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<latexit sha1_base64="4SbD/+hyETmPaCxA+lGScEgRwUY=">AAACBHicbVA9SwNBEN3zM8avqGWaxSDEJtypqGXQxjKC+YBcCHubuWTJ3t6xOyeEmMLGv2JjoYitP8LOf+Pmo9DEBwOP92aYmRckUhh03W9naXlldW09s5Hd3Nre2c3t7ddMnGoOVR7LWDcCZkAKBVUUKKGRaGBRIKEe9K/Hfv0etBGxusNBAq2IdZUIBWdopXYu/+DznqC+hBCL6GvR7eGxr5nqSmjnCm7JnYAuEm9GCmSGSjv35XdinkagkEtmTNNzE2wNmUbBJYyyfmogYbzPutC0VLEITGs4eWJEj6zSoWGsbSmkE/X3xJBFxgyiwHZGDHtm3huL/3nNFMPL1lCoJEVQfLooTCXFmI4ToR2hgaMcWMK4FvZWyntMM442t6wNwZt/eZHUTkreeen09qxQvprFkSF5ckiKxCMXpExuSIVUCSeP5Jm8kjfnyXlx3p2PaeuSM5s5IH/gfP4AhtSYCA==</latexit>

|� (t)i
<latexit sha1_base64="Twkvsk4mFDxcga7rp6Iom3SwOSg="></latexit>

H =

Z
d
3
xH (� (x) ,⇡ (x))

Time Evolution
<latexit sha1_base64="5nknDc9Xt3071TIAIF0/U8S9kJA="></latexit>

i
@|� (t)i

@t
= H|� (t)i

Analog of Ehrenfest 
Theorem? 

Schwinger Dyson Equations



Classical and Quantum Field Theory
<latexit sha1_base64="xuaU+f5MpVUogDmBlGeJxxA247I=">AAACDXicbZBNS8MwGMdTX+d8q3r0EpyCp9HKUC/C0IvHie4F1jLSLN3C0jQkqTBKv4AXv4oXD4p49e7Nb2O6FdTNPwR+/J/nSfL8A8Go0o7zZS0sLi2vrJbWyusbm1vb9s5uS8WJxKSJYxbLToAUYZSTpqaakY6QBEUBI+1gdJXX2/dEKhrzOz0WxI/QgNOQYqSN1bMPvVAinHoCSU0Rg7fZD3tiSDN4AZ2eXXGqzkRwHtwCKqBQo2d/ev0YJxHhGjOkVNd1hPbT/F7MSFb2EkUEwiM0IF2DHEVE+elkmwweGacPw1iawzWcuL8nUhQpNY4C0xkhPVSztdz8r9ZNdHjup5SLRBOOpw+FCYM6hnk0sE8lwZqNDSAsqfkrxENk4tEmwLIJwZ1deR5aJ1X3tFq7qVXql0UcJbAPDsAxcMEZqINr0ABNgMEDeAIv4NV6tJ6tN+t92rpgFTN74I+sj2/veJtz</latexit>

@S

@�
= 0Classical Field Theory 

(e.g. Klein Gordon)

Schrodinger Picture of Quantum Field Theory  

Quantum State of Fields 
(e.g. in Fock states)

<latexit sha1_base64="6JA2fSn5nJHl2Od/PLq88XUFbT8=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSxCvZRERT0WvXisYD+gCWWz3bRLN5uwO5GW0L/ixYMiXv0j3vw3btsctPXBwOO9GWbmBYngGhzn2yqsrW9sbhW3Szu7e/sH9mG5peNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsY3c389hNTmsfyESYJ8yMykDzklICRenbZS4bcEyyE6thTfDCEs55dcWrOHHiVuDmpoByNnv3l9WOaRkwCFUTrrusk4GdEAaeCTUteqllC6IgMWNdQSSKm/Wx++xSfGqWPw1iZkoDn6u+JjERaT6LAdEYEhnrZm4n/ed0Uwhs/4zJJgUm6WBSmAkOMZ0HgPleMgpgYQqji5lZMh0QRCiaukgnBXX55lbTOa+5V7eLhslK/zeMoomN0gqrIRdeoju5RAzURRWP0jF7RmzW1Xqx362PRWrDymSP0B9bnD9I2lE4=</latexit>

� (x) Time Independent 
Operators

<latexit sha1_base64="4SbD/+hyETmPaCxA+lGScEgRwUY=">AAACBHicbVA9SwNBEN3zM8avqGWaxSDEJtypqGXQxjKC+YBcCHubuWTJ3t6xOyeEmMLGv2JjoYitP8LOf+Pmo9DEBwOP92aYmRckUhh03W9naXlldW09s5Hd3Nre2c3t7ddMnGoOVR7LWDcCZkAKBVUUKKGRaGBRIKEe9K/Hfv0etBGxusNBAq2IdZUIBWdopXYu/+DznqC+hBCL6GvR7eGxr5nqSmjnCm7JnYAuEm9GCmSGSjv35XdinkagkEtmTNNzE2wNmUbBJYyyfmogYbzPutC0VLEITGs4eWJEj6zSoWGsbSmkE/X3xJBFxgyiwHZGDHtm3huL/3nNFMPL1lCoJEVQfLooTCXFmI4ToR2hgaMcWMK4FvZWyntMM442t6wNwZt/eZHUTkreeen09qxQvprFkSF5ckiKxCMXpExuSIVUCSeP5Jm8kjfnyXlx3p2PaeuSM5s5IH/gfP4AhtSYCA==</latexit>

|� (t)i
<latexit sha1_base64="Twkvsk4mFDxcga7rp6Iom3SwOSg="></latexit>

H =

Z
d
3
xH (� (x) ,⇡ (x))

Time Evolution
<latexit sha1_base64="5nknDc9Xt3071TIAIF0/U8S9kJA="></latexit>

i
@|� (t)i

@t
= H|� (t)i

Analog of Ehrenfest 
Theorem? 

Schwinger Dyson Equations
Quantum Supremacy 



Schwinger Dyson
<latexit sha1_base64="NnMJMZsnYxsCDJfysdurBTFJ4Z4=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyWRom6Eoi5cVrQXTGKZTE/boZMLMxOhhK7c+CpuXCji1mdw59s4abPQ1h8GPv5zDnPO78ecSWVZ38bc/MLi0nJhpbi6tr6xaW5tN2SUCAp1GvFItHwigbMQ6oopDq1YAAl8Dk1/cJHVmw8gJIvCWzWMwQtIL2RdRonSVtvcu8Nn2GWhwpfYjfsMw33K8I2TsTdqmyWrbI2FZ8HOoYRy1drml9uJaBJAqCgnUjq2FSsvJUIxymFUdBMJMaED0gNHY0gCkF46PmOED7TTwd1I6KcXGru/J1ISSDkMfN0ZENWX07XM/K/mJKp76qUsjBMFIZ181E04VhHOMsEdJoAqPtRAqGB6V0z7RBCqdHJFHYI9ffIsNI7K9nG5cl0pVc/zOApoF+2jQ2SjE1RFV6iG6oiiR/SMXtGb8WS8GO/Gx6R1zshndtAfGZ8/3WmXgQ==</latexit>

Z =

Z
D�eiS[�]



Schwinger Dyson
<latexit sha1_base64="NnMJMZsnYxsCDJfysdurBTFJ4Z4=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyWRom6Eoi5cVrQXTGKZTE/boZMLMxOhhK7c+CpuXCji1mdw59s4abPQ1h8GPv5zDnPO78ecSWVZ38bc/MLi0nJhpbi6tr6xaW5tN2SUCAp1GvFItHwigbMQ6oopDq1YAAl8Dk1/cJHVmw8gJIvCWzWMwQtIL2RdRonSVtvcu8Nn2GWhwpfYjfsMw33K8I2TsTdqmyWrbI2FZ8HOoYRy1drml9uJaBJAqCgnUjq2FSsvJUIxymFUdBMJMaED0gNHY0gCkF46PmOED7TTwd1I6KcXGru/J1ISSDkMfN0ZENWX07XM/K/mJKp76qUsjBMFIZ181E04VhHOMsEdJoAqPtRAqGB6V0z7RBCqdHJFHYI9ffIsNI7K9nG5cl0pVc/zOApoF+2jQ2SjE1RFV6iG6oiiR/SMXtGb8WS8GO/Gx6R1zshndtAfGZ8/3WmXgQ==</latexit>

Z =

Z
D�eiS[�]

<latexit sha1_base64="0jKpkymddxV2mhViJ9KZq+H/dMM="></latexit>

Change Variables: � ! �+ �� =) �Z = 0

<latexit sha1_base64="kUlcCrWUQgeEhlBwxNAMDm1fnAU="></latexit>

�Z =

Z
D�

✓
@S

@�

◆
eiS[�]��



Schwinger Dyson
<latexit sha1_base64="NnMJMZsnYxsCDJfysdurBTFJ4Z4=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyWRom6Eoi5cVrQXTGKZTE/boZMLMxOhhK7c+CpuXCji1mdw59s4abPQ1h8GPv5zDnPO78ecSWVZ38bc/MLi0nJhpbi6tr6xaW5tN2SUCAp1GvFItHwigbMQ6oopDq1YAAl8Dk1/cJHVmw8gJIvCWzWMwQtIL2RdRonSVtvcu8Nn2GWhwpfYjfsMw33K8I2TsTdqmyWrbI2FZ8HOoYRy1drml9uJaBJAqCgnUjq2FSsvJUIxymFUdBMJMaED0gNHY0gCkF46PmOED7TTwd1I6KcXGru/J1ISSDkMfN0ZENWX07XM/K/mJKp76qUsjBMFIZ181E04VhHOMsEdJoAqPtRAqGB6V0z7RBCqdHJFHYI9ffIsNI7K9nG5cl0pVc/zOApoF+2jQ2SjE1RFV6iG6oiiR/SMXtGb8WS8GO/Gx6R1zshndtAfGZ8/3WmXgQ==</latexit>

Z =

Z
D�eiS[�]

<latexit sha1_base64="0jKpkymddxV2mhViJ9KZq+H/dMM="></latexit>

Change Variables: � ! �+ �� =) �Z = 0

<latexit sha1_base64="kUlcCrWUQgeEhlBwxNAMDm1fnAU="></latexit>

�Z =

Z
D�

✓
@S

@�

◆
eiS[�]��

(e.g. Heisenberg Picture)
<latexit sha1_base64="59EoYTAjkMuCuhF3mB7qbMQJiQ4="></latexit>

=) h�|@S
@�

|�i = 0



Schwinger Dyson
<latexit sha1_base64="NnMJMZsnYxsCDJfysdurBTFJ4Z4=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyWRom6Eoi5cVrQXTGKZTE/boZMLMxOhhK7c+CpuXCji1mdw59s4abPQ1h8GPv5zDnPO78ecSWVZ38bc/MLi0nJhpbi6tr6xaW5tN2SUCAp1GvFItHwigbMQ6oopDq1YAAl8Dk1/cJHVmw8gJIvCWzWMwQtIL2RdRonSVtvcu8Nn2GWhwpfYjfsMw33K8I2TsTdqmyWrbI2FZ8HOoYRy1drml9uJaBJAqCgnUjq2FSsvJUIxymFUdBMJMaED0gNHY0gCkF46PmOED7TTwd1I6KcXGru/J1ISSDkMfN0ZENWX07XM/K/mJKp76qUsjBMFIZ181E04VhHOMsEdJoAqPtRAqGB6V0z7RBCqdHJFHYI9ffIsNI7K9nG5cl0pVc/zOApoF+2jQ2SjE1RFV6iG6oiiR/SMXtGb8WS8GO/Gx6R1zshndtAfGZ8/3WmXgQ==</latexit>

Z =

Z
D�eiS[�]

<latexit sha1_base64="0jKpkymddxV2mhViJ9KZq+H/dMM="></latexit>

Change Variables: � ! �+ �� =) �Z = 0

<latexit sha1_base64="kUlcCrWUQgeEhlBwxNAMDm1fnAU="></latexit>

�Z =

Z
D�

✓
@S

@�

◆
eiS[�]��

(e.g. Heisenberg Picture)
<latexit sha1_base64="59EoYTAjkMuCuhF3mB7qbMQJiQ4="></latexit>

=) h�|@S
@�

|�i = 0

Gauge theories?



