vUQE1E0Rg9o1f05uTOi/PufCxaS04xc4z+wPn8AWeGk4Y=</latexit>

| ±!→Eigenstates: Eigenvalues: <latexit sha1_base64="d8tqK4KbBE5g5soBdRzZ4r52Xyc=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdmlzA76U2GzGOZmRVCyF948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNoUkVV7oTEwOcSWhaZjl0Ug1ExBza8eh25refQBum5IMdpxAJMpAsYZRYJz2GqcChEjAgvXLFr/pz4FUS5KSCcjR65a+wr2gmQFrKiTHdwE9tNCHaMsphWgozAymhIzKArqOSCDDRZH7xFJ85pY8TpV1Ji+fq74kJEcaMRew6BbFDs+zNxP+8bmaT62jCZJpZkHSxKMk4tgrP3sd9poFaPnaEUM3crZgOiSbUupBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKJHpGr+jNM96L9+59LFoLXj5zjP7A+/wBPGuQpQ==</latexit>±ω

JUST MATH

<latexit sha1_base64="S5OhTAF+QX0yruk7UCiOJeGSaG0=">AAACGHicbVA9SwNBEN3z2/gVtbRZDIKFxDsRtVO0sVPBqJALYW4zSRb39s7dOTGc8V/Y+FdsLBSxtfPfuIkp/How8Hhvhpl5UaqkJd//8IaGR0bHxicmC1PTM7NzxfmFM5tkRmBFJCoxFxFYVFJjhSQpvEgNQhwpPI8uD3r++TUaKxN9Sp0UazG0tGxKAeSkenE9JLyh/CqLJHGpuSUg5N3bMLUyNKBbCtfudsM2UHgUYwvqxZJf9vvgf0kwICU2wHG9+B42EpHFqEkosLYa+CnVcjAkhcJuIcwspiAuoYVVRzXEaGt5/7EuX3FKgzcT40oT76vfJ3KIre3EkeuMgdr2t9cT//OqGTV3arnUaUaoxdeiZqY4JbyXEm9Ig4JUxxEQRrpbuWiDAUEuy4ILIfj98l9ytlEOtsqbJ5ulvf1BHBNsiS2zVRawbbbHDtkxqzDB7tkje2Yv3oP35L16b1+tQ95gZpH9gPf+CdCIoOA=</latexit>

qubit in state |ω→, ?!̂

<latexit sha1_base64="k09Lx9IyK5PwNmiO1eRc0LtUzfc="></latexit>

Reading + ω with probability |→+!|ε↑|2

Qubit state reset to |+ |!↑
<latexit sha1_base64="d19GOWB09NMntRIDB3m4L8qBuXE="></latexit>

Reading → ω with probability |↑→!|ε↓|2

Qubit state reset to |→!↓

CRAZY WORLD WE LIVE IN

<latexit sha1_base64="6CBjp3bSJWB3d921Vw/Mo6eKZlY="></latexit>

mean of ?!̂ = →!̂↑ = →ω|!̂|ω↑
<latexit sha1_base64="YRctZmI6cfpbEUYXNoO+5QgDEzI="></latexit>(
→+!|X̂|+!↑, →+!|Ŷ |+!↑, →+!|Ẑ|+!↑

)
= ωε/ε

<latexit sha1_base64="g6ZcLCL7wMnr6uii5flrqPVOsSk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF29WsB+QhLLZbtqlu9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgiesDRwE66WaERkJ1o3GtzO/+8S04Sp5hEnKQkmGCY85JWAlPxgRwMG9ZEPSr9bcujsHXiVeQWqoQKtf/QoGimaSJUAFMcb33BTCnGjgVLBpJcgMSwkdkyHzLU2IZCbM5ydP8ZlVBjhW2lYCeK7+nsiJNGYiI9spCYzMsjcT//P8DOLrMOdJmgFL6GJRnAkMCs/+xwOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9y3rjoVFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDFnpDv</latexit>

!̂

Verify this

<latexit sha1_base64="Ofgyd6gjjj/RqY4r8nZ1oK4oqsk="></latexit>

!̂ = ω|+”→↑+”|↓ ω|↓”→↑↓”|

<latexit sha1_base64="PcEx7bJjsp98H9mbydqoVxZ+Zow="></latexit>(
→↑!|X̂|↑!↓, →↑!|Ŷ |↑!↓, →↑!|Ẑ|↑!↓

