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Invitation: a particular point of view on how to 
think about gauge theories (EM, QCD, Gravity.. ) 

In this setup, the word ‘gauge’ ONLY means the 
Hilbert space splits up into pieces that evolve in 

time independently (i.e. incoherently)

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H
<latexit sha1_base64="tIYqO1m6ma+myfTBwcOpAQN0dSg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gOaUDbbabt0s1l2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+ncLa+sbmVnG7tLO7t39QPjxq6SRVFJs04YnqREQjZwKbhhmOHamQxBHHdjS+nfntR1SaJeLBTCSGMRkKNmCUGCsFT4HULFBEDDn2yhWv6s3hrhI/JxXI0eiVv4J+QtMYhaGcaN31PWnCjCjDKMdpKUg1SkLHZIhdSwWJUYfZ/Oape2aVvjtIlC1h3Ln6eyIjsdaTOLKdMTEjvezNxP+8bmoG12HGhEwNCrpYNEi5axJ3FoDbZwqp4RNLCFXM3urSEVGEGhtTyYbgL7+8SloXVb9Wrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlCQ8Ayv8Oakzovz7nwsWgtOPnMMf+B8/gBvzZH2</latexit>

|ω→
<latexit sha1_base64="2sHyPfEFLFDDNBWr5ejKpe+52sM=">AAACEnicbVDNS8MwHE39nPOr6tFLcAh6Ga3I9CIMvXic4D5gLSPN0i0sTUOSCqP2b/Div+LFgyJePXnzvzHdiujmg8Djvd8vyXuBYFRpx/myFhaXlldWS2vl9Y3NrW17Z7el4kRi0sQxi2UnQIowyklTU81IR0iCooCRdjC6yv32HZGKxvxWjwXxIzTgNKQYaSP17OML6oUS4dQTSGqKWPbDoM7uPaGoJxEfMNKzK07VmQDOE7cgFVCg0bM/vX6Mk4hwjRlSqus6QvtpfjlmJCt7iSIC4REakK6hHEVE+ekkUgYPjdKHYSzN4RpO1N8bKYqUGkeBmYyQHqpZLxf/87qJDs/9lHKRaMLx9KEwMWFjmPcD+1QSrNnYEIQlNX+FeIhMQ9q0WDYluLOR50nrpOrWqrWb00r9sqijBPbBATgCLjgDdXANGqAJMHgAT+AFvFqP1rP1Zr1PRxesYmcP/IH18Q0LBJ79</latexit>

= i
ω

ωt
|ε→

<latexit sha1_base64="aH+D6dCF2sWjFXJFe60aszTXsMU=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8SNkVqV6EopceW7AfsF1KNs22odnskmSFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeUEiuDaO843W1jc2t7YLO8Xdvf2Dw9LRcVvHqaKsRWMRq25ANBNcspbhRrBuohiJAsE6wfhh5neemNI8lo9mkjA/IkPJQ06JsVLHq182/TunXyo7FWcOvErcnJQhR6Nf+uoNYppGTBoqiNae6yTGz4gynAo2LfZSzRJCx2TIPEsliZj2s/m5U3xulQEOY2VLGjxXf09kJNJ6EgW2MyJmpJe9mfif56UmvPUzLpPUMEkXi8JUYBPj2e94wBWjRkwsIVRxeyumI6IINTahog3BXX55lbSvKm61Um1el2v3eRwFOIUzuAAXbqAGdWhACyiM4Rle4Q0l6AW9o49F6xrKZ07gD9DnD/5ajrU=</latexit>

[H,Q] = 0
<latexit sha1_base64="26/7EIs94xibioBc33yGQMQqSQA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZkepGKLpx2YJ9QDuUTHrbhmYy0yQjlLFu/BU3LhRx61+4829M20G09cCFk3PuJfceP+JMacf5sjJLyyura9n13Mbm1vaOvbtXU2EsKVRpyEPZ8IkCzgRUNdMcGpEEEvgc6v7geuLX70AqFopbPYrAC0hPsC6jRBupbR9U7octSUSPA77EQ/zzatt5p+BMgReJm5I8SlFu25+tTkjjAISmnCjVdJ1IewmRmlEO41wrVhAROiA9aBoqSADKS6YXjPGxUTq4G0pTQuOp+nsiIYFSo8A3nQHRfTXvTcT/vGasuxdewkQUaxB09lE35liHeBIH7jAJVPORIYRKZnbFtE8kodqEljMhuPMnL5LaacEtFoqVs3zpKo0jiw7RETpBLjpHJXSDyqiKKHpAT+gFvVqP1rP1Zr3PWjNWOrOP/sD6+AbeQ5aJ</latexit>

Q|q→ = q|q→
“Good quantum numbers”



Only consider simple commutation 
relations (and stick to bosons)

<latexit sha1_base64="DbKuMNYqfgeSX9PxEBjHdPeR40w="></latexit>

[ωi(x),!j(y)] = iεijε
(3)(x→ y)

And start building up the most general local 
Hamiltonian density

<latexit sha1_base64="kpYlkAFigAa/qcgHq30m/sB964U="></latexit>

H =
1

2
ωij!i!j +

1

2
(εaϑi)G

ab
ij (εbϑj) +

1

2
ϑiMijϑj + . . .



In Fourier space, to quadratic order

<latexit sha1_base64="rDDq8hAVn3ojlp+BD8+vBkNQVfA=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQSiJSHUjFF0oiFDBXqCNYTKdtGMnkzAzEUrIE7jxVdy4UMSta3e+jdM0C2394cDHf85h5vxexKhUlvVtzM0vLC4tF1aKq2vrG5vm1nZThrHApIFDFoq2hyRhlJOGooqRdiQICjxGWt7wfNxvPRAhachv1SgiToD6nPoUI6Ut1yxfuQm9T+EpvJ7AARy6SJcHL+4S5KWZ65olq2JlgrNg51ACuequ+dXthTgOCFeYISk7thUpJ0FCUcxIWuzGkkQID1GfdDRyFBDpJNk5KSxrpwf9UOjiCmbu740EBVKOAk9PBkgN5HRvbP7X68TKP3ESyqNYEY4nD/kxgyqE42xgjwqCFRtpQFhQ/VeIB0ggrHSCRR2CPX3yLDQPK3a1Ur05KtXO8jgKYBfsgX1gg2NQA5egDhoAg0fwDF7Bm/FkvBjvxsdkdM7Id3bAHxmfP2g3mx0=</latexit>

Kij = Mij + kakbG
ab
ij

Solving eigenvalues 

<latexit sha1_base64="WP9ppoxb8hgTDRja2YTQsUejEGc=">AAACFnicbVDLSgMxFM34rPU16tJNsAjtwjJTpLoRim5cVrAP6IzlTpppQzMPkoxQhn6FG3/FjQtF3Io7/8a0HUFbD1w4nHNvcu/xYs6ksqwvY2l5ZXVtPbeR39za3tk19/abMkoEoQ0S8Ui0PZCUs5A2FFOctmNBIfA4bXnDq4nfuqdCsii8VaOYugH0Q+YzAkpLXfPEiQLah64DPB4ALqaO5+PhuHRXwRfY4fqh3o9ZHJa6ZsEqW1PgRWJnpIAy1Lvmp9OLSBLQUBEOUnZsK1ZuCkIxwuk47ySSxkCG0KcdTUMIqHTT6VljfKyVHvYjoStUeKr+nkghkHIUeLozADWQ895E/M/rJMo/d1MWxomiIZl95CccqwhPMsI9JihRfKQJEMH0rpgMQABROsm8DsGeP3mRNCtlu1qu3pwWapdZHDl0iI5QEdnoDNXQNaqjBiLoAT2hF/RqPBrPxpvxPmtdMrKZA/QHxsc38xOd/Q==</latexit>

ωω(k)
2 = εω(k)

<latexit sha1_base64="/0PXLoowKQPobb/SLVuXcak6G/s="></latexit>

H =

∫

k
!i(→k)!i(k) + ωi(→k)Kij(k)ωj(k)

<latexit sha1_base64="+uNiIj7m35bHKBJcsHP9czZELPw="></latexit>

H =

∫

k
ωω(k)a

†
ω(k)aω(k)



<latexit sha1_base64="tBtyFR27l/D5AjLJyeBuna7IUuA=">AAACL3icbVDLSsNAFJ34rPUVdelmsAh1UxKR6kYoCuKygn1AE8JkOmmHTiZhZiKUmD9y4690I6KIW//CSZuFbT0wcDjnXO7c48eMSmVZ78bK6tr6xmZpq7y9s7u3bx4ctmWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjj25zv/NEhKQRf1TjmLghGnAaUIyUljzzzhkilTrxkGYeraaOH8BRdgafc8WjjkB8wAi8hkuR+YRnVqyaNQVcJnZBKqBA0zMnTj/CSUi4wgxJ2bOtWLkpEopiRrKyk0gSIzxCA9LTlKOQSDed3pvBU630YRAJ/biCU/XvRIpCKcehr5MhUkO56OXif14vUcGVm1IeJ4pwPFsUJAyqCOblwT4VBCs21gRhQfVfIR4igbDSFZd1CfbiycukfV6z67X6w0WlcVPUUQLH4ARUgQ0uQQPcgyZoAQxewAR8gE/j1XgzvozvWXTFKGaOwByMn18eBam+</latexit>