Classical Gauge Theories
Classical Field Theory 

(e.g. Electromagnetism)

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0



Classical Gauge Theories
Classical Field Theory 

(e.g. Electromagnetism)

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0

Two kinds of Equations
<latexit sha1_base64="UvsgoSHrXA+Ec8XT4gWqflk2B7o="></latexit>

�S

�Ai
= 0 =) @ ~E

@t
= r⇥ ~B + ~JDynamical Equations



Classical Gauge Theories
Classical Field Theory 

(e.g. Electromagnetism)

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0

Two kinds of Equations
<latexit sha1_base64="UvsgoSHrXA+Ec8XT4gWqflk2B7o="></latexit>

�S

�Ai
= 0 =) @ ~E

@t
= r⇥ ~B + ~JDynamical Equations

Constraint Equations
<latexit sha1_base64="yyIF8yykfGKHaxCu5mVMTkYfBko="></latexit>

�S

�A0
= 0 =) ~r · ~E = J0



Classical Gauge Theories
Classical Field Theory 

(e.g. Electromagnetism)

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0

Two kinds of Equations
<latexit sha1_base64="UvsgoSHrXA+Ec8XT4gWqflk2B7o="></latexit>

�S

�Ai
= 0 =) @ ~E

@t
= r⇥ ~B + ~JDynamical Equations

Constraint Equations
<latexit sha1_base64="yyIF8yykfGKHaxCu5mVMTkYfBko="></latexit>

�S

�A0
= 0 =) ~r · ~E = J0

<latexit sha1_base64="PFnYCnlb1SufuUvYH0war6JHY4E="></latexit>

~r.

 
@ ~E

@t
�r⇥ ~B � ~J

!
= 0 =) d

dt

⇣
~r. ~E � J0

⌘
= 0Fact



Classical Gauge Theories
Classical Field Theory 

(e.g. Electromagnetism)

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0

Two kinds of Equations
<latexit sha1_base64="UvsgoSHrXA+Ec8XT4gWqflk2B7o="></latexit>

�S

�Ai
= 0 =) @ ~E

@t
= r⇥ ~B + ~JDynamical Equations

Constraint Equations
<latexit sha1_base64="yyIF8yykfGKHaxCu5mVMTkYfBko="></latexit>

�S

�A0
= 0 =) ~r · ~E = J0

What about quantum mechanics?

<latexit sha1_base64="PFnYCnlb1SufuUvYH0war6JHY4E="></latexit>

~r.

 
@ ~E

@t
�r⇥ ~B � ~J

!
= 0 =) d

dt

⇣
~r. ~E � J0

⌘
= 0Fact



Quantum Gauge Theories

Classical Field Theory 
(e.g. Electromagnetism)

Quantum Field Theory 

<latexit sha1_base64="bFG/wHdZLq2hhqtVIFkZALdpIWc=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCqzIjUt0IVTcuK9oLdMaSyWTa0CQzJBmhDPMCbnwVNy4UcevenW9jehG09YfAx3/O4eT8QcKo0o7zZc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzmsN++JVDQWt3qQEJ+jrqARxUgbq2Pve5FEOPNCwjSCN/kPnd9lHk/zHJ5BB3bsklN2RoKz4E6gBCaqdexPL4xxyonQmCGl2q6TaD9DUlPMSF70UkUShPuoS9oGBeJE+dnomhweGCeEUSzNExqO3N8TGeJKDXhgOjnSPTVdG5r/1dqpjk79jIok1UTg8aIoZVDHcBgNDKkkWLOBAYQlNX+FuIdMPNoEWDQhuNMnz0LjqOxWypXr41L1YhJHAeyCPXAIXHACquAK1EAdYPAAnsALeLUerWfrzXoft85Zk5kd8EfWxzdDEpsH</latexit>

�S

�Aµ
= 0

<latexit sha1_base64="Cr+uExY/3+hdr29wpkgsWDqhgCw="></latexit>

Z =

Z
DAµeiS[A] =) �Z =

Z
DAµ

✓
�S

�Aµ

◆
�Aµ = 0



Quantum Gauge Theories

Classical Field Theory 
(e.g. Electromagnetism)

Quantum Field Theory 
<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥

Need to Gauge Fix to define Path Integral 
<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X
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Quantum Gauge Theories
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First order ODE - can time evolve states that violate constraint

Does anything go wrong? i.e. massless photon?
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Homogeneous Universe
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a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

Classical Equations? 

2 FRW + 1 Scalar Field 



Classical Equations
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
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Classical Solutions are over-constrained (3 equations for 2 variables) 

Solve: Klein Gordon + 2nd FRW with boundary condition from 1st FRW 
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To get finite path integral, need to gauge fix N(t) 
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<latexit sha1_base64="BSDCRL5nGLsYnqUQjwt/ypACxG8="></latexit>
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Can show that path integral over a(t), φ(t) are finite 
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Path Integral explicitly depends upon random gauge choice N0 

Path integral obviously not gauge invariant 

Is this a problem? 



Gauge Invariant Physics
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Time coordinate is a gauge choice in General Relativity 



Gauge Invariant Physics
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Time coordinate is a gauge choice in General Relativity 

Perfectly Reasonable for the time evolution operator to be gauge dependent 

We need gauge invariant physics. What does this mean? 
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What happens if N0 ! Ñ0?

<latexit sha1_base64="mOJJ/q4Uv635IC7oUeR0K0wUNF4="></latexit>

h�f , af |T (t2; t1) |�i, aii = h�f , af |T
�
t̃2; t̃1

�
|�i, aii

<latexit sha1_base64="DEs3bHar9wOfxVbUrKj5C5pUJaA=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBA8hV0R9SIEvXgKEcwDsiHMTnrN4OyDmV41LPsfXvwVLx4U8SR48G+cJHvQxIKGmqpupru8WAqNtv1tzc0vLC4tF1aKq2vrG5ulre2mjhLFocEjGam2xzRIEUIDBUpoxwpY4EloebcXI791B0qLKLzGYQzdgN2EwhecoZF6pUMX4QHT+wEooJmLQvYhxYyeUddXjKe1np2luVzLzINir1S2K/YYdJY4OSmTHPVe6dPtRzwJIEQumdYdx46xmzKFgkvIim6iIWb8lt1Ax9CQBaC76fi2jO4bpU/9SJkKkY7V3xMpC7QeBp7pDBgO9LQ3Ev/zOgn6p91UhHGCEPLJR34iKUZ0FBTtCwUc5dAQxpUwu1I+YCYTNHEWTQjO9MmzpHlYcY4rR1dH5ep5HkeB7JI9ckAcckKq5JLUSYNw8kieySt5s56sF+vd+pi0zln5zA75A+vrB+T8oe8=</latexit>

where t̃ =
N0

Ñ0

t

Can Explicitly 
Show:  

<latexit sha1_base64="LgQSPFft+6SKw7t7bmIvBj5fRhs="></latexit>

|�i, aii !
X

�f ,af

c�f ,af (t2, t1) |�f , af i =
X

�f ,af

c�f ,af

�
t̃2, t̃1

�
|�f , af i

<latexit sha1_base64="jJ8ZyzjahFl8d5rzzAFUwn0cmCg="></latexit>

| (t1)i = | ̃
�
t̃1
�
i = |⌃i ! | (t2)i = | ̃

�
t̃2
�
i = |⌦i



Gauge Invariant Physics
<latexit sha1_base64="ykKZnaYBmivqv+vJNGYsjRBfvZc="></latexit>

h�f , af |T (t2; t1) |�i, aii = eiP (�f ,af ,t2;�i,ai,t1;N0)

Fix manifold (R1). 
 Pick any choice of time co-ordinate on the manifold 



Gauge Invariant Physics
<latexit sha1_base64="ykKZnaYBmivqv+vJNGYsjRBfvZc="></latexit>

h�f , af |T (t2; t1) |�i, aii = eiP (�f ,af ,t2;�i,ai,t1;N0)

<latexit sha1_base64="mOJJ/q4Uv635IC7oUeR0K0wUNF4="></latexit>

h�f , af |T (t2; t1) |�i, aii = h�f , af |T
�
t̃2; t̃1

�
|�i, aiiCan Explicitly 

Show:  

<latexit sha1_base64="rdOkyzSOOnhMhNOZgKO2CK0TPUA=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBD0EnYlqAiC6CGeJIIxgWwIs5PeZMjs7DLTK4Ylv+LFX/HiQZHcxJ9xEnPwVdBQVHXT3RUkUhh03XdnZnZufmExt5RfXlldWy9sbN6aONUcajyWsW4EzIAUCmooUEIj0cCiQEI96F+M/fodaCNidYODBFoR6yoRCs7QSu3CsY9wj1kFFGgmaYWlXTihQ3rlSwhxD30tuj3cp6c0/Km0C0W35E5A/xJvSopkimq7MPI7MU8jUMglM6bpuQm2MqZRcAnDvJ8aSBjvsy40LVUsAtPKJh8O6a5VOjSMtS2FdKJ+n8hYZMwgCmxnxLBnfntj8T+vmWJ43MqESlIExb8WhamkGNNxXLQjNHCUA0sY18LeSnmPacbRhpq3IXi/X/5Lbg9K3mGpfF0unp1P48iRbbJD9ohHjsgZuSRVUiOcPJAn8kJenUfn2XlzRl+tM850Zov8gPPxCVEXovs=</latexit>

General Gauge: N (t) = f (t)

Fix manifold (R1). 
 Pick any choice of time co-ordinate on the manifold 

<latexit sha1_base64="W/R8C4TbmB3bGJKyI7fp7crPReM=">AAACJXicbVDJSgNBEO1xjXGLevTSGIQIEmZE1INC0IsniWAWyITQ01OTNPYsdNeIYcjPePFXvHgwiODJX7GzIG4PCh7vVVFVz0uk0Gjb79bM7Nz8wmJuKb+8srq2XtjYrOs4VRxqPJaxanpMgxQR1FCghGaigIWehIZ3ezHyG3egtIijG+wn0A5ZNxKB4AyN1Cmcugj3mDV6oIAO6FXHpu4+9ZGe0cCVEGDJRSF9yHDgKtHt4R71v5ROoWiX7THoX+JMSZFMUe0Uhq4f8zSECLlkWrccO8F2xhQKLmGQd1MNCeO3rAstQyMWgm5n4y8HdNcoPg1iZSpCOla/T2Qs1LofeqYzZNjTv72R+J/XSjE4aWciSlKEiE8WBamkGNNRZNQXCjjKviGMK2FupbzHFONogs2bEJzfL/8l9YOyc1Q+vD4sVs6nceTINtkhJeKQY1Ihl6RKaoSTB/JEXsjQerSerVfrbdI6Y01ntsgPWB+foT+kyg==</latexit>

Where N0 dt = f
�
t̃
�
dt̃



Gauge Invariant Physics
<latexit sha1_base64="ykKZnaYBmivqv+vJNGYsjRBfvZc="></latexit>

h�f , af |T (t2; t1) |�i, aii = eiP (�f ,af ,t2;�i,ai,t1;N0)

<latexit sha1_base64="mOJJ/q4Uv635IC7oUeR0K0wUNF4="></latexit>

h�f , af |T (t2; t1) |�i, aii = h�f , af |T
�
t̃2; t̃1

�
|�i, aiiCan Explicitly 

Show:  