)
= ↑ωε/ε

To find out mean values, 
we must have many 
qubits prepared in the 
same initial state…

+<latexit sha1_base64="6Bkiiex/3zqaA/w0r6/hq9UUUnc=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9gOaUDbbSbt0s4m7m0KJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLh7dRvjVAqFosHPU7Qj0hfsJBRoo3kP517dcU8SUSfY7dUdirODPYycXNShhz1bunL68U0jVBoyolSHddJtJ8RqRnlOCl6qcKE0CHpY8dQQSJUfjY7emKfGqVnh7E0JbQ9U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqUZB54vClNs6tqcJ2D0mkWo+NoRQycytNh0QSag2ORVNCO7iy8ukeVFxLyvV+2q5dpPHUYBjOIEzcOEKanAHdWgAhUd4hld4s0bWi/VufcxbV6x85gj+wPr8AaYEkgk=</latexit>

|+!→

<latexit sha1_base64="zztNjrP0Zzbrim7BK5/mv1sWcCk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBG8WBIp6rHoxWMF+wFNKJvtpF262cTdTaHE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8Hwduq3RigVi8WDHifoR6QvWMgo0Ubyn869umKeJKLPsVsqOxVnBnuZuDkpQ456t/Tl9WKaRig05USpjusk2s+I1IxynBS9VGFC6JD0sWOoIBEqP5sdPbFPjdKzw1iaEtqeqb8nMhIpNY4C0xkRPVCL3lT8z+ukOrz2MyaSVKOg80Vhym0d29ME7B6TSDUfG0KoZOZWmw6IJFSbnIomBHfx5WXSvKi4l5XqfbVcu8njKMAxnMAZuHAFNbiDOjSAwiM8wyu8WSPrxXq3PuatK1Y+cwR/YH3+AKkikgs=</latexit>

|→!↑

<latexit sha1_base64="pGMrH3R2bPKlNdtaoYWLrQ/i20w=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAdklzA76SRD5rHMzAbCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KE86M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWaQpMqrnQnJgY4k9C0zHLoJBqIiDm04/H93G9PQBum5JOdJhAJMpRswCixTgrDCdAsVAKGZNYrV/yqvwBeJ0FOKihHo1f+CvuKpgKkpZwY0w38xEYZ0ZZRDrNSmBpICB2TIXQdlUSAibLFzTN84ZQ+HijtSlq8UH9PZEQYMxWx6xTEjsyqNxf/87qpHdxGGZNJakHS5aJByrFVeB4A7jMN1PKpI4Rq5m7FdEQ0odbFVHIhBKsvr5PWVTW4rtYea5X6XR5HEZ2hc3SJAnSD6ugBNVATUZSgZ/SK3rzUe/HevY9la8HLZ07RH3ifP2tbkfI=</latexit>

ωε

<latexit sha1_base64="A8pOSVcXyCBjAYuRjnobsUWxiHk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gOaUDbbabt0s1l2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+ncLa+sbmVnG7tLO7t39QPjxq6SRVFJs04YnqREQjZwKbhhmOHamQxBHHdjS+nfntR1SaJeLBTCSGMRkKNmCUGCsFT4HULFBEDDn2yhWv6s3hrhI/JxXI0eiVv4J+QtMYhaGcaN31PWnCjCjDKMdpKUg1SkLHZIhdSwWJUYfZ/Oape2aVvjtIlC1h3Ln6eyIjsdaTOLKdMTEjvezNxP+8bmoG12HGhEwNCrpYNEi5axJ3FoDbZwqp4RNLCFXM3urSEVGEGhtTyYbgL7+8SloXVf+yWruvVeo3eRxFOIFTOAcfrqAOd9CAJlCQ8Ayv8Oakzovz7nwsWgtOPnMMf+B8/gBvKZH0</latexit>

|ω→

ALLOWED QUERY:



Rabi oscillations in a periodically-driven qubit

<latexit sha1_base64="LutR10rTZ/E90iSHPEQh1TRIYDI="></latexit>

ω|!→
ωt

= ↑ i

⊋Ĥ|!→

<latexit sha1_base64="PIwZ0yfXmr87wr+q5Zb6huMbUT4=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoOgFuFOgtoIQRvLCOYDciHsbSbJkr29Y3dOCEn+g41/xcZCEVsbO/+Nm48iRh8MPN6bYWZeEEth0HW/ndTS8srqWno9s7G5tb2T3d2rmCjRHMo8kpGuBcyAFArKKFBCLdbAwkBCNejdjP3qA2gjInWP/RgaIeso0RacoZWa2dOhj0K2wC8Z4WumOhLoFfW7DGn5GE+Gc3ozm3Pz7gT0L/FmJEdmKDWzX34r4kkICrlkxtQ9N8bGgGkUXMIo4ycGYsZ7rAN1SxULwTQGk59G9MgqLdqOtC2FdKLOTwxYaEw/DGxnyLBrFr2x+J9XT7B92RgIFScIik8XtRNJMaLjgGhLaOAo+5YwroW9lfIu04yjjTFjQ/AWX/5LKmd57zxfuCvkitezONLkgBySY+KRC1Ikt6REyoSTR/JMXsmb8+S8OO/Ox7Q15cxm9skvOJ8/RXydyA==</latexit>

|!̃→ = Û(t)|!→
<latexit sha1_base64="S/xfpVHsej6eu0sv8f4jZMEBTno=">AAACD3icbVC7SkNBEN0bXzG+opY2i0FJCuO9IaiNELSxjGAemBvC3s0kWbL3we5cMYT8gY2/YmOhiK2tnX/j5lFo9MDA4ZwZZuZ4kRQabfvLSiwsLi2vJFdTa+sbm1vp7Z2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moef3LsV+7A6VFGNzgIIKmz7qB6AjO0Eit9KHbY0grWczRc+rCfUSzR8INfegyinRi3h4Xcq10xs7bE9C/xJmRDJmh3Ep/uu2Qxz4EyCXTuuHYETaHTKHgEkYpN9YQMd5nXWgYGjAfdHM4+WdED4zSpp1QmQqQTtSfE0Pmaz3wPdPpM+zpeW8s/uc1YuycNYciiGKEgE8XdWJJMaTjcGhbKOAoB4YwroS5lfIeU4yjiTBlQnDmX/5LqoW8c5IvXhczpYtZHEmyR/ZJljjklJTIFSmTCuHkgTyRF/JqPVrP1pv1Pm1NWLOZXfIL1sc3ZB2ZvQ==</latexit>

Û(t) = exp(→iωtẐ/2)

“Rotating” frame (unwinding around Z)

<latexit sha1_base64="e0/XMafXz/ltvcOfoA+P+FEGj58="></latexit>

ω|!̃→
ωt

= ↑ i

⊋
ˆ̃
H|!̃→

“Laboratory” frame

<latexit sha1_base64="xQ45v7nIpWE7gJMrZxVWLY3XTss=">AAACGXicbVC7SgNBFJ31GeMramkzGAQb424Iahm0SalgNJBdwt3Z2WRw9sHMXTEs+xs2/oqNhSKWWvk3TmIKTTwwcDjnXO7c46dSaLTtL2tufmFxabm0Ul5dW9/YrGxtX+skU4y3WSIT1fFBcyli3kaBkndSxSHyJb/xb89H/s0dV1ok8RUOU+5F0I9FKBigkXoV2x0A5i4KGfC8VRRH7sAHRV1IU5Xc00M3VMDyfpHXi1GSdnqVql2zx6CzxJmQKpngolf5cIOEZRGPkUnQuuvYKXo5KBRM8qLsZpqnwG6hz7uGxhBx7eXjywq6b5SAhokyL0Y6Vn9P5BBpPYx8k4wAB3raG4n/ed0Mw1MvF3GaIY/Zz6IwkxQTOqqJBkJxhnJoCDAlzF8pG4DpAk2ZZVOCM33yLLmu15zjWuOyUW2eTeookV2yRw6IQ05Ik7TIBWkTRh7IE3khr9aj9Wy9We8/0TlrMrND/sD6/AYLB6Dw</latexit>