ω̂i(k)|ωi→ = ωi(k)|ωi→
Field basis

Momentum basis
<latexit sha1_base64="ao6tjlmggh6eBmQlo5FklqVxfys=">AAACK3icbVDLSgMxFM34rPVVdekmWIS6KTMi1Y1Q6sZlBfuAThky6Z02NJMZkoxQxv6PG3/FhS584Nb/MG1nYVsPBA7nnMvNPX7MmdK2/WmtrK6tb2zmtvLbO7t7+4WDw6aKEkmhQSMeybZPFHAmoKGZ5tCOJZDQ59DyhzcTv/UAUrFI3OtRDN2Q9AULGCXaSF6h5g6ITt06G3uslLp+gIfjM/xoBI+5kog+B3yNFwNzvlco2mV7CrxMnIwUUYa6V3h1exFNQhCacqJUx7Fj3U2J1IxyGOfdREFM6JD0oWOoICGobjq9dYxPjdLDQSTNExpP1b8TKQmVGoW+SYZED9SiNxH/8zqJDq66KRNxokHQ2aIg4VhHeFIc7jEJVPORIYRKZv6K6YBIQrWpN29KcBZPXibN87JTKVfuLorVWlZHDh2jE1RCDrpEVXSL6qiBKHpCL+gdfVjP1pv1ZX3PoitWNnOE5mD9/ALUtqd2</latexit>

!̂i(k)|!i→ = !i(k)|!i→

Fock basis 

<latexit sha1_base64="h+E8Fno1691NlGEit0NVVvbuVls=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkItWNUHTjsoJ9QBPKZHrTDp1MwsxEKLFu/BU3LhRx61+482+cPhbaeuDC4Zx7ufeeIOFMacf5tnJLyyura/n1wsbm1vaOvbvXUHEqKdRpzGPZCogCzgTUNdMcWokEEgUcmsHgeuw370EqFos7PUzAj0hPsJBRoo3UsQ9IKfOCEA9GJ/jB8SQRPQ74Ejsdu+iUnQnwInFnpIhmqHXsL68b0zQCoSknSrVdJ9F+RqRmlMOo4KUKEkIHpAdtQwWJQPnZ5IMRPjZKF4exNCU0nqi/JzISKTWMAtMZEd1X895Y/M9rpzq88DMmklSDoNNFYcqxjvE4DtxlEqjmQ0MIlczcimmfSEK1Ca1gQnDnX14kjdOyWylXbs+K1atZHHl0iI5QCbnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MW3NWbOZffQH1ucP9aOVTQ==</latexit>

a(k)|0→ = 0Vacuum

States
<latexit sha1_base64="d9P9V1aqWdr7FXLE+3QbTdXyZPk=">AAACI3icbVBNS8NAEN34bf2qevSyWIR6KYlIFU+iF48KthaaWiabSVy62YTdjVBi/4sX/4oXD4p48eB/cftxUOuDgcd7M8zMCzLBtXHdT2dmdm5+YXFpubSyura+Ud7cauo0VwwbLBWpagWgUXCJDcONwFamEJJA4E3QOx/6N/eoNE/lteln2EkgljziDIyVuuUTuPVDiGNU1cIPItrreoN96oswNZpOedJ6D66vQMYCu+WKW3NHoNPEm5AKmeCyW373w5TlCUrDBGjd9tzMdApQhjOBg5Kfa8yA9SDGtqUSEtSdYvTjgO5ZJaRRqmxJQ0fqz4kCEq37SWA7EzB3+q83FP/z2rmJjjsFl1luULLxoigX1KR0GBgNuUJmRN8SYIrbWym7AwXM2FhLNgTv78vTpHlQ8+q1+tVh5fRsEscS2SG7pEo8ckROyQW5JA3CyCN5Jq/kzXlyXpx352PcOuNMZrbJLzhf3615o7Q=</latexit>

a†(k1) . . . a
†(kn)|0→

In complete analogy to QM

<latexit sha1_base64="5L0WG7mvJVWISQoUFA2VDH7GiGo=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXZFoo0QtLGMYB6QXcLs5G4yZHZ2mZmVhDWljb9iY6GIrZ9g5984SbbQxAMD555zL3fu8WPOlLbtbyu3tLyyupZfL2xsbm3vFHf3GipKJIU6jXgkWz5RwJmAumaaQyuWQEKfQ9MfXE/85j1IxSJxp0cxeCHpCRYwSrSROsVDt080HuKHIXYlET0O+HJaZlWnWLLL9hR4kTgZKaEMtU7xy+1GNAlBaMqJUm3HjrWXEqkZ5TAuuImCmNAB6UHbUEFCUF46PWSMj43SxUEkzRMaT9XfEykJlRqFvukMie6reW8i/ue1Ex1ceCkTcaJB0NmiIOFYR3iSCu4yCVTzkSGESmb+immfSEK1ya5gQnDmT14kjdOyUylXbs9K1assjjw6QEfoBDnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MWvNWdnMPvoD6/MHeBqZBA==</latexit>

x̂|x→ = x|x→

<latexit sha1_base64="+GAMxMXs3OXUQmsxcxdlIWo6y3o=">AAACCHicbVDLSgMxFL3js9bXqEsXBovgqsyIVDdC0Y3LCvYBnVIyadqGZjIhyQhl2qUbf8WNC0Xc+gnu/BvTdhbaeuDCyTn3kntPKDnTxvO+naXlldW19dxGfnNre2fX3duv6ThRhFZJzGPVCLGmnAlaNcxw2pCK4ijktB4ObiZ+/YEqzWJxb4aStiLcE6zLCDZWartHQR8bJNFIokBh0eMUXSEkRzJ7td2CV/SmQIvEz0gBMlTa7lfQiUkSUWEIx1o3fU+aVoqVYYTTcT5INJWYDHCPNi0VOKK6lU4PGaMTq3RQN1a2hEFT9fdEiiOth1FoOyNs+nrem4j/ec3EdC9bKRMyMVSQ2UfdhCMTo0kqqMMUJYYPLcFEMbsrIn2sMDE2u7wNwZ8/eZHUzop+qVi6Oy+Ur7M4cnAIx3AKPlxAGW6hAlUg8AjP8ApvzpPz4rw7H7PWJSebOYA/cD5/AEVKmOQ=</latexit>

p̂|p→ = p|p→
<latexit sha1_base64="DgY4H5DS5O+eHu9+GR4THY7Kvkc=">AAACHnicbVDLSsNAFJ34tr6qLt2MFkE3JRFfG0F041LBqtDUcjO9iUMnkzgzEUrMl7jxV9y4UERwpX/jtGbh68DA4ZxzuXNPkAqujet+OEPDI6Nj4xOTlanpmdm56vzCmU4yxbDBEpGoiwA0Ci6xYbgReJEqhDgQeB50D/v++Q0qzRN5anoptmKIJA85A2OldnXrVvoKZCRwj1I/VMDyNbj0OxBFqNYvZZH7+lqZXC4XBb11y2y7WnPr7gD0L/FKUiMljtvVN7+TsCxGaZgArZuem5pWDspwJrCo+JnGFFgXImxaKiFG3coH5xV01SodGibKPmnoQP0+kUOsdS8ObDIGc6V/e33xP6+ZmXC3lXOZZgYl+1oUZoKahPa7oh2ukBnRswSY4vavlF2B7cjYRiu2BO/3yX/J2Ubd265vn2zW9g/KOibIElkha8QjO2SfHJFj0iCM3JEH8kSenXvn0XlxXr+iQ045s0h+wHn/BK2dotw=</latexit>

|n→ = (a†)n↑
n!

|0→
<latexit sha1_base64="WGFBSvrkSOkO5obqS0hnwlU4RrY="></latexit>

aω(k) =
1

2wω(k)
(wω(k)ω(k) + i!ω(k))

Hilbert space



Theory space

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M



Theory space

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

Consider the following special point
<latexit sha1_base64="HFfnKHG6hQzZwD0net9MHCdn7R0=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEiRDAPSJYwO5lNxszOrjO9QljyE148KOLV3/Hm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41YzXWCxj3Qyo4VIoXkOBkjcTzWkUSN4IBtdjv/HEtRGxusdhwv2I9pQIBaNopeZtJxMPo0u3Uyi6JXcCski8GSnCDNVO4avdjVkacYVMUmNanpugn1GNgkk+yrdTwxPKBrTHW5YqGnHjZ5N7R+TYKl0SxtqWQjJRf09kNDJmGAW2M6LYN/PeWPzPa6UYXviZUEmKXLHpojCVBGMyfp50heYM5dASyrSwtxLWp5oytBHlbQje/MuLpH5a8sql8t1ZsXI1iyMHh3AEJ+DBOVTgBqpQAwYSnuEV3pxH58V5dz6mrUvObOYA/sD5/AGjAY+5</latexit>

Mij = 0
<latexit sha1_base64="RHlo7veJ+UUd0WdVBxerng3hdUI=">AAACJXicbZDLSgMxFIYzXmu9jbp0EywFN5YZkepCoehClxXsBdo6nEnTNm3mQpIRytCXceOruHFhEcGVr2I6nYK2Hgh8+f8cTs7vhpxJZVlfxtLyyuraemYju7m1vbNr7u1XZRAJQisk4IGouyApZz6tKKY4rYeCgudyWnMHNxO/9kSFZIH/oIYhbXnQ9VmHEVBacszLWydm/dFjDO4IX+Fmm3IFyW2KiYtPZgY4/Rm6DnPMnFWwksKLYKeQQ2mVHXPcbAck8qivCAcpG7YVqlYMQjHC6SjbjCQNgQygSxsaffCobMXJliOc10obdwKhj69wov7uiMGTcujpPfIeqJ6c9ybif14jUp2LVsz8MFLUJ9NBnYhjFeBJZLjNBCWKDzUAEUz/FZMeCCBKB5vVIdjzKy9C9bRgFwvF+7Nc6TqNI4MO0RE6RjY6RyV0h8qoggh6Rq/oHY2NF+PN+DA+p0+XjLTnAP0p4/sH9TKljQ==</latexit>