<latexit sha1_base64="rdOkyzSOOnhMhNOZgKO2CK0TPUA=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBD0EnYlqAiC6CGeJIIxgWwIs5PeZMjs7DLTK4Ylv+LFX/HiQZHcxJ9xEnPwVdBQVHXT3RUkUhh03XdnZnZufmExt5RfXlldWy9sbN6aONUcajyWsW4EzIAUCmooUEIj0cCiQEI96F+M/fodaCNidYODBFoR6yoRCs7QSu3CsY9wj1kFFGgmaYWlXTihQ3rlSwhxD30tuj3cp6c0/Km0C0W35E5A/xJvSopkimq7MPI7MU8jUMglM6bpuQm2MqZRcAnDvJ8aSBjvsy40LVUsAtPKJh8O6a5VOjSMtS2FdKJ+n8hYZMwgCmxnxLBnfntj8T+vmWJ43MqESlIExb8WhamkGNNxXLQjNHCUA0sY18LeSnmPacbRhpq3IXi/X/5Lbg9K3mGpfF0unp1P48iRbbJD9ohHjsgZuSRVUiOcPJAn8kJenUfn2XlzRl+tM850Zov8gPPxCVEXovs=</latexit>

General Gauge: N (t) = f (t)

Fix manifold (R1). 
 Pick any choice of time co-ordinate on the manifold 

<latexit sha1_base64="W/R8C4TbmB3bGJKyI7fp7crPReM=">AAACJXicbVDJSgNBEO1xjXGLevTSGIQIEmZE1INC0IsniWAWyITQ01OTNPYsdNeIYcjPePFXvHgwiODJX7GzIG4PCh7vVVFVz0uk0Gjb79bM7Nz8wmJuKb+8srq2XtjYrOs4VRxqPJaxanpMgxQR1FCghGaigIWehIZ3ezHyG3egtIijG+wn0A5ZNxKB4AyN1Cmcugj3mDV6oIAO6FXHpu4+9ZGe0cCVEGDJRSF9yHDgKtHt4R71v5ROoWiX7THoX+JMSZFMUe0Uhq4f8zSECLlkWrccO8F2xhQKLmGQd1MNCeO3rAstQyMWgm5n4y8HdNcoPg1iZSpCOla/T2Qs1LofeqYzZNjTv72R+J/XSjE4aWciSlKEiE8WBamkGNNRZNQXCjjKviGMK2FupbzHFONogs2bEJzfL/8l9YOyc1Q+vD4sVs6nceTINtkhJeKQY1Ihl6RKaoSTB/JEXsjQerSerVfrbdI6Y01ntsgPWB+foT+kyg==</latexit>

Where N0 dt = f
�
t̃
�
dt̃

Moral: Gauge invariant physics from gauge dependent path integral 
Reasonable since time is gauge choice!



Schwinger Dyson Equations
<latexit sha1_base64="lWRMRZn4YdOGqpx2Fnny7Il72Pk="></latexit>

h�f , af |T (t2; t1) |�i, aii =
Z �(t2)=�f ,a(t2)=af ,N(t2)=N2

�(t1)=�i,a(t1)=ai,N(t1)=N1

D�DaDND�ei
R t=t2
t=t1

(L��Ṅ)

<latexit sha1_base64="00wLH/5jj8Ygso6yCsi+J2jBna8=">AAACRHicbVDLSgMxFM34tr5GXboJFkGwlBkp6rLoxlVRsFboDOVOmrbBzIPkjlJKP86NH+DOL3DjQhG3YjoO1FYPBE7OOZebnCCRQqPjPFszs3PzC4tLy4WV1bX1DXtz61rHqWK8zmIZq5sANJci4nUUKPlNojiEgeSN4PZs5DfuuNIijq6wn3A/hG4kOoIBGqllN72kJ6inRLeHoFR8TzPhgHptLhGyW4nCRALGNpRobcKrjb1ayy46ZScD/UvcnBRJjouW/eS1Y5aGPEImQeum6yToD0ChYJIPC16qeQLsFrq8aWgEIdf+ICthSPeM0qadWJkTIc3U3xMDCLXuh4FJhoA9Pe2NxP+8ZoqdE38goiRFHrGfRZ1UUozpqFHaFoozlH1DgClh3kpZDxQwNL0XTAnu9Jf/kuvDsntUrlxWitXTvI4lskN2yT5xyTGpknNyQeqEkQfyQt7Iu/VovVof1udPdMbKZ7bJBKyvb2IPr0A=</latexit>

� ! �+ ��, a ! a+ �a,N ! N + �N



Schwinger Dyson Equations
<latexit sha1_base64="lWRMRZn4YdOGqpx2Fnny7Il72Pk="></latexit>

h�f , af |T (t2; t1) |�i, aii =
Z �(t2)=�f ,a(t2)=af ,N(t2)=N2

�(t1)=�i,a(t1)=ai,N(t1)=N1

D�DaDND�ei
R t=t2
t=t1

(L��Ṅ)

<latexit sha1_base64="00wLH/5jj8Ygso6yCsi+J2jBna8=">AAACRHicbVDLSgMxFM34tr5GXboJFkGwlBkp6rLoxlVRsFboDOVOmrbBzIPkjlJKP86NH+DOL3DjQhG3YjoO1FYPBE7OOZebnCCRQqPjPFszs3PzC4tLy4WV1bX1DXtz61rHqWK8zmIZq5sANJci4nUUKPlNojiEgeSN4PZs5DfuuNIijq6wn3A/hG4kOoIBGqllN72kJ6inRLeHoFR8TzPhgHptLhGyW4nCRALGNpRobcKrjb1ayy46ZScD/UvcnBRJjouW/eS1Y5aGPEImQeum6yToD0ChYJIPC16qeQLsFrq8aWgEIdf+ICthSPeM0qadWJkTIc3U3xMDCLXuh4FJhoA9Pe2NxP+8ZoqdE38goiRFHrGfRZ1UUozpqFHaFoozlH1DgClh3kpZDxQwNL0XTAnu9Jf/kuvDsntUrlxWitXTvI4lskN2yT5xyTGpknNyQeqEkQfyQt7Iu/VovVof1udPdMbKZ7bJBKyvb2IPr0A=</latexit>

� ! �+ ��, a ! a+ �a,N ! N + �N

<latexit sha1_base64="zsVkfHXevWzX4J/nXfDaSbw31lE="></latexit>

h |@t
✓
@L
@ȧ

◆
� @L

@a
| i = 0

<latexit sha1_base64="yKtYcYUZpraNInpRdN5jKDwWXXA="></latexit>

h |@t
✓
@L
@�̇

◆
� @L

@�
| i = 0

2nd FRW Equation 

Klein Gordon Heisenberg Picture 



Schwinger Dyson Equations
<latexit sha1_base64="lWRMRZn4YdOGqpx2Fnny7Il72Pk="></latexit>

h�f , af |T (t2; t1) |�i, aii =
Z �(t2)=�f ,a(t2)=af ,N(t2)=N2

�(t1)=�i,a(t1)=ai,N(t1)=N1

D�DaDND�ei
R t=t2
t=t1

(L��Ṅ)

<latexit sha1_base64="00wLH/5jj8Ygso6yCsi+J2jBna8=">AAACRHicbVDLSgMxFM34tr5GXboJFkGwlBkp6rLoxlVRsFboDOVOmrbBzIPkjlJKP86NH+DOL3DjQhG3YjoO1FYPBE7OOZebnCCRQqPjPFszs3PzC4tLy4WV1bX1DXtz61rHqWK8zmIZq5sANJci4nUUKPlNojiEgeSN4PZs5DfuuNIijq6wn3A/hG4kOoIBGqllN72kJ6inRLeHoFR8TzPhgHptLhGyW4nCRALGNpRobcKrjb1ayy46ZScD/UvcnBRJjouW/eS1Y5aGPEImQeum6yToD0ChYJIPC16qeQLsFrq8aWgEIdf+ICthSPeM0qadWJkTIc3U3xMDCLXuh4FJhoA9Pe2NxP+8ZoqdE38goiRFHrGfRZ1UUozpqFHaFoozlH1DgClh3kpZDxQwNL0XTAnu9Jf/kuvDsntUrlxWitXTvI4lskN2yT5xyTGpknNyQeqEkQfyQt7Iu/VovVof1udPdMbKZ7bJBKyvb2IPr0A=</latexit>

� ! �+ ��, a ! a+ �a,N ! N + �N

<latexit sha1_base64="zsVkfHXevWzX4J/nXfDaSbw31lE="></latexit>

h |@t
✓
@L
@ȧ

◆
� @L

@a
| i = 0

<latexit sha1_base64="yKtYcYUZpraNInpRdN5jKDwWXXA="></latexit>

h |@t
✓
@L
@�̇

◆
� @L

@�
| i = 0

2nd FRW Equation 

Klein Gordon 

<latexit sha1_base64="QTCiczcb1TJFcc/TBr4ZSZl9rjM="></latexit>

h |@�
@t

� @L
@N

| i = 0
Tells you how λ evolves in the 

path integral - not 1st FRW 
Equation????? 

Heisenberg Picture 



Hamiltonian



Hamiltonian Construction
<latexit sha1_base64="soqZcoi6Oj3fxPRkZdfRKDKjLXU="></latexit>

gµ⌫ = �N (t)2 dt2 + a (t)2
�
dx2 + dy2 + dz2

�

Physical Degrees of freedom: a(t), φ(t) 
Gauge Freedom: N(t)  

<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘



Hamiltonian Construction
<latexit sha1_base64="soqZcoi6Oj3fxPRkZdfRKDKjLXU="></latexit>

gµ⌫ = �N (t)2 dt2 + a (t)2
�
dx2 + dy2 + dz2

�

Physical Degrees of freedom: a(t), φ(t) 
Gauge Freedom: N(t)  

<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

<latexit sha1_base64="DoRM0+lzj/KWbd3LExd7A1E9ekA="></latexit>

⇧a =
@L
@ȧ

,⇧� =
@L
@�̇

Quantize These 



Hamiltonian Construction
<latexit sha1_base64="soqZcoi6Oj3fxPRkZdfRKDKjLXU="></latexit>

gµ⌫ = �N (t)2 dt2 + a (t)2
�
dx2 + dy2 + dz2

�

Physical Degrees of freedom: a(t), φ(t) 
Gauge Freedom: N(t)  

<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

<latexit sha1_base64="DoRM0+lzj/KWbd3LExd7A1E9ekA="></latexit>

⇧a =
@L
@ȧ

,⇧� =
@L
@�̇

<latexit sha1_base64="UJfaZeMHRk3nVeuymV62Ax4RKE8=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIpKoJQdONCpIJ9QBPCZDpph04mYWYilJB/ceOvuHGhFDcu/BcnbRBtPTBwOPfcO/ceP2ZUKsv6NEpLyyura+X1ysbm1vaOubvXllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/us7rnUciJI34gxrHxA3RgNOAYqS05JkXTpN66V0GL6ETCIRTJ0ZCUcScEKkhRiy9zbIfETr9SGl3brc8s2rVrCngIrELUgUFmp450e04CQlXmCEpe7YVKzfNR2NGsoqTSBIjPEID0tOUo5BIN53emMEjrfRhEAn9uIJT9XdHikIpx6Gvnfnmcr6Wi//VeokKzt2U8jhRhOPZR0HCoIpgHhjsU0GwYmNNEBZU7wrxEOmolI61okOw509eJO2Tmn1aq9/Xq42rIo4yOACH4BjY4Aw0wA1oghbA4Am8gDfwbjwbr8bE+JhZS0bRsw/+wPj6BpTppNk=</latexit>

⇧N =
@L
@Ṅ

= 0

Quantize These 

What to do with N? 