ˆ̃
H/⊋ → ↑g

2
X̂

Turn off the brain, duly solve in QuTip in the lab frame

<latexit sha1_base64="U63yjqtHyGvT47cfWSIab7AOgk4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOyS5idzG6GzGOZmRVCyG948aCIV3/Gm3/jJNmDJhY0FFXddHfFGWfG+v63V1pb39jcKm9Xdnb39g+qh0dto3JNaIsornQ3xoZyJmnLMstpN9MUi5jTTjy6m/mdJ6oNU/LRjjMaCZxKljCCrZPCFIWco1AJmuJ+tebX/TnQKgkKUoMCzX71KxwokgsqLeHYmF7gZzaaYG0Z4XRaCXNDM0xGOKU9RyUW1EST+c1TdOaUAUqUdiUtmqu/JyZYGDMWsesU2A7NsjcT//N6uU1uogmTWW6pJItFSc6RVWgWABowTYnlY0cw0czdisgQa0ysi6niQgiWX14l7Yt6cFW/fLisNW6LOMpwAqdwDgFcQwPuoQktIJDBM7zCm5d7L96797FoLXnFzDH8gff5A1D2kTs=</latexit>

g → ω
<latexit sha1_base64="DxjAEud74bvRRNQam8H+BddJXSw=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAQ3FgSKepGKOrCZQV7gSaUyeSkHTq5MDMRSugDuPFV3LhQxK0P4M63cdpmoa0HBj7+/xzOnN9POZPKtr+N0tLyyupaeb2ysbm1vWPu7rVkkgkKTZrwRHR8IoGzGJqKKQ6dVACJfA5tf3g98dsPICRL4ns1SsGLSD9mIaNEaalnWm4SQZ/0gpMZ4Evs3gBXBLuc48I0LbtqTwsvglOAhYpq9MwvN0hoFkGsKCdSdh07VV5OhGKUw7jiZhJSQoekD12NMYlAevn0mDE+0kqAw0ToFys8VX9P5CSSchT5ujMiaiDnvYn4n9fNVHjh5SxOMwUxnS0KM45VgifJ4IAJoIqPNBAqmP4rpgMiCFU6v4oOwZk/eRFap1XnrFq7q1n1qyKOMjpAh+gYOegc1dEtaqAmougRPaNX9GY8GS/Gu/Exay0Zxcw++lPG5w8fa5po</latexit>

ωd → ω = ! ↑ ω

<latexit sha1_base64="AVobnNb6772B0rQRuC3mR7aVWZk=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgFe4kqAhCUAtLFaNC7gh7m0myZG/v2J0LhiO1jX/FxkIRW3+Bnf/GTUyh0QcDj/dmmJkXJlIYdN1PJzc1PTM7l58vLCwuLa8UV9euTZxqDjUey1jfhsyAFApqKFDCbaKBRaGEm7B7MvRveqCNiNUV9hMIItZWoiU4Qys1ips+wh1ml2BixRQH2tSiB4d04J+CREaP3Eax5JbdEehf4o1JiYxx3ih++M2YpxEo5JIZU/fcBIOMaRRcwqDgpwYSxrusDXVLFYvABNnolQHdtkqTtmJtSyEdqT8nMhYZ049C2xkx7JhJbyj+59VTbB0EmVBJiqD496JWKinGdJgLbQoNHGXfEsa1sLdS3mGacbTpFWwI3uTLf8n1btnbK1cuKqXq8TiOPNkgW2SHeGSfVMkZOSc1wsk9eSTP5MV5cJ6cV+ftuzXnjGfWyS847198wpoc</latexit>

Resonance drive: ! = 0 <latexit sha1_base64="d58fQUNN64D8md1l7gC6W6rei54="></latexit>