Gab
ij = ωabωij → ωaj ω

b
i

(With three fields)



Theory space

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

Consider the following special point

<latexit sha1_base64="RHlo7veJ+UUd0WdVBxerng3hdUI=">AAACJXicbZDLSgMxFIYzXmu9jbp0EywFN5YZkepCoehClxXsBdo6nEnTNm3mQpIRytCXceOruHFhEcGVr2I6nYK2Hgh8+f8cTs7vhpxJZVlfxtLyyuraemYju7m1vbNr7u1XZRAJQisk4IGouyApZz6tKKY4rYeCgudyWnMHNxO/9kSFZIH/oIYhbXnQ9VmHEVBacszLWydm/dFjDO4IX+Fmm3IFyW2KiYtPZgY4/Rm6DnPMnFWwksKLYKeQQ2mVHXPcbAck8qivCAcpG7YVqlYMQjHC6SjbjCQNgQygSxsaffCobMXJliOc10obdwKhj69wov7uiMGTcujpPfIeqJ6c9ybif14jUp2LVsz8MFLUJ9NBnYhjFeBJZLjNBCWKDzUAEUz/FZMeCCBKB5vVIdjzKy9C9bRgFwvF+7Nc6TqNI4MO0RE6RjY6RyV0h8qoggh6Rq/oHY2NF+PN+DA+p0+XjLTnAP0p4/sH9TKljQ==</latexit>

Gab
ij = ωabωij → ωaj ω

b
i

<latexit sha1_base64="cguBDC8NVgv1qG+fnmuB57O85WA="></latexit>

H =
1

2

∫
d
3
x

(
!i(x)!i(x) + (→↑ ωε(x))2

)
=

1

2

∫
d
3
x( ωE2 + ωB

2)

<latexit sha1_base64="HFfnKHG6hQzZwD0net9MHCdn7R0=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEiRDAPSJYwO5lNxszOrjO9QljyE148KOLV3/Hm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41YzXWCxj3Qyo4VIoXkOBkjcTzWkUSN4IBtdjv/HEtRGxusdhwv2I9pQIBaNopeZtJxMPo0u3Uyi6JXcCski8GSnCDNVO4avdjVkacYVMUmNanpugn1GNgkk+yrdTwxPKBrTHW5YqGnHjZ5N7R+TYKl0SxtqWQjJRf09kNDJmGAW2M6LYN/PeWPzPa6UYXviZUEmKXLHpojCVBGMyfp50heYM5dASyrSwtxLWp5oytBHlbQje/MuLpH5a8sql8t1ZsXI1iyMHh3AEJ+DBOVTgBqpQAwYSnuEV3pxH58V5dz6mrUvObOYA/sD5/AGjAY+5</latexit>

Mij = 0

(With three fields)



Find Hamiltonian for EM
<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

In Fourier space.. 

<latexit sha1_base64="rDDq8hAVn3ojlp+BD8+vBkNQVfA=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQSiJSHUjFF0oiFDBXqCNYTKdtGMnkzAzEUrIE7jxVdy4UMSta3e+jdM0C2394cDHf85h5vxexKhUlvVtzM0vLC4tF1aKq2vrG5vm1nZThrHApIFDFoq2hyRhlJOGooqRdiQICjxGWt7wfNxvPRAhachv1SgiToD6nPoUI6Ut1yxfuQm9T+EpvJ7AARy6SJcHL+4S5KWZ65olq2JlgrNg51ACuequ+dXthTgOCFeYISk7thUpJ0FCUcxIWuzGkkQID1GfdDRyFBDpJNk5KSxrpwf9UOjiCmbu740EBVKOAk9PBkgN5HRvbP7X68TKP3ESyqNYEY4nD/kxgyqE42xgjwqCFRtpQFhQ/VeIB0ggrHSCRR2CPX3yLDQPK3a1Ur05KtXO8jgKYBfsgX1gg2NQA5egDhoAg0fwDF7Bm/FkvBjvxsdkdM7Id3bAHxmfP2g3mx0=</latexit>

Kij = Mij + kakbG
ab
ij

<latexit sha1_base64="rbj7ylalP1o4cayCvGmzOGbJ5lk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdOOyQl/QhjCZTtohk5kwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEySMKu0439ba+sbm1nZpp7y7t39waB9VukqkEpMOFkzIfoAUYZSTjqaakX4iCYoDRnpBdDfze49EKip4W08T4sVozGlIMdJG8u3KUMRkjPys7ea16BzewMi3q07dmQOuErcgVVCg5dtfw5HAaUy4xgwpNXCdRHsZkppiRvLyMFUkQThCYzIwlKOYKC+b357DM6OMYCikKa7hXP09kaFYqWkcmM4Y6Yla9mbif94g1eG1l1GepJpwvFgUpgxqAWdBwBGVBGs2NQRhSc2tEE+QRFibuMomBHf55VXSvai7jXrj4bLavC3iKIETcApqwAVXoAnuQQt0AAZP4Bm8gjcrt16sd+tj0bpmFTPH4A+szx9IJJNP</latexit>

ωT1(k) = k
<latexit sha1_base64="NDxRunTfko9hg4SX4kLbqLl89do=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyUpUt0IRTcuK/QFbQiT6aQdOjMJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPUHMqNKO820VNja3tneKu6W9/YPDI/u43FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmN7N/d4jkYpGoq1nMfE4GgsaUoy0kXy7PIw4GSM/bdez6vQC3sCpb1ecmrMAXCduTiogR8u3v4ajCCecCI0ZUmrgOrH2UiQ1xYxkpWGiSIzwFI3JwFCBOFFeurg9g+dGGcEwkqaEhgv190SKuFIzHphOjvRErXpz8T9vkOjw2kupiBNNBF4uChMGdQTnQcARlQRrNjMEYUnNrRBPkERYm7hKJgR39eV10q3X3Eat8XBZad7mcRTBKTgDVeCCK9AE96AFOgCDJ/AMXsGblVkv1rv1sWwtWPnMCfgD6/MHSbCTUA==</latexit>

ωT2(k) = k
<latexit sha1_base64="XkpjUBlufvzdvu+r/ZwEP/h9ziQ=">AAAB+nicbVC7SgNBFJ2NrxhfGy1tBoMQm7ArEm2EoI2FRQTzgGRZZieTZMg8lplZJaz5FBsLRWz9Ejv/xkmyhSYeuHA4517uvSeKGdXG876d3Mrq2vpGfrOwtb2zu+cW95taJgqTBpZMqnaENGFUkIahhpF2rAjiESOtaHQ99VsPRGkqxb0ZxyTgaCBon2JkrBS6xa7kZIDC9HZSHp3AS+iFbsmreDPAZeJnpAQy1EP3q9uTOOFEGMyQ1h3fi02QImUoZmRS6CaaxAiP0IB0LBWIEx2ks9Mn8NgqPdiXypYwcKb+nkgR13rMI9vJkRnqRW8q/ud1EtO/CFIq4sQQgeeL+gmDRsJpDrBHFcGGjS1BWFF7K8RDpBA2Nq2CDcFffHmZNE8rfrVSvTsr1a6yOPLgEByBMvDBOaiBG1AHDYDBI3gGr+DNeXJenHfnY96ac7KZA/AHzucPbceS0Q==</latexit>

ωL(k) = 0

<latexit sha1_base64="/0PXLoowKQPobb/SLVuXcak6G/s="></latexit>

H =

∫

k
!i(→k)!i(k) + ωi(→k)Kij(k)ωj(k)



In Fourier space.. 

Find Hamiltonian for EM
<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="rDDq8hAVn3ojlp+BD8+vBkNQVfA=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFQSiJSHUjFF0oiFDBXqCNYTKdtGMnkzAzEUrIE7jxVdy4UMSta3e+jdM0C2394cDHf85h5vxexKhUlvVtzM0vLC4tF1aKq2vrG5vm1nZThrHApIFDFoq2hyRhlJOGooqRdiQICjxGWt7wfNxvPRAhachv1SgiToD6nPoUI6Ut1yxfuQm9T+EpvJ7AARy6SJcHL+4S5KWZ65olq2JlgrNg51ACuequ+dXthTgOCFeYISk7thUpJ0FCUcxIWuzGkkQID1GfdDRyFBDpJNk5KSxrpwf9UOjiCmbu740EBVKOAk9PBkgN5HRvbP7X68TKP3ESyqNYEY4nD/kxgyqE42xgjwqCFRtpQFhQ/VeIB0ggrHSCRR2CPX3yLDQPK3a1Ur05KtXO8jgKYBfsgX1gg2NQA5egDhoAg0fwDF7Bm/FkvBjvxsdkdM7Id3bAHxmfP2g3mx0=</latexit>

Kij = Mij + kakbG
ab
ij

<latexit sha1_base64="rbj7ylalP1o4cayCvGmzOGbJ5lk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiQi1Y1QdOOyQl/QhjCZTtohk5kwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feEySMKu0439ba+sbm1nZpp7y7t39waB9VukqkEpMOFkzIfoAUYZSTjqaakX4iCYoDRnpBdDfze49EKip4W08T4sVozGlIMdJG8u3KUMRkjPys7ea16BzewMi3q07dmQOuErcgVVCg5dtfw5HAaUy4xgwpNXCdRHsZkppiRvLyMFUkQThCYzIwlKOYKC+b357DM6OMYCikKa7hXP09kaFYqWkcmM4Y6Yla9mbif94g1eG1l1GepJpwvFgUpgxqAWdBwBGVBGs2NQRhSc2tEE+QRFibuMomBHf55VXSvai7jXrj4bLavC3iKIETcApqwAVXoAnuQQt0AAZP4Bm8gjcrt16sd+tj0bpmFTPH4A+szx9IJJNP</latexit>