Hamiltonian Construction
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

Construct Canonical Hamiltonian from this Lagrangian 

<latexit sha1_base64="S2pQBDaV72NTJWD0plnWAkPK+i4=">AAACHnicbVDLSgMxFM3UV62vqks3wSJUKGVG6mMjFN10VSrYB3TKkEkzbWjmQXJHKEO/xI2/4saFIoIr/RszbRfaeiDk5Jx7ubnHjQRXYJrfRmZldW19I7uZ29re2d3L7x+0VBhLypo0FKHsuEQxwQPWBA6CdSLJiO8K1nZHt6nffmBS8TC4h3HEej4ZBNzjlICWnPx5zanja1zHdgnXHNMWzIMiKWG7wZ30ioZ89khSOrElHwzh1MkXzLI5BV4m1pwU0BwNJ/9p90Ma+ywAKohSXcuMoJcQCZwKNsnZsWIRoSMyYF1NA+Iz1Uum603wiVb62AulPgHgqfq7IyG+UmPf1ZU+gaFa9FLxP68bg3fVS3gQxcACOhvkxQJDiNOscJ9LRkGMNSFUcv1XTIdEEgo60ZwOwVpceZm0zsrWRblyVylUb+ZxZNEROkZFZKFLVEU11EBNRNEjekav6M14Ml6Md+NjVpox5j2H6A+Mrx95Tp+3</latexit>

HN = N H0 (a,⇧a,�,⇧�)



Hamiltonian Construction
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

Construct Canonical Hamiltonian from this Lagrangian 

<latexit sha1_base64="S2pQBDaV72NTJWD0plnWAkPK+i4=">AAACHnicbVDLSgMxFM3UV62vqks3wSJUKGVG6mMjFN10VSrYB3TKkEkzbWjmQXJHKEO/xI2/4saFIoIr/RszbRfaeiDk5Jx7ubnHjQRXYJrfRmZldW19I7uZ29re2d3L7x+0VBhLypo0FKHsuEQxwQPWBA6CdSLJiO8K1nZHt6nffmBS8TC4h3HEej4ZBNzjlICWnPx5zanja1zHdgnXHNMWzIMiKWG7wZ30ioZ89khSOrElHwzh1MkXzLI5BV4m1pwU0BwNJ/9p90Ma+ywAKohSXcuMoJcQCZwKNsnZsWIRoSMyYF1NA+Iz1Uum603wiVb62AulPgHgqfq7IyG+UmPf1ZU+gaFa9FLxP68bg3fVS3gQxcACOhvkxQJDiNOscJ9LRkGMNSFUcv1XTIdEEgo60ZwOwVpceZm0zsrWRblyVylUb+ZxZNEROkZFZKFLVEU11EBNRNEjekav6M14Ml6Md+NjVpox5j2H6A+Mrx95Tp+3</latexit>

HN = N H0 (a,⇧a,�,⇧�)

What is N? Different values of N yield different Hamiltonians 
Different physics? Gauge Invariance?  

If N is a non-trivial operator on the Fock space, no way to make physics gauge invariant 
Possible choice: N is a c-number 

But still, different choices of N yield different Hamiltonians! 



Schrodinger Equation
<latexit sha1_base64="TpbzOi9fo9u4LljGPwrKC/0JNBU="></latexit>

i
@|� (t)i

@t
= NH0|� (t)i

N is a c-number, different choices of N yield different Hamiltonians 



Schrodinger Equation
<latexit sha1_base64="TpbzOi9fo9u4LljGPwrKC/0JNBU="></latexit>

i
@|� (t)i

@t
= NH0|� (t)i

N is a c-number, different choices of N yield different Hamiltonians 
<latexit sha1_base64="exo0ZnLBmPbpq6JdJnlfkJ+Ejlw="></latexit>

i
1

N

@|� (t)i
@t

= H0|� (t)i
<latexit sha1_base64="SmzoAlRC49EUrE70mQ6dx/Upz6s=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JIUS9C0YsnqWA/oA1ls9m0SzebsDtRSuxP8eJBEa/+Em/+G7dtDtr6YODx3gwz8/xEcA2O820VVlbX1jeKm6Wt7Z3dPbu839Jxqihr0ljEquMTzQSXrAkcBOskipHIF6ztj66nfvuBKc1jeQ/jhHkRGUgeckrASH27HPSAi4BlMMGX+BYH0LcrTtWZAS8TNycVlKPRt796QUzTiEmggmjddZ0EvIwo4FSwSamXapYQOiID1jVUkohpL5udPsHHRglwGCtTEvBM/T2RkUjrceSbzojAUC96U/E/r5tCeOFlXCYpMEnni8JUYIjxNAcccMUoiLEhhCpubsV0SBShYNIqmRDcxZeXSeu06p5Va3e1Sv0qj6OIDtEROkEuOkd1dIMaqIkoekTP6BW9WU/Wi/VufcxbC1Y+c4D+wPr8AUiek18=</latexit>
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Failure manifests classically as “dark” matter - though no real particle 
excitation there. Conservation implies super-selection sector. 

Can be positive or negative! 
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Integrate over all N0 

Unsurprisingly, this yields infinity 

Demanding gauge invariant path integral implies only possible 
states are static  (Wheeler deWitt) 
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Full General Relativity? Electromagnetism? 
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Do Not
@S

@�
= 0

<latexit sha1_base64="mwrDfPW/r8pm1T9n/0W23d1XVxw=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUakuhGKunAlFawtdErJpLdtMJMMyR2xjP0RN/6KGxeKuHAj/o1p7cLXgYSTc+7l5p4okcKi7394U9Mzs3PzuYX84tLyymphbf3S6tRwqHEttWlEzIIUCmooUEIjMcDiSEI9ujoe+fVrMFZodYGDBFox6ynRFZyhk9qFvRDhBrMTTc800iENk76gYcRMFlatcG9309uQ90VomOpJoIfUbxeKfskfg/4lwYQUyQTVduEt7GiexqCQS2ZtM/ATbGXMoOAShvkwtZAwfsV60HRUsRhsKxtvN6TbTunQrjbuKKRj9XtHxmJrB3HkKmOGffvbG4n/ec0UuwetTKgkRVD8a1A3lRQ1HUVFO8IARzlwhHEj3F8p7zPDOLpA8y6E4PfKf8nlbikol8rne8XK0SSOHNkkW2SHBGSfVMgpqZIa4eSOPJAn8uzde4/ei/f6VTrlTXo2yA94758HnKE/</latexit>

Do Not � ̄ |�i = 0



Quantizing Gauge Theories
Yukawa Theory

<latexit sha1_base64="8Vbl0TRh6Y3ATwEaTXkYy8Tiw4w="></latexit>

S �
Z

d4x� (x)� ̄ 

<latexit sha1_base64="Iq4R6GZhmPpJwpfzmW+MAkQGrpo=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1Q1IUrqWgf0Cklk2ba0MxkSO6IZZg/ceOvuHGhiLjr35hpC2r1QOBwzn3kHi8SXINtj63cwuLS8kp+tbC2vrG5VdzeaWgZK8rqVAqpWh7RTPCQ1YGDYK1IMRJ4gjW94UXmN++Z0lyGdzCKWCcg/ZD7nBIwUrdYcYE9QHIp8bUEnGLXV4QmbkQUcCLwbfrNXWHG9kiKz7DdLZbssj0B/kucGSmhGWrd4qfbkzQOWAhUEK3bjh1BJ8lGU8HSghtrFhE6JH3WNjQkAdOdZHJfig+M0sO+VOaFgCfqz46EBFqPAs9UBgQGet7LxP+8dgz+aSfhYRQDC+l0kR8LDBJnYeEeV4yCGBlCqOLmr5gOiEkITKQFE4Izf/Jf0jgqO5Vy5ea4VD2fxZFHe2gfHSIHnaAqukI1VEcUPaJn9IrerCfrxXq3PqalOWvWs4t+wRp/AYv7oqY=</latexit>

Do Not
@S

@�
= 0

<latexit sha1_base64="mwrDfPW/r8pm1T9n/0W23d1XVxw=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUakuhGKunAlFawtdErJpLdtMJMMyR2xjP0RN/6KGxeKuHAj/o1p7cLXgYSTc+7l5p4okcKi7394U9Mzs3PzuYX84tLyymphbf3S6tRwqHEttWlEzIIUCmooUEIjMcDiSEI9ujoe+fVrMFZodYGDBFox6ynRFZyhk9qFvRDhBrMTTc800iENk76gYcRMFlatcG9309uQ90VomOpJoIfUbxeKfskfg/4lwYQUyQTVduEt7GiexqCQS2ZtM/ATbGXMoOAShvkwtZAwfsV60HRUsRhsKxtvN6TbTunQrjbuKKRj9XtHxmJrB3HkKmOGffvbG4n/ec0UuwetTKgkRVD8a1A3lRQ1HUVFO8IARzlwhHEj3F8p7zPDOLpA8y6E4PfKf8nlbikol8rne8XK0SSOHNkkW2SHBGSfVMgpqZIa4eSOPJAn8uzde4/ei/f6VTrlTXo2yA94758HnKE/</latexit>

Do Not � ̄ |�i = 0

Why?
<latexit sha1_base64="4RNvLbpACJbsv+NDi7e//PgW+0I=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6kYouunCRQX7gCaEm+mkHTp5MDMRSsgvufFPxE0Xirj1J5y0RWrrgYHDuffcO/d4MWdSmebEKKytb2xuFbdLO7t7+wflw6O2jBJBaItEPBJdDyTlLKQtxRSn3VhQCDxOO97oLq93nqiQLAof1TimTgCDkPmMgNKSW27YMXNTm2tHHzJ8g21fAEntGIRiwLEdgBoS4Ol9li2o/Uj9mnKXid1yxayaU+BVYs1JBc3RdMuvegpJAhoqwkHKnmXGyknzDYTTrGQnksZARjCgPU1DCKh00unFGT7TSh/7kdAvVHiqLjpSCKQcB57uzA+Qy7Vc/K/WS5R/7aQsjBNFQzJb5Cccqwjn8eE+E5QoPtYEiGD6r5gMQUemdMglHYK1fPIqaV9UrVq19nBZqd/O4yiiE3SKzpGFrlAdNVATtRBBz+gNvaMP48WYGJ/G16y1YMw9x+gPjO8f+JeqpQ==</latexit>

⇡� =
@L
@�̇

= 0

λ not d.o.f.



Quantizing Gauge Theories
Yukawa Theory

<latexit sha1_base64="8Vbl0TRh6Y3ATwEaTXkYy8Tiw4w="></latexit>

S �
Z

d4x� (x)� ̄ 

<latexit sha1_base64="Iq4R6GZhmPpJwpfzmW+MAkQGrpo=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1Q1IUrqWgf0Cklk2ba0MxkSO6IZZg/ceOvuHGhiLjr35hpC2r1QOBwzn3kHi8SXINtj63cwuLS8kp+tbC2vrG5VdzeaWgZK8rqVAqpWh7RTPCQ1YGDYK1IMRJ4gjW94UXmN++Z0lyGdzCKWCcg/ZD7nBIwUrdYcYE9QHIp8bUEnGLXV4QmbkQUcCLwbfrNXWHG9kiKz7DdLZbssj0B/kucGSmhGWrd4qfbkzQOWAhUEK3bjh1BJ8lGU8HSghtrFhE6JH3WNjQkAdOdZHJfig+M0sO+VOaFgCfqz46EBFqPAs9UBgQGet7LxP+8dgz+aSfhYRQDC+l0kR8LDBJnYeEeV4yCGBlCqOLmr5gOiEkITKQFE4Izf/Jf0jgqO5Vy5ea4VD2fxZFHe2gfHSIHnaAqukI1VEcUPaJn9IrerCfrxXq3PqalOWvWs4t+wRp/AYv7oqY=</latexit>