Ch
eck

cas
e

!
→ g

<latexit sha1_base64="b7bMjwzRqhOcZ5UsY/4dB+w3j48="></latexit>

Ĥ/⊋ = →1

2
ωẐ →

(
g cosωdt

)
X̂

<latexit sha1_base64="GeLkuCc/MzaHVfodmCZWYLFDPBY="></latexit>

Oscillations between |0→ and
|1→ at a rate g, period 2ω/g

Build up intuition in the rotating frame 



Rabi oscillations in a periodically-driven qubit

<latexit sha1_base64="awfCOcYoGeeMxaXJXn1MyD48xDw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqBeh6MVjBfsBSSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI0xSFiZkKHnMKQEr+QGMGBB8E6S8X625dXcOvEq8gtRQgVa/+hUMFM0SJoEKYozvuSmEOdHAqWDTSpAZlhI6JkPmWypJwkyYz0+e4jOrDHCstC0JeK7+nshJYswkiWxnQmBklr2Z+J/nZxBfhzmXaQZM0sWiOBMYFJ79jwdcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXSuah7l/XGQ6PWvC3iKKMTdIrOkYeuUBPdoxZqI4oUekav6M0B58V5dz4WrSWnmDlGf+B8/gDPrZD1</latexit>

ω = ε

<latexit sha1_base64="6NYJIWiLGhU3AQfuDeYaY2wCK+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6eHK7isqBwF654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns4Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGRD8BZfXibNs6p3UT2/O6/UrvM4inAEx3AKHlxCDW6hDg1gEMEzvMKbo5wX5935mLcWnHzmEP7A+fwBuBeQXg==</latexit>

|0→

<latexit sha1_base64="DocSCQStj1nH5/o6QGp/gBtsEDU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6ePK6isqBwF654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns4Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGRD8BZfXibNs6p3UT2/O6/UrvM4inAEx3AKHlxCDW6hDg1gEMEzvMKbo5wX5935mLcWnHzmEP7A+fwBuaKQXw==</latexit>

|1→
<latexit sha1_base64="uTeahyBgGx2dhM5l0Bx0BOeQ3z4=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOyS+idzCZD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3BkM5k7RlmeW0m2oKIua0E4/vZn7niWrDlHy0k5RGAoaSJYyAdVIYjmLQOFSCDqFfrfl1fw68SoKC1FCBZr/6FQ4UyQSVlnAwphf4qY1y0JYRTqeVMDM0BTKGIe05KkFQE+Xzm6f4zCkDnCjtSlo8V39P5CCMmYjYdQqwI7PszcT/vF5mk5soZzLNLJVksSjJOLYKzwLAA6YpsXziCBDN3K2YjEADsS6migshWH55lbQv6sFV/fLhsta4LeIooxN0is5RgK5RA92jJmohglL0jF7Rm5d5L96797FoLXnFzDH6A+/zB7FNkXk=</latexit>

⊋ω
<latexit sha1_base64="6NYJIWiLGhU3AQfuDeYaY2wCK+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6eHK7isqBwF654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns4Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGRD8BZfXibNs6p3UT2/O6/UrvM4inAEx3AKHlxCDW6hDg1gEMEzvMKbo5wX5935mLcWnHzmEP7A+fwBuBeQXg==</latexit>

|0→

<latexit sha1_base64="DocSCQStj1nH5/o6QGp/gBtsEDU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6ePK6isqBwF654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns4Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGRD8BZfXibNs6p3UT2/O6/UrvM4inAEx3AKHlxCDW6hDg1gEMEzvMKbo5wX5935mLcWnHzmEP7A+fwBuaKQXw==</latexit>

|1→ <latexit sha1_base64="uTeahyBgGx2dhM5l0Bx0BOeQ3z4=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOyS+idzCZD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3BkM5k7RlmeW0m2oKIua0E4/vZn7niWrDlHy0k5RGAoaSJYyAdVIYjmLQOFSCDqFfrfl1fw68SoKC1FCBZr/6FQ4UyQSVlnAwphf4qY1y0JYRTqeVMDM0BTKGIe05KkFQE+Xzm6f4zCkDnCjtSlo8V39P5CCMmYjYdQqwI7PszcT/vF5mk5soZzLNLJVksSjJOLYKzwLAA6YpsXziCBDN3K2YjEADsS6migshWH55lbQv6sFV/fLhsta4LeIooxN0is5RgK5RA92jJmohglL0jF7Rm5d5L96797FoLXnFzDH6A+/zB7FNkXk=</latexit>