ωT1(k) = k
<latexit sha1_base64="NDxRunTfko9hg4SX4kLbqLl89do=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyUpUt0IRTcuK/QFbQiT6aQdOjMJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPUHMqNKO820VNja3tneKu6W9/YPDI/u43FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmN7N/d4jkYpGoq1nMfE4GgsaUoy0kXy7PIw4GSM/bdez6vQC3sCpb1ecmrMAXCduTiogR8u3v4ajCCecCI0ZUmrgOrH2UiQ1xYxkpWGiSIzwFI3JwFCBOFFeurg9g+dGGcEwkqaEhgv190SKuFIzHphOjvRErXpz8T9vkOjw2kupiBNNBF4uChMGdQTnQcARlQRrNjMEYUnNrRBPkERYm7hKJgR39eV10q3X3Eat8XBZad7mcRTBKTgDVeCCK9AE96AFOgCDJ/AMXsGblVkv1rv1sWwtWPnMCfgD6/MHSbCTUA==</latexit>

ωT2(k) = k
<latexit sha1_base64="XkpjUBlufvzdvu+r/ZwEP/h9ziQ=">AAAB+nicbVC7SgNBFJ2NrxhfGy1tBoMQm7ArEm2EoI2FRQTzgGRZZieTZMg8lplZJaz5FBsLRWz9Ejv/xkmyhSYeuHA4517uvSeKGdXG876d3Mrq2vpGfrOwtb2zu+cW95taJgqTBpZMqnaENGFUkIahhpF2rAjiESOtaHQ99VsPRGkqxb0ZxyTgaCBon2JkrBS6xa7kZIDC9HZSHp3AS+iFbsmreDPAZeJnpAQy1EP3q9uTOOFEGMyQ1h3fi02QImUoZmRS6CaaxAiP0IB0LBWIEx2ks9Mn8NgqPdiXypYwcKb+nkgR13rMI9vJkRnqRW8q/ud1EtO/CFIq4sQQgeeL+gmDRsJpDrBHFcGGjS1BWFF7K8RDpBA2Nq2CDcFffHmZNE8rfrVSvTsr1a6yOPLgEByBMvDBOaiBG1AHDYDBI3gGr+DNeXJenHfnY96ac7KZA/AHzucPbceS0Q==</latexit>

ωL(k) = 0

<latexit sha1_base64="BRqhlx+XwYLNPLDr8av8cxDVd84="></latexit>

H =

∫

k

∑

ω=1,2

(
Eω(→k)Eω(k) + k

2
Aω(→k)Aω(k)

)
+ EL(→k)EL(k)

Longitudinal piece decouples

<latexit sha1_base64="/0PXLoowKQPobb/SLVuXcak6G/s="></latexit>

H =

∫

k
!i(→k)!i(k) + ωi(→k)Kij(k)ωj(k)



<latexit sha1_base64="BRqhlx+XwYLNPLDr8av8cxDVd84="></latexit>

H =

∫

k

∑

ω=1,2

(
Eω(→k)Eω(k) + k

2
Aω(→k)Aω(k)

)
+ EL(→k)EL(k)

Longitudinal piece decouples

<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

Clearly

“Good quantum numbers”

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

Most useful to think in momentum basis, then
<latexit sha1_base64="9NhHGgLkwGfBtE31GbyWKDT0fjM="></latexit>

H =
⊗

k

(HT1,k →HT2,k →HL,k)

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="BhOg/29dRrh+rziavJETBOygySY=">AAACUXicbZFLSwMxFIVvx1dtfYy6dBMsQt2UmSLVjVAUwYWLCn1Bp5RMmmlDM5khyQhl7F90oSv/hxsXiukD0dYLgcP57uUmJ37MmdKO85ax1tY3Nrey27n8zu7evn1w2FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ8tYjlYpFoq7HMe2GeCBYwAjWxurZw6fbHiumnh+g0eTMk1gMOEVXyNhp3Z0sEy/SLKRqRsur9Afer7CeXXBKzqzQqnAXogCLqvXsF68fkSSkQhOOleq4Tqy7KZaaEU4nOS9RNMZkhAe0Y6TAZnU3nSUyQafG6aMgkuYIjWbu74kUh0qNQ990hlgP1TKbmv+xTqKDy27KRJxoKsh8UZBwpCM0jRf1maRE87ERmEhm7orIEEtMtPmEnAnBXX7yqmiWS26lVHk4L1SvF3Fk4RhOoAguXEAV7qAGDSDwDO/wCV+Z18yHBZY1b7Uyi5kj+FNW/hsEd7QN</latexit>

|Ei(k)→ = |ET1(k)→ ↑ |ET2(k)→ ↓ |EL(k)→

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)



<latexit sha1_base64="BRqhlx+XwYLNPLDr8av8cxDVd84="></latexit>

H =

∫

k

∑

ω=1,2

(
Eω(→k)Eω(k) + k

2
Aω(→k)Aω(k)

)
+ EL(→k)EL(k)

Longitudinal piece decouples

<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

Clearly

“Good quantum numbers”

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

Most useful to think in momentum basis, then
<latexit sha1_base64="9NhHGgLkwGfBtE31GbyWKDT0fjM="></latexit>

H =
⊗

k

(HT1,k →HT2,k →HL,k)

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="S0VokrfTIbkX5YEsLF97yMl9LPg="></latexit>

H =
⊕

{EL(k)}

(
⊗

k

HT1,k →HT2,k

)

<latexit sha1_base64="BhOg/29dRrh+rziavJETBOygySY=">AAACUXicbZFLSwMxFIVvx1dtfYy6dBMsQt2UmSLVjVAUwYWLCn1Bp5RMmmlDM5khyQhl7F90oSv/hxsXiukD0dYLgcP57uUmJ37MmdKO85ax1tY3Nrey27n8zu7evn1w2FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ8tYjlYpFoq7HMe2GeCBYwAjWxurZw6fbHiumnh+g0eTMk1gMOEVXyNhp3Z0sEy/SLKRqRsur9Afer7CeXXBKzqzQqnAXogCLqvXsF68fkSSkQhOOleq4Tqy7KZaaEU4nOS9RNMZkhAe0Y6TAZnU3nSUyQafG6aMgkuYIjWbu74kUh0qNQ990hlgP1TKbmv+xTqKDy27KRJxoKsh8UZBwpCM0jRf1maRE87ERmEhm7orIEEtMtPmEnAnBXX7yqmiWS26lVHk4L1SvF3Fk4RhOoAguXEAV7qAGDSDwDO/wCV+Z18yHBZY1b7Uyi5kj+FNW/hsEd7QN</latexit>

|Ei(k)→ = |ET1(k)→ ↑ |ET2(k)→ ↓ |EL(k)→

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)



<latexit sha1_base64="BRqhlx+XwYLNPLDr8av8cxDVd84="></latexit>

H =

∫

k

∑

ω=1,2

(
Eω(→k)Eω(k) + k

2
Aω(→k)Aω(k)

)
+ EL(→k)EL(k)

Longitudinal piece decouples

<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

Clearly

“Good quantum numbers”

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

Choosing a sector aka fixing Gauss’ law

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)

Conventionally, always choose
<latexit sha1_base64="L1InHBQIdHfCklK7Q9GvSSYTyKY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJSHUjFEVw4aKCfUATwmQ6aYdOJmFmIpQY3Pgrblwo4tavcOffOG2z0NYDFw7n3Mu99/gxo1JZ1rdRWFhcWl4prpbW1jc2t8ztnZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/eHl2G/fEyFpxO/UKCZuiPqcBhQjpSXP3IMPV156k1VSxw/gMDs6txyBeJ8RzyxbVWsCOE/snJRBjoZnfjm9CCch4QozJGXXtmLlpkgoihnJSk4iSYzwEPVJV1OOQiLddPJCBg+10oNBJHRxBSfq74kUhVKOQl93hkgN5Kw3Fv/zuokKztyU8jhRhOPpoiBhUEVwnAfsUUGwYiNNEBZU3wrxAAmElU6tpEOwZ1+eJ63jql2r1m5PyvWLPI4i2AcHoAJscArq4Bo0QBNg8AiewSt4M56MF+Pd+Ji2Fox8Zhf8gfH5A8uQlm4=</latexit>

|EL(k) = 0→



<latexit sha1_base64="BRqhlx+XwYLNPLDr8av8cxDVd84="></latexit>

H =

∫

k

∑

ω=1,2

(
Eω(→k)Eω(k) + k

2
Aω(→k)Aω(k)

)
+ EL(→k)EL(k)

Longitudinal piece decouples

<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

Clearly

“Good quantum numbers”

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

Choosing a sector aka fixing Gauss’ law
<latexit sha1_base64="tXLTlmbzU8jPU7S2VV533lwF3sE="></latexit>

H →
∫

k

kiEi(↑k)kjEj(k)

k2
↓

∫
d
3xd3y

ω(x)ω(y)

|x↑ y|

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)

More generally



This approach lands on Weyl gauge 

<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

No funny business with modified and non-
local commutation relations (a la other gauges 
‘quantise a classical Lagrangian’ approach)

The choice of state has phenomenology of 
an apparent background charge density

Becomes non-trivial on curved space



Muon interlude



Muon vision
(At Kashiwa science camp)



Can we see a cosmic muon with the 
naked eye?