Do Not
@S

@�
= 0

<latexit sha1_base64="mwrDfPW/r8pm1T9n/0W23d1XVxw=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUakuhGKunAlFawtdErJpLdtMJMMyR2xjP0RN/6KGxeKuHAj/o1p7cLXgYSTc+7l5p4okcKi7394U9Mzs3PzuYX84tLyymphbf3S6tRwqHEttWlEzIIUCmooUEIjMcDiSEI9ujoe+fVrMFZodYGDBFox6ynRFZyhk9qFvRDhBrMTTc800iENk76gYcRMFlatcG9309uQ90VomOpJoIfUbxeKfskfg/4lwYQUyQTVduEt7GiexqCQS2ZtM/ATbGXMoOAShvkwtZAwfsV60HRUsRhsKxtvN6TbTunQrjbuKKRj9XtHxmJrB3HkKmOGffvbG4n/ec0UuwetTKgkRVD8a1A3lRQ1HUVFO8IARzlwhHEj3F8p7zPDOLpA8y6E4PfKf8nlbikol8rne8XK0SSOHNkkW2SHBGSfVMgpqZIa4eSOPJAn8uzde4/ei/f6VTrlTXo2yA94758HnKE/</latexit>

Do Not � ̄ |�i = 0

Why?
<latexit sha1_base64="4RNvLbpACJbsv+NDi7e//PgW+0I=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6kYouunCRQX7gCaEm+mkHTp5MDMRSsgvufFPxE0Xirj1J5y0RWrrgYHDuffcO/d4MWdSmebEKKytb2xuFbdLO7t7+wflw6O2jBJBaItEPBJdDyTlLKQtxRSn3VhQCDxOO97oLq93nqiQLAof1TimTgCDkPmMgNKSW27YMXNTm2tHHzJ8g21fAEntGIRiwLEdgBoS4Ol9li2o/Uj9mnKXid1yxayaU+BVYs1JBc3RdMuvegpJAhoqwkHKnmXGyknzDYTTrGQnksZARjCgPU1DCKh00unFGT7TSh/7kdAvVHiqLjpSCKQcB57uzA+Qy7Vc/K/WS5R/7aQsjBNFQzJb5Cccqwjn8eE+E5QoPtYEiGD6r5gMQUemdMglHYK1fPIqaV9UrVq19nBZqd/O4yiiE3SKzpGFrlAdNVATtRBBz+gNvaMP48WYGJ/G16y1YMw9x+gPjO8f+JeqpQ==</latexit>

⇡� =
@L
@�̇

= 0

λ not d.o.f.

Gauge Theory
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

<latexit sha1_base64="b19AMOQHuOzFSdEdfSk3p6LLAJU=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kKh6MaFSAX7gCaEyXTSDp0kw8xEKCE/48ZfcePCIoIrf8VJm0VtPTBwOPfcO/cenzMqlWV9G6WV1bX1jfJmZWt7Z3fP3D9oyzgRmLRwzGLR9ZEkjEakpahipMsFQaHPSMcf3eb1zjMRksbRkxpz4oZoENGAYqS05JlXDqde+pDBa+gEAuHU4Ugoihh0QqSGGLH0Psvm1H6stD33W9Azq1bNmgIuE7sgVVCg6ZkT3Y+TkEQKMyRlz7a4ctN8NmYkqziJJBzhERqQnqYRCol00+mVGTzRSh8GsdAvUnCqznekKJRyHPrama8uF2u5+F+tl6jg0k1pxBNFIjz7KEgYVDHMI4N9KghWbKwJwoLqXSEeIh2W0sFWdAj24snLpH1Ws+u1+uN5tXFTxFEGR+AYnAIbXIAGuANN0AIYvIA38AEmxqvxbnwaXzNrySh6DsEfGD+/nHylTw==</latexit>

⇡N =
@L
@Ṅ

= 0

N not d.o.f.



Quantizing Gauge Theories
Yukawa Theory

<latexit sha1_base64="8Vbl0TRh6Y3ATwEaTXkYy8Tiw4w="></latexit>

S �
Z

d4x� (x)� ̄ 

<latexit sha1_base64="Iq4R6GZhmPpJwpfzmW+MAkQGrpo=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1Q1IUrqWgf0Cklk2ba0MxkSO6IZZg/ceOvuHGhiLjr35hpC2r1QOBwzn3kHi8SXINtj63cwuLS8kp+tbC2vrG5VdzeaWgZK8rqVAqpWh7RTPCQ1YGDYK1IMRJ4gjW94UXmN++Z0lyGdzCKWCcg/ZD7nBIwUrdYcYE9QHIp8bUEnGLXV4QmbkQUcCLwbfrNXWHG9kiKz7DdLZbssj0B/kucGSmhGWrd4qfbkzQOWAhUEK3bjh1BJ8lGU8HSghtrFhE6JH3WNjQkAdOdZHJfig+M0sO+VOaFgCfqz46EBFqPAs9UBgQGet7LxP+8dgz+aSfhYRQDC+l0kR8LDBJnYeEeV4yCGBlCqOLmr5gOiEkITKQFE4Izf/Jf0jgqO5Vy5ea4VD2fxZFHe2gfHSIHnaAqukI1VEcUPaJn9IrerCfrxXq3PqalOWvWs4t+wRp/AYv7oqY=</latexit>

Do Not
@S

@�
= 0

<latexit sha1_base64="mwrDfPW/r8pm1T9n/0W23d1XVxw=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUakuhGKunAlFawtdErJpLdtMJMMyR2xjP0RN/6KGxeKuHAj/o1p7cLXgYSTc+7l5p4okcKi7394U9Mzs3PzuYX84tLyymphbf3S6tRwqHEttWlEzIIUCmooUEIjMcDiSEI9ujoe+fVrMFZodYGDBFox6ynRFZyhk9qFvRDhBrMTTc800iENk76gYcRMFlatcG9309uQ90VomOpJoIfUbxeKfskfg/4lwYQUyQTVduEt7GiexqCQS2ZtM/ATbGXMoOAShvkwtZAwfsV60HRUsRhsKxtvN6TbTunQrjbuKKRj9XtHxmJrB3HkKmOGffvbG4n/ec0UuwetTKgkRVD8a1A3lRQ1HUVFO8IARzlwhHEj3F8p7zPDOLpA8y6E4PfKf8nlbikol8rne8XK0SSOHNkkW2SHBGSfVMgpqZIa4eSOPJAn8uzde4/ei/f6VTrlTXo2yA94758HnKE/</latexit>

Do Not � ̄ |�i = 0

Why?
<latexit sha1_base64="4RNvLbpACJbsv+NDi7e//PgW+0I=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6kYouunCRQX7gCaEm+mkHTp5MDMRSsgvufFPxE0Xirj1J5y0RWrrgYHDuffcO/d4MWdSmebEKKytb2xuFbdLO7t7+wflw6O2jBJBaItEPBJdDyTlLKQtxRSn3VhQCDxOO97oLq93nqiQLAof1TimTgCDkPmMgNKSW27YMXNTm2tHHzJ8g21fAEntGIRiwLEdgBoS4Ol9li2o/Uj9mnKXid1yxayaU+BVYs1JBc3RdMuvegpJAhoqwkHKnmXGyknzDYTTrGQnksZARjCgPU1DCKh00unFGT7TSh/7kdAvVHiqLjpSCKQcB57uzA+Qy7Vc/K/WS5R/7aQsjBNFQzJb5Cccqwjn8eE+E5QoPtYEiGD6r5gMQUemdMglHYK1fPIqaV9UrVq19nBZqd/O4yiiE3SKzpGFrlAdNVATtRBBz+gNvaMP48WYGJ/G16y1YMw9x+gPjO8f+JeqpQ==</latexit>

⇡� =
@L
@�̇

= 0

λ not d.o.f.

Gauge Theory
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

<latexit sha1_base64="b19AMOQHuOzFSdEdfSk3p6LLAJU=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kKh6MaFSAX7gCaEyXTSDp0kw8xEKCE/48ZfcePCIoIrf8VJm0VtPTBwOPfcO/cenzMqlWV9G6WV1bX1jfJmZWt7Z3fP3D9oyzgRmLRwzGLR9ZEkjEakpahipMsFQaHPSMcf3eb1zjMRksbRkxpz4oZoENGAYqS05JlXDqde+pDBa+gEAuHU4Ugoihh0QqSGGLH0Psvm1H6stD33W9Azq1bNmgIuE7sgVVCg6ZkT3Y+TkEQKMyRlz7a4ctN8NmYkqziJJBzhERqQnqYRCol00+mVGTzRSh8GsdAvUnCqznekKJRyHPrama8uF2u5+F+tl6jg0k1pxBNFIjz7KEgYVDHMI4N9KghWbKwJwoLqXSEeIh2W0sFWdAj24snLpH1Ws+u1+uN5tXFTxFEGR+AYnAIbXIAGuANN0AIYvIA38AEmxqvxbnwaXzNrySh6DsEfGD+/nHylTw==</latexit>

⇡N =
@L
@Ṅ

= 0

N not d.o.f.

But:
<latexit sha1_base64="Jsucgl9idSqXDPoSeRzX0xxi8XU=">AAACC3icbZDLSgMxFIbP1Futt1GXbkKL4KrMiFQ3QtGNK6loL9AZSibNtKGZC0lGKEP3bnwVNy4UcesLuPNtzLQDausPgY//nJPk/F7MmVSW9WUUlpZXVteK66WNza3tHXN3ryWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3ugyq7fvqZAsCu/UOKZugAch8xnBSls9s4wcX2CSOjEWimGObic/fD1B58jqmRWrak2FFsHOoQK5Gj3z0+lHJAloqAjHUnZtK1Zuml1KOJ2UnETSGJMRHtCuxhAHVLrpdJcJOtROH/mR0CdUaOr+nkhxIOU48HRngNVQztcy879aN1H+mZuyME4UDcnsIT/hSEUoCwb1maBE8bEGTATTf0VkiHU2SsdX0iHY8ysvQuu4ateqtZuTSv0ij6MIB1CGI7DhFOpwBQ1oAoEHeIIXeDUejWfjzXiftRaMfGYf/sj4+Aa1v5oy</latexit>

@S

@N
= 0

<latexit sha1_base64="CkJXPtGHQpNpOqAsBqlE6ZFYDrA=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARXNVEpLoRim5cSUV7gSaUyfSkHTqZhJmJUGIfw42v4saFIm67822ctgG1+sPAx3/O4cz5/ZgzpW3708otLC4tr+RXC2vrG5tbxe2dhooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHl5N68x6kYpG408MYvJD0BAsYJdpYneIRdgNJaOrGRGpGOL4dffP1CD+4tM9cSUSPAz7HdqdYssv2VPgvOBmUUKZapzh2uxFNQhCacqJU27Fj7aWTDZTDqOAmCmJCB6QHbYOChKC8dHrYCB8Yp4uDSJonNJ66PydSEio1DH3TGRLdV/O1iflfrZ3o4MxLmYgTDYLOFgUJxzrCk5Rwl0mgmg8NECqZ+SumfWKC0ibLggnBmT/5LzSOy06lXLk5KVUvsjjyaA/to0PkoFNURVeohuqIokf0jF7Rm/VkvVjv1sesNWdlM7vol6zxF/apn7U=</latexit>

@S

@N
|�i = 0



Quantizing Gauge Theories
Yukawa Theory

<latexit sha1_base64="8Vbl0TRh6Y3ATwEaTXkYy8Tiw4w="></latexit>

S �
Z

d4x� (x)� ̄ 

<latexit sha1_base64="Iq4R6GZhmPpJwpfzmW+MAkQGrpo=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1Q1IUrqWgf0Cklk2ba0MxkSO6IZZg/ceOvuHGhiLjr35hpC2r1QOBwzn3kHi8SXINtj63cwuLS8kp+tbC2vrG5VdzeaWgZK8rqVAqpWh7RTPCQ1YGDYK1IMRJ4gjW94UXmN++Z0lyGdzCKWCcg/ZD7nBIwUrdYcYE9QHIp8bUEnGLXV4QmbkQUcCLwbfrNXWHG9kiKz7DdLZbssj0B/kucGSmhGWrd4qfbkzQOWAhUEK3bjh1BJ8lGU8HSghtrFhE6JH3WNjQkAdOdZHJfig+M0sO+VOaFgCfqz46EBFqPAs9UBgQGet7LxP+8dgz+aSfhYRQDC+l0kR8LDBJnYeEeV4yCGBlCqOLmr5gOiEkITKQFE4Izf/Jf0jgqO5Vy5ea4VD2fxZFHe2gfHSIHnaAqukI1VEcUPaJn9IrerCfrxXq3PqalOWvWs4t+wRp/AYv7oqY=</latexit>