⊋ω

what really happens

contrast to resonantly driven 

classical harmonic oscillator

photon in photon out

<latexit sha1_base64="LutR10rTZ/E90iSHPEQh1TRIYDI="></latexit>

ω|!→
ωt

= ↑ i

⊋Ĥ|!→

<latexit sha1_base64="PIwZ0yfXmr87wr+q5Zb6huMbUT4=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoOgFuFOgtoIQRvLCOYDciHsbSbJkr29Y3dOCEn+g41/xcZCEVsbO/+Nm48iRh8MPN6bYWZeEEth0HW/ndTS8srqWno9s7G5tb2T3d2rmCjRHMo8kpGuBcyAFArKKFBCLdbAwkBCNejdjP3qA2gjInWP/RgaIeso0RacoZWa2dOhj0K2wC8Z4WumOhLoFfW7DGn5GE+Gc3ozm3Pz7gT0L/FmJEdmKDWzX34r4kkICrlkxtQ9N8bGgGkUXMIo4ycGYsZ7rAN1SxULwTQGk59G9MgqLdqOtC2FdKLOTwxYaEw/DGxnyLBrFr2x+J9XT7B92RgIFScIik8XtRNJMaLjgGhLaOAo+5YwroW9lfIu04yjjTFjQ/AWX/5LKmd57zxfuCvkitezONLkgBySY+KRC1Ikt6REyoSTR/JMXsmb8+S8OO/Ox7Q15cxm9skvOJ8/RXydyA==</latexit>

|!̃→ = Û(t)|!→
<latexit sha1_base64="S/xfpVHsej6eu0sv8f4jZMEBTno=">AAACD3icbVC7SkNBEN0bXzG+opY2i0FJCuO9IaiNELSxjGAemBvC3s0kWbL3we5cMYT8gY2/YmOhiK2tnX/j5lFo9MDA4ZwZZuZ4kRQabfvLSiwsLi2vJFdTa+sbm1vp7Z2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moef3LsV+7A6VFGNzgIIKmz7qB6AjO0Eit9KHbY0grWczRc+rCfUSzR8INfegyinRi3h4Xcq10xs7bE9C/xJmRDJmh3Ep/uu2Qxz4EyCXTuuHYETaHTKHgEkYpN9YQMd5nXWgYGjAfdHM4+WdED4zSpp1QmQqQTtSfE0Pmaz3wPdPpM+zpeW8s/uc1YuycNYciiGKEgE8XdWJJMaTjcGhbKOAoB4YwroS5lfIeU4yjiTBlQnDmX/5LqoW8c5IvXhczpYtZHEmyR/ZJljjklJTIFSmTCuHkgTyRF/JqPVrP1pv1Pm1NWLOZXfIL1sc3ZB2ZvQ==</latexit>

Û(t) = exp(→iωtẐ/2)

“Rotating” frame (unwinding around Z)

<latexit sha1_base64="e0/XMafXz/ltvcOfoA+P+FEGj58="></latexit>

ω|!̃→
ωt

= ↑ i

⊋
ˆ̃
H|!̃→

“Laboratory” frame

<latexit sha1_base64="xQ45v7nIpWE7gJMrZxVWLY3XTss=">AAACGXicbVC7SgNBFJ31GeMramkzGAQb424Iahm0SalgNJBdwt3Z2WRw9sHMXTEs+xs2/oqNhSKWWvk3TmIKTTwwcDjnXO7c46dSaLTtL2tufmFxabm0Ul5dW9/YrGxtX+skU4y3WSIT1fFBcyli3kaBkndSxSHyJb/xb89H/s0dV1ok8RUOU+5F0I9FKBigkXoV2x0A5i4KGfC8VRRH7sAHRV1IU5Xc00M3VMDyfpHXi1GSdnqVql2zx6CzxJmQKpngolf5cIOEZRGPkUnQuuvYKXo5KBRM8qLsZpqnwG6hz7uGxhBx7eXjywq6b5SAhokyL0Y6Vn9P5BBpPYx8k4wAB3raG4n/ed0Mw1MvF3GaIY/Zz6IwkxQTOqqJBkJxhnJoCDAlzF8pG4DpAk2ZZVOCM33yLLmu15zjWuOyUW2eTeookV2yRw6IQ05Ik7TIBWkTRh7IE3khr9aj9Wy9We8/0TlrMrND/sD6/AYLB6Dw</latexit>