Frank-Tamm
<latexit sha1_base64="nukeGNnCVFNDgtzGYWBjJETWXPc="></latexit>

d2N

dxdω
=

2εϑ

ω2

(
1→ 1

ϖ2n2

)

About 200 visible Cherenkov 
photons/cm in eyeball jelly

Hecht, S., Schlaer, S. & Pirenne, M. H. Energy, quanta and vision. J. Opt. Soc. Am. 38, 196–208 (1942).

A few (5-7) photons are detectable

One photon is detectable
Nature Communications volume 7, Article number: 12172 (2016)

Cosmic muon Flux: 1/eyeball/min



Frank-Tamm
<latexit sha1_base64="nukeGNnCVFNDgtzGYWBjJETWXPc="></latexit>

d2N

dxdω
=

2εϑ

ω2

(
1→ 1

ϖ2n2

)

About 200 visible Cherenkov 
photons/cm in eyeball jelly

Hecht, S., Schlaer, S. & Pirenne, M. H. Energy, quanta and vision. J. Opt. Soc. Am. 38, 196–208 (1942).

A few (5-7) photons are detectable

One photon is detectable
Nature Communications volume 7, Article number: 12172 (2016)

Cosmic muon Flux: 1/eyeball/minGeant4 1000-3000



Experimental setup

Mask (kill ambient light)

Two plastic scintillators

Coincidence muon telescope

Photon sensor 
(SiPM)



CosmicWatch 
(Spencer Axani U 

Delaware)



In a black-out room….



In a black-out room….

1.7 sigma detection

(+0.6 sigma, 0.6 sigma, 1.6 sigma + two ‘no see-ers’)

Next time you visit IPMU.. we need more statistics! 

Human clicks (coloured left / right)

Goggle hits (coloured left / right)



End muon interlude



For EM we had a choice of state
<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)



For QCD we have a similar situation
<latexit sha1_base64="Yhdtib76nxXYEFuAr6Zml/36Nrs=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcKuSPQiBEXIwUME84DNGmYns8mQ2dllZlYJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHf5MWdK2/a3lVlaXlldy67nNja3tnfyu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD67HffKRSsUjc62FMvRD3BAsYwdpID2715KZzWxwce+gS2Z18wS7ZE6BF4sxIAWaodfJf7W5EkpAKTThWynXsWHsplpoRTke5dqJojMkA96hrqMAhVV46uXqEjozSRUEkTQmNJurviRSHSg1D33SGWPfVvDcW//PcRAcXXspEnGgqyHRRkHCkIzSOAHWZpETzoSGYSGZuRaSPJSbaBJUzITjzLy+SxmnJKZfKd2eFytUsjiwcwCEUwYFzqEAValAHAhKe4RXerCfrxXq3PqatGWs2sw9/YH3+AIM5kJY=</latexit>

[H,EL(k)] = 0

<latexit sha1_base64="LC4IZI4kQKP23Cc6mt59rvFtRps=">AAACGnicbVDLSgMxFL1TX7W+Rl26CRahbsqMSHUjFEVw4aKCfUCnlEyatqGZzJBkhDL2O9z4K25cKOJO3Pg3pu0stO2Byz2ccy/JPX7EmdKO82NllpZXVtey67mNza3tHXt3r6bCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1f3A19usPVCoWins9jGgrwD3BuoxgbaS27Xp9rNF1+7YwOH6cNk9i0eMUXSyW23beKToToHnipiQPKSpt+8vrhCQOqNCEY6WarhPpVoKlZoTTUc6LFY0wGeAebRoqcEBVK5mcNkJHRumgbihNCY0m6t+NBAdKDQPfTAZY99WsNxYXec1Yd89bCRNRrKkg04e6MUc6ROOcUIdJSjQfGoKJZOaviPSxxESbNHMmBHf25HlSOym6pWLp7jRfvkzjyMIBHEIBXDiDMtxABapA4Ale4A3erWfr1fqwPqejGSvd2Yd/sL5/AdYrnkg=</latexit>

ÊL(k)|EL(k)→ = EL(k)|EL(k)→

<latexit sha1_base64="2AHlp6/Z5YGM+wO6tB25AJTQ67A=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFcSElEqhuhWMEuW7APSEOYTCft0MmDmUmhhP6JGxeKuPVP3Pk3TtsstPXAhcM593LvPX7CmVSW9W2srW9sbm0Xdoq7e/sHh+bRcVvGqSC0RWIei66PJeUsoi3FFKfdRFAc+px2/FFt5nfGVEgWR09qklA3xIOIBYxgpSXPNJ26lzVrD9NL9OiiO2R5ZskqW3OgVWLnpAQ5Gp751evHJA1ppAjHUjq2lSg3w0Ixwum02EslTTAZ4QF1NI1wSKWbzS+fonOt9FEQC12RQnP190SGQyknoa87Q6yGctmbif95TqqCWzdjUZIqGpHFoiDlSMVoFgPqM0GJ4hNNMBFM34rIEAtMlA6rqEOwl19eJe2rsl0pV5rXpep9HkcBTuEMLsCGG6hCHRrQAgJjeIZXeDMy48V4Nz4WrWtGPnMCf2B8/gC0tpHF</latexit>

[HQCD, G] = 0
<latexit sha1_base64="h/mQ8Behwhx9YR84B0phpFSMOdM=">AAACJ3icbVBNSwMxFMzWr1q/qh69BIvgqeyKqBdFrKBHBatCdy3Z9LUNzWaX5K1Q1v4bL/4VL4KK6NF/Ylp7qLUDgWFmHi9vwkQKg6775eSmpmdm5/LzhYXFpeWV4uratYlTzaHKYxnr25AZkEJBFQVKuE00sCiUcBN2Kn3/5h60EbG6wm4CQcRaSjQFZ2ilevHo7MHHNiCrZ5eV056vmWpJoIcU7jIx6vTopGC9WHLL7gD0P/GGpESGuKgXX/1GzNMIFHLJjKl5boJBxjQKLqFX8FMDCeMd1oKapYpFYIJscGePblmlQZuxtk8hHaijExmLjOlGoU1GDNtm3OuLk7xais2DIBMqSREU/13UTCXFmPZLow2hgaPsWsK4FvavlLeZZhxttQVbgjd+8n9yvVP29sp7l7ul45NhHXmyQTbJNvHIPjkm5+SCVAknj+SZvJF358l5cT6cz99ozhnOrJM/cL5/AAgopq8=</latexit>

G|ωQCD→ = eiωQCD |ωQCD→

In each of these blocks of Hilbert space, 
the nucleon EDM is different

<latexit sha1_base64="4UElEkEZfUTPz3KHMM22zcZtHA0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGnf65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms+fJQGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QPQ+Y/X</latexit>

ω1

<latexit sha1_base64="NZFgCacgqIkTAa9uhb6LfSPEiOY=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkmR6rHoxWMF+wFtKJvtpF262cTdiVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3AmZACgVNFCihk2hgUSChHYxvZ377CbQRsXrASQJ+xIZKhIIztFKnhyNA1q/2S2W34s5BV4mXkzLJ0eiXvnqDmKcRKOSSGdP13AT9jGkUXMK02EsNJIyP2RC6lioWgfGz+b1Tem6VAQ1jbUshnau/JzIWGTOJAtsZMRyZZW8m/ud1Uwyv/UyoJEVQfLEoTCXFmM6epwOhgaOcWMK4FvZWykdMM442oqINwVt+eZW0qhWvVqndX5brN3kcBXJKzsgF8cgVqZM70iBNwokkz+SVvDmPzovz7nwsWtecfOaE/IHz+QPSfY/Y</latexit>

ω2

<latexit sha1_base64="DMF4vlnQSw7S0PaCjpK7A27/Svg=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolK9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3cUhR9q76JXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fja7d0JOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm0+dJX2jOUI4toUwLeythQ6opQxtR0YbgLb68TJrnFa9aqd5flms3eRwFOIYTOAMPrqAGd1CHBjCQ8Ayv8OY8Oi/Ou/Mxb11x8pkj+APn8wfUAY/Z</latexit>

ω3

<latexit sha1_base64="XyekZ43vfamS+0rM/LJCrG5B/gU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUkJKIVI9FETx4qGA/oA1ls920SzebsLsplJB/4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zre1srq2vrFZ2Cpu7+zu7dsHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd8aU6lYJJ70JKZeiAeCBYxgbaSebd/10odzNyunXT9Ao+ysZ5ecijMDWiZuTkqQo96zv7r9iCQhFZpwrFTHdWLtpVhqRjjNit1E0RiTER7QjqECh1R56ezyDJ0apY+CSJoSGs3U3xMpDpWahL7pDLEeqkVvKv7ndRIdXHspE3GiqSDzRUHCkY7QNAbUZ5ISzSeGYCKZuRWRIZaYaBNW0YTgLr68TJoXFbdaqT5elmo3eRwFOIYTKIMLV1CDe6hDAwiM4Rle4c1KrRfr3fqYt65Y+cwR/IH1+QPuMJKT</latexit>

EL,1(k)