Do Not
@S

@�
= 0

<latexit sha1_base64="mwrDfPW/r8pm1T9n/0W23d1XVxw=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUakuhGKunAlFawtdErJpLdtMJMMyR2xjP0RN/6KGxeKuHAj/o1p7cLXgYSTc+7l5p4okcKi7394U9Mzs3PzuYX84tLyymphbf3S6tRwqHEttWlEzIIUCmooUEIjMcDiSEI9ujoe+fVrMFZodYGDBFox6ynRFZyhk9qFvRDhBrMTTc800iENk76gYcRMFlatcG9309uQ90VomOpJoIfUbxeKfskfg/4lwYQUyQTVduEt7GiexqCQS2ZtM/ATbGXMoOAShvkwtZAwfsV60HRUsRhsKxtvN6TbTunQrjbuKKRj9XtHxmJrB3HkKmOGffvbG4n/ec0UuwetTKgkRVD8a1A3lRQ1HUVFO8IARzlwhHEj3F8p7zPDOLpA8y6E4PfKf8nlbikol8rne8XK0SSOHNkkW2SHBGSfVMgpqZIa4eSOPJAn8uzde4/ei/f6VTrlTXo2yA94758HnKE/</latexit>

Do Not � ̄ |�i = 0

Why?
<latexit sha1_base64="4RNvLbpACJbsv+NDi7e//PgW+0I=">AAACMXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6kYouunCRQX7gCaEm+mkHTp5MDMRSsgvufFPxE0Xirj1J5y0RWrrgYHDuffcO/d4MWdSmebEKKytb2xuFbdLO7t7+wflw6O2jBJBaItEPBJdDyTlLKQtxRSn3VhQCDxOO97oLq93nqiQLAof1TimTgCDkPmMgNKSW27YMXNTm2tHHzJ8g21fAEntGIRiwLEdgBoS4Ol9li2o/Uj9mnKXid1yxayaU+BVYs1JBc3RdMuvegpJAhoqwkHKnmXGyknzDYTTrGQnksZARjCgPU1DCKh00unFGT7TSh/7kdAvVHiqLjpSCKQcB57uzA+Qy7Vc/K/WS5R/7aQsjBNFQzJb5Cccqwjn8eE+E5QoPtYEiGD6r5gMQUemdMglHYK1fPIqaV9UrVq19nBZqd/O4yiiE3SKzpGFrlAdNVATtRBBz+gNvaMP48WYGJ/G16y1YMw9x+gPjO8f+JeqpQ==</latexit>

⇡� =
@L
@�̇

= 0

λ not d.o.f.

Gauge Theory
<latexit sha1_base64="of3C8rPooQ0kdY24EBr9XW1NlFc="></latexit>

S =

Z
dtL

⇣
a (t) , ȧ (t) , N (t) ,� (t) , �̇ (t)

⌘

<latexit sha1_base64="b19AMOQHuOzFSdEdfSk3p6LLAJU=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6kKh6MaFSAX7gCaEyXTSDp0kw8xEKCE/48ZfcePCIoIrf8VJm0VtPTBwOPfcO/cenzMqlWV9G6WV1bX1jfJmZWt7Z3fP3D9oyzgRmLRwzGLR9ZEkjEakpahipMsFQaHPSMcf3eb1zjMRksbRkxpz4oZoENGAYqS05JlXDqde+pDBa+gEAuHU4Ugoihh0QqSGGLH0Psvm1H6stD33W9Azq1bNmgIuE7sgVVCg6ZkT3Y+TkEQKMyRlz7a4ctN8NmYkqziJJBzhERqQnqYRCol00+mVGTzRSh8GsdAvUnCqznekKJRyHPrama8uF2u5+F+tl6jg0k1pxBNFIjz7KEgYVDHMI4N9KghWbKwJwoLqXSEeIh2W0sFWdAj24snLpH1Ws+u1+uN5tXFTxFEGR+AYnAIbXIAGuANN0AIYvIA38AEmxqvxbnwaXzNrySh6DsEfGD+/nHylTw==</latexit>

⇡N =
@L
@Ṅ

= 0

N not d.o.f.

But:
<latexit sha1_base64="Jsucgl9idSqXDPoSeRzX0xxi8XU=">AAACC3icbZDLSgMxFIbP1Futt1GXbkKL4KrMiFQ3QtGNK6loL9AZSibNtKGZC0lGKEP3bnwVNy4UcesLuPNtzLQDausPgY//nJPk/F7MmVSW9WUUlpZXVteK66WNza3tHXN3ryWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3ugyq7fvqZAsCu/UOKZugAch8xnBSls9s4wcX2CSOjEWimGObic/fD1B58jqmRWrak2FFsHOoQK5Gj3z0+lHJAloqAjHUnZtK1Zuml1KOJ2UnETSGJMRHtCuxhAHVLrpdJcJOtROH/mR0CdUaOr+nkhxIOU48HRngNVQztcy879aN1H+mZuyME4UDcnsIT/hSEUoCwb1maBE8bEGTATTf0VkiHU2SsdX0iHY8ysvQuu4ateqtZuTSv0ij6MIB1CGI7DhFOpwBQ1oAoEHeIIXeDUejWfjzXiftRaMfGYf/sj4+Aa1v5oy</latexit>

@S

@N
= 0

<latexit sha1_base64="CkJXPtGHQpNpOqAsBqlE6ZFYDrA=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARXNVEpLoRim5cSUV7gSaUyfSkHTqZhJmJUGIfw42v4saFIm67822ctgG1+sPAx3/O4cz5/ZgzpW3708otLC4tr+RXC2vrG5tbxe2dhooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHl5N68x6kYpG408MYvJD0BAsYJdpYneIRdgNJaOrGRGpGOL4dffP1CD+4tM9cSUSPAz7HdqdYssv2VPgvOBmUUKZapzh2uxFNQhCacqJU27Fj7aWTDZTDqOAmCmJCB6QHbYOChKC8dHrYCB8Yp4uDSJonNJ66PydSEio1DH3TGRLdV/O1iflfrZ3o4MxLmYgTDYLOFgUJxzrCk5Rwl0mgmg8NECqZ+SumfWKC0ibLggnBmT/5LzSOy06lXLk5KVUvsjjyaA/to0PkoFNURVeohuqIokf0jF7Rm/VkvVjv1sesNWdlM7vol6zxF/apn7U=</latexit>

@S

@N
|�i = 0

????????



Quantizing Gauge Theories
<latexit sha1_base64="gD9Vn3WNIRX3Ujaoe3f/UX1qIyY="></latexit>

SEM =

Z
dtL

⇣
~A, ~̇A,A0

⌘<latexit sha1_base64="xMVFBb1g4vGqU3oOfSdPsbWJZFQ="></latexit>

SMS =

Z
dtL (a (t) , ȧ (t) , N (t))

<latexit sha1_base64="kqkHDYz+ZDTfmlRABWch9mZ9tsk="></latexit>

SGR =

Z
dtL (gij , ˙gij , g0µ)

Analogy with Yukawa: Treat N, A0, g0μ  as c-number coupling constants  



Quantizing Gauge Theories
<latexit sha1_base64="gD9Vn3WNIRX3Ujaoe3f/UX1qIyY="></latexit>

SEM =

Z
dtL

⇣
~A, ~̇A,A0

⌘<latexit sha1_base64="xMVFBb1g4vGqU3oOfSdPsbWJZFQ="></latexit>

SMS =

Z
dtL (a (t) , ȧ (t) , N (t))

<latexit sha1_base64="kqkHDYz+ZDTfmlRABWch9mZ9tsk="></latexit>

SGR =

Z
dtL (gij , ˙gij , g0µ)

Analogy with Yukawa: Treat N, A0, g0μ  as c-number coupling constants  

<latexit sha1_base64="nLjNziK4t0MNHjJplkepGVSbaqI="></latexit>

Not d.o.f. =) @S

@N
|�i 6= 0,

@S

@A0
|�i 6= 0,

@S

@g0µ
|�i 6= 0



Quantizing Gauge Theories
<latexit sha1_base64="gD9Vn3WNIRX3Ujaoe3f/UX1qIyY="></latexit>

SEM =

Z
dtL

⇣
~A, ~̇A,A0

⌘<latexit sha1_base64="xMVFBb1g4vGqU3oOfSdPsbWJZFQ="></latexit>

SMS =

Z
dtL (a (t) , ȧ (t) , N (t))

<latexit sha1_base64="kqkHDYz+ZDTfmlRABWch9mZ9tsk="></latexit>

SGR =

Z
dtL (gij , ˙gij , g0µ)

Analogy with Yukawa: Treat N, A0, g0μ  as c-number coupling constants  

Can show that for these states, still get massless photon and graviton - the only 
physical aspect of gauge invariance we actually care about 

<latexit sha1_base64="nLjNziK4t0MNHjJplkepGVSbaqI="></latexit>

Not d.o.f. =) @S

@N
|�i 6= 0,

@S

@A0
|�i 6= 0,

@S

@g0µ
|�i 6= 0



Quantizing Gauge Theories
<latexit sha1_base64="gD9Vn3WNIRX3Ujaoe3f/UX1qIyY="></latexit>

SEM =

Z
dtL

⇣
~A, ~̇A,A0

⌘<latexit sha1_base64="xMVFBb1g4vGqU3oOfSdPsbWJZFQ="></latexit>

SMS =

Z
dtL (a (t) , ȧ (t) , N (t))

<latexit sha1_base64="kqkHDYz+ZDTfmlRABWch9mZ9tsk="></latexit>

SGR =

Z
dtL (gij , ˙gij , g0µ)

Analogy with Yukawa: Treat N, A0, g0μ  as c-number coupling constants  

Can show that for these states, still get massless photon and graviton - the only 
physical aspect of gauge invariance we actually care about 

Further, by suitable redefinitions, can show that the c-number coupling 
constants are not observable in linear quantum mechanics 