ˆ̃
H/⊋ → ↑g

2
X̂

<latexit sha1_base64="U63yjqtHyGvT47cfWSIab7AOgk4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOyS5idzG6GzGOZmRVCyG948aCIV3/Gm3/jJNmDJhY0FFXddHfFGWfG+v63V1pb39jcKm9Xdnb39g+qh0dto3JNaIsornQ3xoZyJmnLMstpN9MUi5jTTjy6m/mdJ6oNU/LRjjMaCZxKljCCrZPCFIWco1AJmuJ+tebX/TnQKgkKUoMCzX71KxwokgsqLeHYmF7gZzaaYG0Z4XRaCXNDM0xGOKU9RyUW1EST+c1TdOaUAUqUdiUtmqu/JyZYGDMWsesU2A7NsjcT//N6uU1uogmTWW6pJItFSc6RVWgWABowTYnlY0cw0czdisgQa0ysi6niQgiWX14l7Yt6cFW/fLisNW6LOMpwAqdwDgFcQwPuoQktIJDBM7zCm5d7L96797FoLXnFzDH8gff5A1D2kTs=</latexit>

g → ω
<latexit sha1_base64="DxjAEud74bvRRNQam8H+BddJXSw=">AAACDHicbZDLSsNAFIYn9VbrLerSzWAQ3FgSKepGKOrCZQV7gSaUyeSkHTq5MDMRSugDuPFV3LhQxK0P4M63cdpmoa0HBj7+/xzOnN9POZPKtr+N0tLyyupaeb2ysbm1vWPu7rVkkgkKTZrwRHR8IoGzGJqKKQ6dVACJfA5tf3g98dsPICRL4ns1SsGLSD9mIaNEaalnWm4SQZ/0gpMZ4Evs3gBXBLuc48I0LbtqTwsvglOAhYpq9MwvN0hoFkGsKCdSdh07VV5OhGKUw7jiZhJSQoekD12NMYlAevn0mDE+0kqAw0ToFys8VX9P5CSSchT5ujMiaiDnvYn4n9fNVHjh5SxOMwUxnS0KM45VgifJ4IAJoIqPNBAqmP4rpgMiCFU6v4oOwZk/eRFap1XnrFq7q1n1qyKOMjpAh+gYOegc1dEtaqAmougRPaNX9GY8GS/Gu/Exay0Zxcw++lPG5w8fa5po</latexit>

ωd → ω = ! ↑ ω

<latexit sha1_base64="AVobnNb6772B0rQRuC3mR7aVWZk=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgFe4kqAhCUAtLFaNC7gh7m0myZG/v2J0LhiO1jX/FxkIRW3+Bnf/GTUyh0QcDj/dmmJkXJlIYdN1PJzc1PTM7l58vLCwuLa8UV9euTZxqDjUey1jfhsyAFApqKFDCbaKBRaGEm7B7MvRveqCNiNUV9hMIItZWoiU4Qys1ips+wh1ml2BixRQH2tSiB4d04J+CREaP3Eax5JbdEehf4o1JiYxx3ih++M2YpxEo5JIZU/fcBIOMaRRcwqDgpwYSxrusDXVLFYvABNnolQHdtkqTtmJtSyEdqT8nMhYZ049C2xkx7JhJbyj+59VTbB0EmVBJiqD496JWKinGdJgLbQoNHGXfEsa1sLdS3mGacbTpFWwI3uTLf8n1btnbK1cuKqXq8TiOPNkgW2SHeGSfVMkZOSc1wsk9eSTP5MV5cJ6cV+ftuzXnjGfWyS847198wpoc</latexit>

Resonance drive: ! = 0 <latexit sha1_base64="d58fQUNN64D8md1l7gC6W6rei54="></latexit>

Ch
eck

cas
e

!
→ g

<latexit sha1_base64="b7bMjwzRqhOcZ5UsY/4dB+w3j48="></latexit>

Ĥ/⊋ = →1

2
ωẐ →

(
g cosωdt

)
X̂

<latexit sha1_base64="GeLkuCc/MzaHVfodmCZWYLFDPBY="></latexit>

Oscillations between |0→ and
|1→ at a rate g, period 2ω/g