<latexit sha1_base64="p6q02uY688i5d/XMcPiGOFLFxig=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUpSpLosiuDCRQX7gDaEyXTSDp08mJkUSsifuHGhiFv/xJ1/47TNQlsPXDiccy/33uPFnEllWd9GYW19Y3OruF3a2d3bPzAPj9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0441vZ35nQoVkUfikpjF1AjwMmc8IVlpyTfPOTR8ualkl7Xs+Gmfnrlm2qtYcaJXYOSlDjqZrfvUHEUkCGirCsZQ924qVk2KhGOE0K/UTSWNMxnhIe5qGOKDSSeeXZ+hMKwPkR0JXqNBc/T2R4kDKaeDpzgCrkVz2ZuJ/Xi9R/rWTsjBOFA3JYpGfcKQiNIsBDZigRPGpJpgIpm9FZIQFJkqHVdIh2Msvr5J2rWrXq/XHy3LjJo+jCCdwChWw4QoacA9NaAGBCTzDK7wZqfFivBsfi9aCkc8cwx8Ynz/vvpKU</latexit>

EL,2(k)

<latexit sha1_base64="BMrrYeL2/47sic6lRTjAyaIogAk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQQUqiUl0WRXDhooJ9QBvCZDpph04ezEwKJeRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77/FizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9ka3U789pkKyKHxSk5g6AR6EzGcEKy25pnnnpg9nF1kl7Xk+GmWnrlm2qtYMaJnYOSlDjoZrfvX6EUkCGirCsZRd24qVk2KhGOE0K/USSWNMRnhAu5qGOKDSSWeXZ+hEK33kR0JXqNBM/T2R4kDKSeDpzgCroVz0puJ/XjdR/rWTsjBOFA3JfJGfcKQiNI0B9ZmgRPGJJpgIpm9FZIgFJkqHVdIh2IsvL5PWedWuVWuPl+X6TR5HEY7gGCpgwxXU4R4a0AQCY3iGV3gzUuPFeDc+5q0FI585hD8wPn8A8UySlQ==</latexit>

EL,3(k)



The toy QM analogy
Particle in a periodic potential (or on a ring; 
identical physics for closed system)

<latexit sha1_base64="/y4KGOA3yBqynLRFpnUO8iTR1JA="></latexit>

H0 =
1

2
P̂

2 + cos

(
2ωX̂

a

)

<latexit sha1_base64="FG+6pLb83qrv7IcgcGcdvZoRLXE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVC9C0YvHCv2CNpbNdtMu3WzC7kQsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBNTjOt1VYW9/Y3Cpul3Z29/YP7MNyW0eJoqxFIxGprk80E1yyFnAQrBsrRkJfsI4/uZ35nUemNI9kE6Yx80IykjzglICRBna5ia8xe0g57o8J4AYm2cCuOFVnDrxK3JxUUI7GwP7qDyOahEwCFUTrnuvE4KVEAaeCZaV+ollM6ISMWM9QSUKmvXR+e4ZPjTLEQaRMScBz9fdESkKtp6FvOkMCY73szcT/vF4CwZWXchknwCRdLAoSgSHCsyDwkCtGQUwNIVRxcyumY6IIBRNXyYTgLr+8StrnVbdWrd1fVOo3eRxFdIxO0Bly0SWqozvUQC1E0RN6Rq/ozcqsF+vd+li0Fqx85gj9gfX5A9MYkwk=</latexit>

T = eiP̂ a
<latexit sha1_base64="tTRQgEvedx6ocFFCRLtfRWIcVSc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUBFKIlJdFt24rGAf0IRyM520QyeTMDMRSujGX3HjQhG3foY7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7ASjKmaBNzTSnnURSiAJO28Hoduq3H6lULBYPepxQP4KBYCEjoI3Us48q3hA07mBPxzin5xjOenbZqToz4GXi5qSMcjR69pfXj0kaUaEJB6W6rpNoPwOpGeF0UvJSRRMgIxjQrqECIqr8bBZggk+N0sdhLM0TGs/U3xsZREqNo8BMRqCHatGbiv953VSH137GRJJqKsj8UJhybMJO28B9JinRfGwIEMnMXzEZggSiTWclU4K7GHmZtC6qbq1au78s12/yOoroGJ2gCnLRFaqjO9RATUTQBD2jV/RmPVkv1rv1MR8tWPnOIfoD6/MHYc2UWg==</latexit>

(X̂ → X̂ + a)

<latexit sha1_base64="RfDsFaQrAiorEIVRreb8pg29578=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSElEqhuh6KbLCn1BGspkOm2HTiZh5kYsob/ixoUibv0Rd/6N0zQLbT1wuYdz7mXunCAWXIPjfFtr6xubW9uFneLu3v7BoX1UausoUZS1aCQi1Q2IZoJL1gIOgnVjxUgYCNYJJvdzv/PIlOaRbMI0Zn5IRpIPOSVgpL5d8npjArh+gbPe9G+dvl12Kk4GvErcnJRRjkbf/uoNIpqETAIVRGvPdWLwU6KAU8FmxV6iWUzohIyYZ6gkIdN+mt0+w2dGGeBhpExJwJn6eyMlodbTMDCTIYGxXvbm4n+el8Dwxk+5jBNgki4eGiYCQ4TnQeABV4yCmBpCqOLmVkzHRBEKJq6iCcFd/vIqaV9W3Gql+nBVrt3lcRTQCTpF58hF16iG6qiBWoiiJ/SMXtGbNbNerHfrYzG6ZuU7x+gPrM8fpoyS6Q==</latexit>

[Ĥ, T̂ ] = 0
<latexit sha1_base64="Bz2nHaB1OOXFBk6tGtykqZjXkEQ=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQiJS3QhFNy4r9AVNDJPpbTt0MgkzE6HE/oUbf8WNC0Xc6s6/cfpYaOuBC4dz7uXee6KUM6Vd99taWl5ZXVsvbBQ3t7Z3du29/YZKMkmhThOeyFZEFHAmoK6Z5tBKJZA44tCMBtdjv3kPUrFE1PQwhSAmPcG6jBJtpNB2/D7RuIYf/FSxcOBLInoc8CWGu5zhwWjOCO2S67gT4EXizUgJzVAN7S+/k9AsBqEpJ0q1PTfVQU6kZpTDqOhnClJCB6QHbUMFiUEF+eSvET42Sgd3E2lKaDxRf0/kJFZqGEemMya6r+a9sfif18509yLImUgzDYJOF3UzjnWCxyHhDpNANR8aQqhk5lZM+0QSqk2URROCN//yImmcOl7ZKd+elSpXszgK6BAdoRPkoXNUQTeoiuqIokf0jF7Rm/VkvVjv1se0dcmazRygP7A+fwBtS5+B</latexit>

T̂ |ωk→ = eik|ωk→

<latexit sha1_base64="YQkmW8MPtjfno8qCGwc9zU2ylIY=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1UxKR6kYounFZwT6giWUyvWmHTB7MTKQl5APc+CtuXCji1g9w5984bbPQ1gMDh3PO5c49bsyZVKb5bSwtr6yurRc2iptb2zu7pb39lowSQaFJIx6JjkskcBZCUzHFoRMLIIHLoe361xO//QBCsii8U+MYnIAMQuYxSpSWeqWyHUvW8yujE3yJ4T5lticITX08ylKSZTjRjk6ZVXMKvEisnJRRjkav9GX3I5oEECrKiZRdy4yVkxKhGOWQFe1EQkyoTwbQ1TQkAUgnnR6T4WOt9LEXCf1Chafq74mUBFKOA1cnA6KGct6biP953UR5F07KwjhRENLZIi/hWEV40gzuMwFU8bEmhAqm/4rpkOg2lO6vqEuw5k9eJK3TqlWr1m7PyvWrvI4COkRHqIIsdI7q6AY1UBNR9Iie0St6M56MF+Pd+JhFl4x85gD9gfH5A2iumpo=</latexit>

ωk(x) = ei
kx
a u(x)

<latexit sha1_base64="x3IrGtXWN2jP/hA/VMcdf4kaVLw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO57/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH7ZY2e</latexit>

k1
<latexit sha1_base64="6sGXyOmjzYGYbqtktuqMR0FpXBU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSw7hf7ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/dUrOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AH86Y2f</latexit>

k2

<latexit sha1_base64="NuY2y/VgOxzeRB7mMFkp5Ej+vVk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/bh/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf+bY2g</latexit>

k3

Bloch waves



The toy QM analogy
Particle in a periodic potential (or on a ring; 
identical physics for closed system)

<latexit sha1_base64="/y4KGOA3yBqynLRFpnUO8iTR1JA="></latexit>

H0 =
1

2
P̂

2 + cos

(
2ωX̂

a

)

<latexit sha1_base64="YQkmW8MPtjfno8qCGwc9zU2ylIY=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1UxKR6kYounFZwT6giWUyvWmHTB7MTKQl5APc+CtuXCji1g9w5984bbPQ1gMDh3PO5c49bsyZVKb5bSwtr6yurRc2iptb2zu7pb39lowSQaFJIx6JjkskcBZCUzHFoRMLIIHLoe361xO//QBCsii8U+MYnIAMQuYxSpSWeqWyHUvW8yujE3yJ4T5lticITX08ylKSZTjRjk6ZVXMKvEisnJRRjkav9GX3I5oEECrKiZRdy4yVkxKhGOWQFe1EQkyoTwbQ1TQkAUgnnR6T4WOt9LEXCf1Chafq74mUBFKOA1cnA6KGct6biP953UR5F07KwjhRENLZIi/hWEV40gzuMwFU8bEmhAqm/4rpkOg2lO6vqEuw5k9eJK3TqlWr1m7PyvWrvI4COkRHqIIsdI7q6AY1UBNR9Iie0St6M56MF+Pd+JhFl4x85gD9gfH5A2iumpo=</latexit>