<latexit sha1_base64="nLjNziK4t0MNHjJplkepGVSbaqI="></latexit>

Not d.o.f. =) @S

@N
|�i 6= 0,

@S

@A0
|�i 6= 0,

@S

@g0µ
|�i 6= 0



General Relativity
<latexit sha1_base64="HuMfdW/DIDuqrXT2jWQbr0n4ae8=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQhDIjProRim5cVrAP6Iwlk0nbtJnMkGTEMsyvuPFX3LhQpDvxZ8xMu9DWAwnnnnMvyT1exKhUlvVlFJaWV1bXiuuljc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW90k/mtRyIkDfm9GkfEDVCf0x7FSGmpa1b73cQJYujwOIVXUFeWLlPoK+g/PSQ5P8lkOkxzhabZPUy7ZtmqWDngIrFnpAxmqHfNieOHOA4IV5ghKTu2FSk3QUJRzEhacmJJIoRHqE86mnIUEOkm+YYpPNKKD3uh0IcrmKu/JxIUSDkOPN0ZIDWQ814m/ud1YtWrugnlUawIx9OHejGDKoRZXNCngmDFxpogLKj+K8QDJBBWOtSSDsGeX3mRNE8r9kXl/O6sXLuexVEEB+AQHAMbXIIauAV10AAYPINX8A4+jBfjzfg0JtPWgjGb2Qd/YHz/AHmMo8Q=</latexit>

gµ⌫ = g0µdtdx
µ + gijdx

idxj

g0μ do not have conjugate momenta - fixed c-number functions



General Relativity
<latexit sha1_base64="HuMfdW/DIDuqrXT2jWQbr0n4ae8=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQhDIjProRim5cVrAP6Iwlk0nbtJnMkGTEMsyvuPFX3LhQpDvxZ8xMu9DWAwnnnnMvyT1exKhUlvVlFJaWV1bXiuuljc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW90k/mtRyIkDfm9GkfEDVCf0x7FSGmpa1b73cQJYujwOIVXUFeWLlPoK+g/PSQ5P8lkOkxzhabZPUy7ZtmqWDngIrFnpAxmqHfNieOHOA4IV5ghKTu2FSk3QUJRzEhacmJJIoRHqE86mnIUEOkm+YYpPNKKD3uh0IcrmKu/JxIUSDkOPN0ZIDWQ814m/ud1YtWrugnlUawIx9OHejGDKoRZXNCngmDFxpogLKj+K8QDJBBWOtSSDsGeX3mRNE8r9kXl/O6sXLuexVEEB+AQHAMbXIIauAV10AAYPINX8A4+jBfjzfg0JtPWgjGb2Qd/YHz/AHmMo8Q=</latexit>

gµ⌫ = g0µdtdx
µ + gijdx

idxj

g0μ do not have conjugate momenta - fixed c-number functions

Quantum Mechanics Guarantees: 
Gij = Tij



General Relativity
<latexit sha1_base64="HuMfdW/DIDuqrXT2jWQbr0n4ae8=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQhDIjProRim5cVrAP6Iwlk0nbtJnMkGTEMsyvuPFX3LhQpDvxZ8xMu9DWAwnnnnMvyT1exKhUlvVlFJaWV1bXiuuljc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW90k/mtRyIkDfm9GkfEDVCf0x7FSGmpa1b73cQJYujwOIVXUFeWLlPoK+g/PSQ5P8lkOkxzhabZPUy7ZtmqWDngIrFnpAxmqHfNieOHOA4IV5ghKTu2FSk3QUJRzEhacmJJIoRHqE86mnIUEOkm+YYpPNKKD3uh0IcrmKu/JxIUSDkOPN0ZIDWQ814m/ud1YtWrugnlUawIx9OHejGDKoRZXNCngmDFxpogLKj+K8QDJBBWOtSSDsGeX3mRNE8r9kXl/O6sXLuexVEEB+AQHAMbXIIauAV10AAYPINX8A4+jBfjzfg0JtPWgjGb2Qd/YHz/AHmMo8Q=</latexit>

gµ⌫ = g0µdtdx
µ + gijdx

idxj

g0μ do not have conjugate momenta - fixed c-number functions

Quantum Mechanics Guarantees: 
Gij = Tij

Classically:  
Gμν = Tμν + Hμν 

With: Hμν = H0μ
<latexit sha1_base64="Dj5v/HW3FH6z2Ds9NM7mpW9+Zsg=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUR8bYSimy4r2Ac0MUymk3boZBLmIZTQhRt/xY0LRdz6Ee78GydtFtp64HIP59zLzD1hyqhUjvNtLS2vrK6tlzbKm1vbO7v23n5bJlpg0sIJS0Q3RJIwyklLUcVINxUExSEjnXB0k/udByIkTfidGqfEj9GA04hipIwU2BWPo5Ch+8yL9aQR5A16XE/gFXQCu+rUnCngInELUgUFmoH95fUTrGPCFWZIyp7rpMrPkFAUMzIpe1qSFOERGpCeoRzFRPrZ9IgJPDJKH0aJMMUVnKq/NzIUSzmOQzMZIzWU814u/uf1tIou/YzyVCvC8eyhSDOoEpgnAvtUEKzY2BCEBTV/hXiIBMLK5FY2IbjzJy+S9knNPa+d3Z5W69dFHCVQAYfgGLjgAtRBAzRBC2DwCJ7BK3iznqwX6936mI0uWcXOAfgD6/MH46CXmg==</latexit>

rµ
Hµ⌫ = 0



General Relativity
<latexit sha1_base64="HuMfdW/DIDuqrXT2jWQbr0n4ae8=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQhDIjProRim5cVrAP6Iwlk0nbtJnMkGTEMsyvuPFX3LhQpDvxZ8xMu9DWAwnnnnMvyT1exKhUlvVlFJaWV1bXiuuljc2t7R1zd68pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW90k/mtRyIkDfm9GkfEDVCf0x7FSGmpa1b73cQJYujwOIVXUFeWLlPoK+g/PSQ5P8lkOkxzhabZPUy7ZtmqWDngIrFnpAxmqHfNieOHOA4IV5ghKTu2FSk3QUJRzEhacmJJIoRHqE86mnIUEOkm+YYpPNKKD3uh0IcrmKu/JxIUSDkOPN0ZIDWQ814m/ud1YtWrugnlUawIx9OHejGDKoRZXNCngmDFxpogLKj+K8QDJBBWOtSSDsGeX3mRNE8r9kXl/O6sXLuexVEEB+AQHAMbXIIauAV10AAYPINX8A4+jBfjzfg0JtPWgjGb2Qd/YHz/AHmMo8Q=</latexit>

gµ⌫ = g0µdtdx
µ + gijdx

idxj

g0μ do not have conjugate momenta - fixed c-number functions

Quantum Mechanics Guarantees: 
Gij = Tij

Classically:  
Gμν = Tμν + Hμν 

With: Hμν = H0μ
<latexit sha1_base64="Dj5v/HW3FH6z2Ds9NM7mpW9+Zsg=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUR8bYSimy4r2Ac0MUymk3boZBLmIZTQhRt/xY0LRdz6Ee78GydtFtp64HIP59zLzD1hyqhUjvNtLS2vrK6tlzbKm1vbO7v23n5bJlpg0sIJS0Q3RJIwyklLUcVINxUExSEjnXB0k/udByIkTfidGqfEj9GA04hipIwU2BWPo5Ch+8yL9aQR5A16XE/gFXQCu+rUnCngInELUgUFmoH95fUTrGPCFWZIyp7rpMrPkFAUMzIpe1qSFOERGpCeoRzFRPrZ9IgJPDJKH0aJMMUVnKq/NzIUSzmOQzMZIzWU814u/uf1tIou/YzyVCvC8eyhSDOoEpgnAvtUEKzY2BCEBTV/hXiIBMLK5FY2IbjzJy+S9knNPa+d3Z5W69dFHCVQAYfgGLjgAtRBAzRBC2DwCJ7BK3iznqwX6936mI0uWcXOAfgD6/MH46CXmg==</latexit>

rµ
Hµ⌫ = 0

New cosmological observables 



Electromagnetism

A0  does not have a conjugate momentum - fixed c-number function

<latexit sha1_base64="KBfAHDw9Gm1b7DtiETYeXo5Vezk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiCEJJxNtGaHXjsoK9QBvDZDJph84kYWYilpCdG1/FjQtF3PoK7nwbp20W2vrDwMd/zuHM+b2YUaks69sozM0vLC4Vl0srq2vrG+bmVlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uBqVG/dEyFpFN6qYUwcjnohDShGSluuuVtz0y5PMngBa64FfQXhoSYK/Ye7lGauWbYq1lhwFuwcyiBX3TW/un6EE05ChRmSsmNbsXJSJBTFjGSlbiJJjPAA9UhHY4g4kU46viOD+9rxYRAJ/UIFx+7viRRxKYfc050cqb6cro3M/2qdRAXnTkrDOFEkxJNFQcKgiuAoFOhTQbBiQw0IC6r/CnEfCYSVjq6kQ7CnT56F5lHFPq2c3ByXq5d5HEWwA/bAAbDBGaiCa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfBHxucPqVqXSw==</latexit>

Aµ = A0dt+Aidx
i



Electromagnetism

A0  does not have a conjugate momentum - fixed c-number function

Quantum Mechanics

(Ampere’s Law)

<latexit sha1_base64="KBfAHDw9Gm1b7DtiETYeXo5Vezk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiCEJJxNtGaHXjsoK9QBvDZDJph84kYWYilpCdG1/FjQtF3PoK7nwbp20W2vrDwMd/zuHM+b2YUaks69sozM0vLC4Vl0srq2vrG+bmVlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uBqVG/dEyFpFN6qYUwcjnohDShGSluuuVtz0y5PMngBa64FfQXhoSYK/Ye7lGauWbYq1lhwFuwcyiBX3TW/un6EE05ChRmSsmNbsXJSJBTFjGSlbiJJjPAA9UhHY4g4kU46viOD+9rxYRAJ/UIFx+7viRRxKYfc050cqb6cro3M/2qdRAXnTkrDOFEkxJNFQcKgiuAoFOhTQbBiQw0IC6r/CnEfCYSVjq6kQ7CnT56F5lHFPq2c3ByXq5d5HEWwA/bAAbDBGaiCa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfBHxucPqVqXSw==</latexit>

Aµ = A0dt+Aidx
i

<latexit sha1_base64="uYfWKG+qrUaE1cyWxcYSFcoeKiQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+kGbyAt72UZp5ZtWrWBHCe2AWpggINz/xy+hFOOAkVZkjKrm3Fyk3zKZiRrOIkksQIj9CAdDUNESfSTSeXZPBAK30YREK/UMGJ+rsjRVzKMfd1JUdqKGe9XPzP6yYqOHdTGsaJIiGeDgoSBlUE81hgnwqCFRtrgrCgeleIh0ggrHR4FR2CPXvyPGkd1ezT2sndcbV+WcRRBntgHxwCG5yBOrgBDdAEGDyCZ/AK3own48V4Nz6mpSWj6NkFf2B8/gDz35nc</latexit>

@µF
µi = J i

<latexit sha1_base64="QRXu7wqQJ/f16hj1r8LO9ja1mp4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+0MngBb3uplXlm1apZE8B5YhekCgo0PPPL6Uc44SRUmCEpu7YVKzfNp2BGsoqTSBIjPEID0tU0RJxIN51cksEDrfRhEAn9QgUn6u+OFHEpx9zXlRypoZz1cvE/r5uo4NxNaRgnioR4OihIGFQRzGOBfSoIVmysCcKC6l0hHiKBsNLhVXQI9uzJ86R1VLNPayd3x9X6ZRFHGeyBfXAIbHAG6uAGNEATYPAInsEreDOejBfj3fiYlpaMomcX/IHx+QNE3Zlq</latexit>

@µF
µ0 = J0(Gauss’s Law)



Electromagnetism

A0  does not have a conjugate momentum - fixed c-number function

Quantum Mechanics

(Ampere’s Law)

<latexit sha1_base64="KBfAHDw9Gm1b7DtiETYeXo5Vezk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiCEJJxNtGaHXjsoK9QBvDZDJph84kYWYilpCdG1/FjQtF3PoK7nwbp20W2vrDwMd/zuHM+b2YUaks69sozM0vLC4Vl0srq2vrG+bmVlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uBqVG/dEyFpFN6qYUwcjnohDShGSluuuVtz0y5PMngBa64FfQXhoSYK/Ye7lGauWbYq1lhwFuwcyiBX3TW/un6EE05ChRmSsmNbsXJSJBTFjGSlbiJJjPAA9UhHY4g4kU46viOD+9rxYRAJ/UIFx+7viRRxKYfc050cqb6cro3M/2qdRAXnTkrDOFEkxJNFQcKgiuAoFOhTQbBiQw0IC6r/CnEfCYSVjq6kQ7CnT56F5lHFPq2c3ByXq5d5HEWwA/bAAbDBGaiCa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfBHxucPqVqXSw==</latexit>

Aµ = A0dt+Aidx
i

<latexit sha1_base64="uYfWKG+qrUaE1cyWxcYSFcoeKiQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+kGbyAt72UZp5ZtWrWBHCe2AWpggINz/xy+hFOOAkVZkjKrm3Fyk3zKZiRrOIkksQIj9CAdDUNESfSTSeXZPBAK30YREK/UMGJ+rsjRVzKMfd1JUdqKGe9XPzP6yYqOHdTGsaJIiGeDgoSBlUE81hgnwqCFRtrgrCgeleIh0ggrHR4FR2CPXvyPGkd1ezT2sndcbV+WcRRBntgHxwCG5yBOrgBDdAEGDyCZ/AK3own48V4Nz6mpSWj6NkFf2B8/gDz35nc</latexit>