ωk(x) = ei
kx
a u(x)

Parity:
<latexit sha1_base64="0xxzHEDe/hhVeJzQ65oYhLZUOmk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4kLIrUr0IRS89VrAfsl1KNs22oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XZWVtfWNzYLW8Xtnd29/dLBYUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ39dtPVGkWywczTmgg8ECyiBFsrPTo13vueSO4cXulsltxZ0DLxMtJGXI0eqWvbj8mqaDSEI619j03MUGGlWGE00mxm2qaYDLCA+pbKrGgOshmB0/QqVX6KIqVLWnQTP09kWGh9ViEtlNgM9SL3lT8z/NTE10HGZNJaqgk80VRypGJ0fR71GeKEsPHlmCimL0VkSFWmBibUdGG4C2+vExaFxWvWqneX5Zrt3kcBTiGEzgDD66gBnVoQBMICHiGV3hzlPPivDsf89YVJ585gj9wPn8AI/+PVw==</latexit>

[H0, P ] = 0
<latexit sha1_base64="ucaD2B0sna666zwZPtKX/8t4GY8=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgxpKIVDdC0Y3LCvYBTSiT6aQdMpmEmYlQYj/Ajb/ixoUibv0Ad/6N0zYLbT0wcDjnXO7c4yecKW3b31ZhaXllda24XtrY3NreKe/utVScSkKbJOax7PhYUc4EbWqmOe0kkuLI57Tth9cTv31PpWKxuNOjhHoRHggWMIK1kXrlSuPBTRTrha7EYsApukQzITsJx7lmUnbVngItEicnFcjR6JW/3H5M0ogKTThWquvYifYyLDUjnI5LbqpogkmIB7RrqMARVV42PWaMjozSR0EszRMaTdXfExmOlBpFvklGWA/VvDcR//O6qQ4uvIyJJNVUkNmiIOVIx2jSDOozSYnmI0Mwkcz8FZEhlpho01/JlODMn7xIWqdVp1at3Z5V6ld5HUU4gEM4BgfOoQ430IAmEHiEZ3iFN+vJerHerY9ZtGDlM/vwB9bnD+hYm4w=</latexit>

P |ωk→ = |ω→k→

<latexit sha1_base64="ow27Z5vOY/rbYavAFjVQyu0x45U=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY9OIxQl6YLGF20psMmZ1dZmaFsOQvvHhQxKt/482/cfI4aGJBQ1HVTXdXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHsu6GSfoR3QgecgZNVZ67NQu6n5XInF7xZJbdmcgq8RbkBIsUOsVv7r9mKURSsME1brjuYnxM6oMZwInhW6qMaFsRAfYsVTSCLWfzS6ekDOr9EkYK1vSkJn6eyKjkdbjKLCdETVDvexNxf+8TmrCGz/jMkkNSjZfFKaCmJhM3yd9rpAZMbaEMsXtrYQNqaLM2JAKNgRv+eVV0rwse5Vy5eGqVL1dxJGHEziFc/DgGqpwDzVoAAMJz/AKb452Xpx352PemnMWM8fwB87nDyWBj/A=</latexit>

[P, T ] →= 0
<latexit sha1_base64="mhFWJgFni5H/AyT9Ofcit85R0SQ=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKdWLUPTisYL9gHYp2TTbhs1mQ5IVytIf4cWDIl79Pd78N6btHrT1wcDjvRlm5gWSM21c99sprK1vbG4Vt0s7u3v7B+XDo7ZOUkVoiyQ8Ud0Aa8qZoC3DDKddqSiOA047QXQ38ztPVGmWiEczkdSP8UiwkBFsrNSJbtyLvmSDcsWtunOgVeLlpAI5moPyV3+YkDSmwhCOte55rjR+hpVhhNNpqZ9qKjGJ8Ij2LBU4ptrP5udO0ZlVhihMlC1h0Fz9PZHhWOtJHNjOGJuxXvZm4n9eLzXhtZ8xIVNDBVksClOOTIJmv6MhU5QYPrEEE8XsrYiMscLE2IRKNgRv+eVV0r6sevVq/aFWadzmcRThBE7hHDy4ggbcQxNaQCCCZ3iFN0c6L86787FoLTj5zDH8gfP5A3YgjwQ=</latexit>

k = 0,ω
Only T and P eigenstates



I want to make two points about 
this system



1. Shifting k to and from H
<latexit sha1_base64="QLDPsoVyRkei15PLbJ+bpnnPYtY=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EohuXFUxbaGOYTCftkMmDmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FTzqSyrG+jtLS8srpWXq9sbG5t75i7ey2ZZIJQhyQ8ER0fS8pZTB3FFKedVFAc+Zy2/fB64rcfqJAsie/UKKVuhAcxCxjBSkueeeB4IbpE9D5nKES9IVaoM/bMqlWzpkCLxC5IFQo0PfOr109IFtFYEY6l7NpWqtwcC8UIp+NKL5M0xSTEA9rVNMYRlW4+vX6MjrXSR0EidMUKTdXfEzmOpBxFvu6MsBrKeW8i/ud1MxVcuDmL00zRmMwWBRlHKkGTKFCfCUoUH2mCiWD6VkSGWGCidGAVHYI9//IiaZ3W7HqtfntWbVwVcZThEI7gBGw4hwbcQBMcIPAIz/AKb8aT8WK8Gx+z1pJRzOzDHxifP3qHk/o=</latexit>

Uk = eikX̂
<latexit sha1_base64="20NZAUHP4IPZTgRGbgvUcRHlfvA=">AAACFnicbVBNS8NAEN34WetX1KOXxSJ4sSQi1YtQ9OKxgv2AJobNdtou3WzC7kYosb/Ci3/FiwdFvIo3/43bNgdtfTDweG+GmXlhwpnSjvNtLSwuLa+sFtaK6xubW9v2zm5DxamkUKcxj2UrJAo4E1DXTHNoJRJIFHJohoOrsd+8B6lYLG71MAE/Ij3BuowSbaTAPn7wEsWCgSeJ6HG4wHCXMTzAXp9o3Brhqe3kdmCXnLIzAZ4nbk5KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEOo6KXKkgIHZAetA0VJALlZ5O3RvjQKB3cjaUpofFE/T2RkUipYRSazojovpr1xuJ/XjvV3XM/YyJJNQg6XdRNOdYxHmeEO0wC1XxoCKGSmVsx7RNJqDZJFk0I7uzL86RxUnYr5crNaal6mcdRQPvoAB0hF52hKrpGNVRHFD2iZ/SK3qwn68V6tz6mrQtWPrOH/sD6/AHAy58g</latexit>

|ωk→ = eikX̂ |ω0→

<latexit sha1_base64="QwjAL1ws9XDn0iTY6RuxtjNMn3I="></latexit>

UωH0U
†
ω = Hω =

1

2
(→i

ω

ωx
+ ε)2 + cos(

2ϑX̂

a
)

Where

<latexit sha1_base64="dj6i4H4NbEUdIrZzLi2kc02xzTA="></latexit>

{Uω|ωk→} = {|ωk+ω→} = the same set of states, relabelled

Unitary equivalence

Defining

<latexit sha1_base64="ZmNEL9S/vov7s/ogCSaK36zaZu0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSkeqx6MVjBVsLTQib7aRdutmE3Y1Q0h78K148KOLVv+HNf+O2zUFbHww83pthZl6Ycqa043xbpZXVtfWN8mZla3tnd8/eP2irJJMUWjThieyERAFnAlqaaQ6dVAKJQw4P4fBm6j88glQsEfd6lIIfk75gEaNEGymwj7CX47GXKhYMsSeJ6HPwJjiwq07NmQEvE7cgVVSgGdhfXi+hWQxCU06U6rpOqv2cSM0oh0nFyxSkhA5JH7qGChKD8vPZ/RN8apQejhJpSmg8U39P5CRWahSHpjMmeqAWvan4n9fNdHTl50ykmQZB54uijGOd4GkYuMckUM1HhhAqmbkV0wGRhGoTWcWE4C6+vEza5zW3XqvfXVQb10UcZXSMTtAZctElaqBb1EQtRNEYPaNX9GY9WS/Wu/Uxby1Zxcwh+gPr8wcT1JWF</latexit>

{|ωk→}
<latexit sha1_base64="7aNk3I4Q2O4eiD0tW+87XxFYSmk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfEj416</latexit>

H0

<latexit sha1_base64="c0LpPfuJLIEIJQfuYaoQVzmSt1k=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUSkuiy66bKCaQttDJPJbTp08mBmIpTQnRt/xY0LRdz6C+78G6dtBG09cOHMOfcy9x4/5Uwqy/oylpZXVtfWSxvlza3tnV1zb78lk0xQcGjCE9HxiQTOYnAUUxw6qQAS+Rza/vB64rfvQUiWxLdqlIIbkTBmfUaJ0pJnHjleLwCuCG54Fv553PUCEoYgsGdWrKo1BV4kdkEqqEDTMz97QUKzCGJFOZGya1upcnMiFKMcxuVeJiEldEhC6Goakwikm0/vGOMTrQS4nwhdscJT9fdETiIpR5GvOyOiBnLem4j/ed1M9S/dnMVppiCms4/6GccqwZNQcMAEUMVHmhAqmN4V0wERhCodXVmHYM+fvEhaZ1W7Vq3dnFfqV0UcJXSIjtEpstEFqqMGaiIHUfSAntALejUejWfjzXiftS4ZxcwB+gPj4xt34Zhx</latexit>

UωH0U
†
ω

<latexit sha1_base64="AbnoSl5+2qYQxWa+IzntrS92NyI=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSQi1WPRi8cK9gOaEDababt0swm7G6HEHr34V7x4UMSrP8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+H1xG/fg1QsEXd6lIIfk75gPUaJNlJgH3k5xs3Ai4Brgh+8VLFg6Eki+hywN8aBXXGqzhR4kbgFqaACjcD+8qKEZjEITTlRqus6qfZzIjWjHMZlL1OQEjokfegaKkgMys+nj4zxiVEi3EukKaHxVP09kZNYqVEcms6Y6IGa9ybif143071LP2cizTQIOlvUyzjWCZ6kgiMmgWo+MoRQycytmA6IJFSb7MomBHf+5UXSOqu6tWrt9rxSvyriKKFDdIxOkYsuUB3doAZqIooe0TN6RW/Wk/VivVsfs9Ylq5g5QH9gff4AmuCZGQ==</latexit>

{Uω|ωk→}



1. Shifting k to and from H
<latexit sha1_base64="QLDPsoVyRkei15PLbJ+bpnnPYtY=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EohuXFUxbaGOYTCftkMmDmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/FTzqSyrG+jtLS8srpWXq9sbG5t75i7ey2ZZIJQhyQ8ER0fS8pZTB3FFKedVFAc+Zy2/fB64rcfqJAsie/UKKVuhAcxCxjBSkueeeB4IbpE9D5nKES9IVaoM/bMqlWzpkCLxC5IFQo0PfOr109IFtFYEY6l7NpWqtwcC8UIp+NKL5M0xSTEA9rVNMYRlW4+vX6MjrXSR0EidMUKTdXfEzmOpBxFvu6MsBrKeW8i/ud1MxVcuDmL00zRmMwWBRlHKkGTKFCfCUoUH2mCiWD6VkSGWGCidGAVHYI9//IiaZ3W7HqtfntWbVwVcZThEI7gBGw4hwbcQBMcIPAIz/AKb8aT8WK8Gx+z1pJRzOzDHxifP3qHk/o=</latexit>

Uk = eikX̂
<latexit sha1_base64="20NZAUHP4IPZTgRGbgvUcRHlfvA=">AAACFnicbVBNS8NAEN34WetX1KOXxSJ4sSQi1YtQ9OKxgv2AJobNdtou3WzC7kYosb/Ci3/FiwdFvIo3/43bNgdtfTDweG+GmXlhwpnSjvNtLSwuLa+sFtaK6xubW9v2zm5DxamkUKcxj2UrJAo4E1DXTHNoJRJIFHJohoOrsd+8B6lYLG71MAE/Ij3BuowSbaTAPn7wEsWCgSeJ6HG4wHCXMTzAXp9o3Brhqe3kdmCXnLIzAZ4nbk5KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEOo6KXKkgIHZAetA0VJALlZ5O3RvjQKB3cjaUpofFE/T2RkUipYRSazojovpr1xuJ/XjvV3XM/YyJJNQg6XdRNOdYxHmeEO0wC1XxoCKGSmVsx7RNJqDZJFk0I7uzL86RxUnYr5crNaal6mcdRQPvoAB0hF52hKrpGNVRHFD2iZ/SK3qwn68V6tz6mrQtWPrOH/sD6/AHAy58g</latexit>

|ωk→ = eikX̂ |ω0→

<latexit sha1_base64="QwjAL1ws9XDn0iTY6RuxtjNMn3I="></latexit>

UωH0U
†
ω = Hω =

1

2
(→i

ω

ωx
+ ε)2 + cos(

2ϑX̂

a
)

Where

<latexit sha1_base64="dj6i4H4NbEUdIrZzLi2kc02xzTA="></latexit>

{Uω|ωk→} = {|ωk+ω→} = the same set of states, relabelled

Unitary equivalence

Defining

<latexit sha1_base64="ZmNEL9S/vov7s/ogCSaK36zaZu0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSkeqx6MVjBVsLTQib7aRdutmE3Y1Q0h78K148KOLVv+HNf+O2zUFbHww83pthZl6Ycqa043xbpZXVtfWN8mZla3tnd8/eP2irJJMUWjThieyERAFnAlqaaQ6dVAKJQw4P4fBm6j88glQsEfd6lIIfk75gEaNEGymwj7CX47GXKhYMsSeJ6HPwJjiwq07NmQEvE7cgVVSgGdhfXi+hWQxCU06U6rpOqv2cSM0oh0nFyxSkhA5JH7qGChKD8vPZ/RN8apQejhJpSmg8U39P5CRWahSHpjMmeqAWvan4n9fNdHTl50ykmQZB54uijGOd4GkYuMckUM1HhhAqmbkV0wGRhGoTWcWE4C6+vEza5zW3XqvfXVQb10UcZXSMTtAZctElaqBb1EQtRNEYPaNX9GY9WS/Wu/Uxby1Zxcwh+gPr8wcT1JWF</latexit>

{|ωk→}
<latexit sha1_base64="7aNk3I4Q2O4eiD0tW+87XxFYSmk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfEj416</latexit>

H0

<latexit sha1_base64="c0LpPfuJLIEIJQfuYaoQVzmSt1k=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUSkuiy66bKCaQttDJPJbTp08mBmIpTQnRt/xY0LRdz6C+78G6dtBG09cOHMOfcy9x4/5Uwqy/oylpZXVtfWSxvlza3tnV1zb78lk0xQcGjCE9HxiQTOYnAUUxw6qQAS+Rza/vB64rfvQUiWxLdqlIIbkTBmfUaJ0pJnHjleLwCuCG54Fv553PUCEoYgsGdWrKo1BV4kdkEqqEDTMz97QUKzCGJFOZGya1upcnMiFKMcxuVeJiEldEhC6Goakwikm0/vGOMTrQS4nwhdscJT9fdETiIpR5GvOyOiBnLem4j/ed1M9S/dnMVppiCms4/6GccqwZNQcMAEUMVHmhAqmN4V0wERhCodXVmHYM+fvEhaZ1W7Vq3dnFfqV0UcJXSIjtEpstEFqqMGaiIHUfSAntALejUejWfjzXiftS4ZxcwB+gPj4xt34Zhx</latexit>

UωH0U
†
ω

<latexit sha1_base64="AbnoSl5+2qYQxWa+IzntrS92NyI=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSQi1WPRi8cK9gOaEDababt0swm7G6HEHr34V7x4UMSrP8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+H1xG/fg1QsEXd6lIIfk75gPUaJNlJgH3k5xs3Ai4Brgh+8VLFg6Eki+hywN8aBXXGqzhR4kbgFqaACjcD+8qKEZjEITTlRqus6qfZzIjWjHMZlL1OQEjokfegaKkgMys+nj4zxiVEi3EukKaHxVP09kZNYqVEcms6Y6IGa9ybif143071LP2cizTQIOlvUyzjWCZ6kgiMmgWo+MoRQycytmA6IJFSb7MomBHf+5UXSOqu6tWrt9rxSvyriKKFDdIxOkYsuUB3doAZqIooe0TN6RW/Wk/VivVsfs9Ylq5g5QH9gff4AmuCZGQ==</latexit>

{Uω|ωk→}

You can always choose a parity even hamiltonian (also for 
QCD). The physics question is what state you then 
choose as an initial condition. These choices can break 
parity. Parity is not ‘a solution’ to a problem of “why not 
the parity breaking ones?”.



2. You do not need to be in T or P 
eigenstate (even in the ‘gauge’ case)

<latexit sha1_base64="LsGk0yEhREzGujMwMmCO0SjBDp0=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCIJSkSO1GKbpxWcFeoAlhMpm2QyeTMDMRSuyruPFV3LhQpDvxZZymgWrrDwM/3zmHM+f3Y0alsqwvY2V1bX1js7BV3N7Z3ds3Dw5bMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaHt9N6+5EISSP+oEYxcUPU57RHMVIaeWbtyYklvYZXMDNeOvTssSMQ7zMCz+ewMocOCyIlPbNkla1McNnYuSmBXA3PnDhBhJOQcIUZkrJrW7FyUyQUxYyMi04iSYzwEPVJV1uOQiLdNLtwDE81CWAvEvpxBTP6eyJFoZSj0NedIVIDuVibwv9q3UT1am5KeZwowvFsUS9hUEVwGhcMqCBYsZE2CAuq/wrxAAmElQ61qEOwF09eNq1K2a6Wq/cXpfpNHkcBHIMTcAZscAnq4A40QBNg8AxewTv4MF6MN+PTmMxaV4x85gj8kfH9AzcKo5Q=</latexit>

|ω >= |ωk1→+ |ωk2→+ . . .

Just an incoherent sum. It is not ‘gauge invariant’. But it evolves 
trivially - can be no objection to this as a state.

<latexit sha1_base64="x3IrGtXWN2jP/hA/VMcdf4kaVLw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO57/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH7ZY2e</latexit>

k1
<latexit sha1_base64="6sGXyOmjzYGYbqtktuqMR0FpXBU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSw7hf7ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/dUrOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tO0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AH86Y2f</latexit>

k2

<latexit sha1_base64="NuY2y/VgOxzeRB7mMFkp5Ej+vVk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/bh/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf+bY2g</latexit>

k3



To conclude

I showed examples in QED and QCD where the concept of 
the broader Hilbert space is important for phenomenology

There is also a story in gravity. The four momentum 
constraints similarly split up the broader Hilbert space. The 
analogue of the QED background charge is a background 
‘shadow matter’ that can look like dark matter

Maybe we can see muons with the naked eye