@µF
µi = J i

<latexit sha1_base64="QRXu7wqQJ/f16hj1r8LO9ja1mp4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+0MngBb3uplXlm1apZE8B5YhekCgo0PPPL6Uc44SRUmCEpu7YVKzfNp2BGsoqTSBIjPEID0tU0RJxIN51cksEDrfRhEAn9QgUn6u+OFHEpx9zXlRypoZz1cvE/r5uo4NxNaRgnioR4OihIGFQRzGOBfSoIVmysCcKC6l0hHiKBsNLhVXQI9uzJ86R1VLNPayd3x9X6ZRFHGeyBfXAIbHAG6uAGNEATYPAInsEreDOejBfj3fiYlpaMomcX/IHx+QNE3Zlq</latexit>

@µF
µ0 = J0(Gauss’s Law)

<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X
<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥ <latexit sha1_base64="wc851pJkY0HPHS31pCNEZDycPKk=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiTiayMUBXFZwT6giWEynbRDJ5MwMxFKyC+48VfcuFDErTt3/o2TNqC2HhjmcM693HuPHzMqlWV9GaWFxaXllfJqZW19Y3PL3N5pyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfXeZ+554ISSN+q8YxcUM04DSgGCkteWbNiZFQFDEvtbIf7oRJBq/u8h9aGTyHlmdWrbo1AZwndkGqoEDTMz+dfoSTkHCFGZKyZ1uxctN8AmYkqziJJDHCIzQgPU05Col008lFGTzQSh8GkdCPKzhRf3ekKJRyHPq6MkRqKGe9XPzP6yUqOHNTyuNEEY6ng4KEQRXBPB7Yp4JgxcaaICyo3hXiIRIIKx1iRYdgz548T9qHdfukfnxzVG1cFHGUwR7YBzVgg1PQANegCVoAgwfwBF7Aq/FoPBtvxvu0tGQUPbvgD4yPb7vCnOo=</latexit>

@0@µF
µ0 = 0



Electromagnetism

A0  does not have a conjugate momentum - fixed c-number function

Quantum Mechanics

(Ampere’s Law)

<latexit sha1_base64="KBfAHDw9Gm1b7DtiETYeXo5Vezk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiCEJJxNtGaHXjsoK9QBvDZDJph84kYWYilpCdG1/FjQtF3PoK7nwbp20W2vrDwMd/zuHM+b2YUaks69sozM0vLC4Vl0srq2vrG+bmVlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uBqVG/dEyFpFN6qYUwcjnohDShGSluuuVtz0y5PMngBa64FfQXhoSYK/Ye7lGauWbYq1lhwFuwcyiBX3TW/un6EE05ChRmSsmNbsXJSJBTFjGSlbiJJjPAA9UhHY4g4kU46viOD+9rxYRAJ/UIFx+7viRRxKYfc050cqb6cro3M/2qdRAXnTkrDOFEkxJNFQcKgiuAoFOhTQbBiQw0IC6r/CnEfCYSVjq6kQ7CnT56F5lHFPq2c3ByXq5d5HEWwA/bAAbDBGaiCa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfBHxucPqVqXSw==</latexit>

Aµ = A0dt+Aidx
i

<latexit sha1_base64="uYfWKG+qrUaE1cyWxcYSFcoeKiQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+kGbyAt72UZp5ZtWrWBHCe2AWpggINz/xy+hFOOAkVZkjKrm3Fyk3zKZiRrOIkksQIj9CAdDUNESfSTSeXZPBAK30YREK/UMGJ+rsjRVzKMfd1JUdqKGe9XPzP6yYqOHdTGsaJIiGeDgoSBlUE81hgnwqCFRtrgrCgeleIh0ggrHR4FR2CPXvyPGkd1ezT2sndcbV+WcRRBntgHxwCG5yBOrgBDdAEGDyCZ/AK3own48V4Nz6mpSWj6NkFf2B8/gDz35nc</latexit>

@µF
µi = J i

Classically
<latexit sha1_base64="+USwm0wC4EuQdIeLTP5ccBz+H0M=">AAACG3icbVDLSgMxFM3UV62vUZdugkUQhDJTfG2EoiDSVQX7gM44ZNK0Dc1khiQjlGH+w42/4saFIq4EF/6NmWkX2nog5OSce7m5x48Ylcqyvo3CwuLS8kpxtbS2vrG5ZW7vtGQYC0yaOGSh6PhIEkY5aSqqGOlEgqDAZ6Ttj64yv/1AhKQhv1PjiLgBGnDapxgpLXlm1YmQUBQxL3GCOIXX99kNHa75BazrV8aOYN1LemnupZ5ZtipWDjhP7Ckpgykanvnp9EIcB4QrzJCUXduKlJtkczEjacmJJYkQHqEB6WrKUUCkm+S7pfBAKz3YD4U+XMFc/d2RoEDKceDrygCpoZz1MvE/rxur/rmbUB7FinA8GdSPGVQhzIKCPSoIVmysCcKC6r9CPEQCYaXjLOkQ7NmV50mrWrFPKye3x+Xa5TSOItgD++AQ2OAM1MANaIAmwOARPINX8GY8GS/Gu/ExKS0Y055d8AfG1w/DcaFA</latexit>

@µF
µ⌫ = J⌫ + Jµ

d
<latexit sha1_base64="rYCPSs8EKTZGpUkIfBb9zbXHGqY="></latexit>

With: Jµ
d =

�
J0 (x) , 0, 0, 0

� <latexit sha1_base64="uKVOa4lbN3KeuwfABdFv8w2pUQ0=">AAACGHicbVDJSgNBEO1xjXGLevTSGAS9xBlxuwiiF/EUwSRCJoaenpqksWehu0YIw3yGF3/FiwdFvObm39hZDpr4oODxXhVV9bxECo22/W3NzM7NLywWlorLK6tr66WNzbqOU8WhxmMZq3uPaZAighoKlHCfKGChJ6HhPV4N/MYTKC3i6A57CbRC1olEIDhDI7VLB64IzR7Q1A0U45mfZz7mroQA924eMjtv+9RVotPFfXpObdoule2KPQSdJs6YlMkY1Xap7/oxT0OIkEumddOxE2xlTKHgEvKim2pIGH9kHWgaGrEQdCsbPpbTXaP4NIiVqQjpUP09kbFQ617omc6QYVdPegPxP6+ZYnDWykSUpAgRHy0KUkkxpoOUqC8UcJQ9QxhXwtxKeZeZgNBkWTQhOJMvT5P6YcU5qRzfHpUvLsdxFMg22SF7xCGn5IJckyqpEU6eySt5Jx/Wi/VmfVpfo9YZazyzRf7A6v8AmoWfcA==</latexit>

=) d

dt

�
J0
d

�
= 0

<latexit sha1_base64="QRXu7wqQJ/f16hj1r8LO9ja1mp4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+0MngBb3uplXlm1apZE8B5YhekCgo0PPPL6Uc44SRUmCEpu7YVKzfNp2BGsoqTSBIjPEID0tU0RJxIN51cksEDrfRhEAn9QgUn6u+OFHEpx9zXlRypoZz1cvE/r5uo4NxNaRgnioR4OihIGFQRzGOBfSoIVmysCcKC6l0hHiKBsNLhVXQI9uzJ86R1VLNPayd3x9X6ZRFHGeyBfXAIbHAG6uAGNEATYPAInsEreDOejBfj3fiYlpaMomcX/IHx+QNE3Zlq</latexit>

@µF
µ0 = J0(Gauss’s Law)

<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X
<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥ <latexit sha1_base64="wc851pJkY0HPHS31pCNEZDycPKk=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiTiayMUBXFZwT6giWEynbRDJ5MwMxFKyC+48VfcuFDErTt3/o2TNqC2HhjmcM693HuPHzMqlWV9GaWFxaXllfJqZW19Y3PL3N5pyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfXeZ+554ISSN+q8YxcUM04DSgGCkteWbNiZFQFDEvtbIf7oRJBq/u8h9aGTyHlmdWrbo1AZwndkGqoEDTMz+dfoSTkHCFGZKyZ1uxctN8AmYkqziJJDHCIzQgPU05Col008lFGTzQSh8GkdCPKzhRf3ekKJRyHPq6MkRqKGe9XPzP6yUqOHNTyuNEEY6ng4KEQRXBPB7Yp4JgxcaaICyo3hXiIRIIKx1iRYdgz548T9qHdfukfnxzVG1cFHGUwR7YBzVgg1PQANegCVoAgwfwBF7Aq/FoPBtvxvu0tGQUPbvgD4yPb7vCnOo=</latexit>

@0@µF
µ0 = 0



Electromagnetism

A0  does not have a conjugate momentum - fixed c-number function

Quantum Mechanics

(Ampere’s Law)

New cosmological observables 

<latexit sha1_base64="KBfAHDw9Gm1b7DtiETYeXo5Vezk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiCEJJxNtGaHXjsoK9QBvDZDJph84kYWYilpCdG1/FjQtF3PoK7nwbp20W2vrDwMd/zuHM+b2YUaks69sozM0vLC4Vl0srq2vrG+bmVlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uBqVG/dEyFpFN6qYUwcjnohDShGSluuuVtz0y5PMngBa64FfQXhoSYK/Ye7lGauWbYq1lhwFuwcyiBX3TW/un6EE05ChRmSsmNbsXJSJBTFjGSlbiJJjPAA9UhHY4g4kU46viOD+9rxYRAJ/UIFx+7viRRxKYfc050cqb6cro3M/2qdRAXnTkrDOFEkxJNFQcKgiuAoFOhTQbBiQw0IC6r/CnEfCYSVjq6kQ7CnT56F5lHFPq2c3ByXq5d5HEWwA/bAAbDBGaiCa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfBHxucPqVqXSw==</latexit>

Aµ = A0dt+Aidx
i

<latexit sha1_base64="uYfWKG+qrUaE1cyWxcYSFcoeKiQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+kGbyAt72UZp5ZtWrWBHCe2AWpggINz/xy+hFOOAkVZkjKrm3Fyk3zKZiRrOIkksQIj9CAdDUNESfSTSeXZPBAK30YREK/UMGJ+rsjRVzKMfd1JUdqKGe9XPzP6yYqOHdTGsaJIiGeDgoSBlUE81hgnwqCFRtrgrCgeleIh0ggrHR4FR2CPXvyPGkd1ezT2sndcbV+WcRRBntgHxwCG5yBOrgBDdAEGDyCZ/AK3own48V4Nz6mpSWj6NkFf2B8/gDz35nc</latexit>

@µF
µi = J i

Classically
<latexit sha1_base64="+USwm0wC4EuQdIeLTP5ccBz+H0M=">AAACG3icbVDLSgMxFM3UV62vUZdugkUQhDJTfG2EoiDSVQX7gM44ZNK0Dc1khiQjlGH+w42/4saFIq4EF/6NmWkX2nog5OSce7m5x48Ylcqyvo3CwuLS8kpxtbS2vrG5ZW7vtGQYC0yaOGSh6PhIEkY5aSqqGOlEgqDAZ6Ttj64yv/1AhKQhv1PjiLgBGnDapxgpLXlm1YmQUBQxL3GCOIXX99kNHa75BazrV8aOYN1LemnupZ5ZtipWDjhP7Ckpgykanvnp9EIcB4QrzJCUXduKlJtkczEjacmJJYkQHqEB6WrKUUCkm+S7pfBAKz3YD4U+XMFc/d2RoEDKceDrygCpoZz1MvE/rxur/rmbUB7FinA8GdSPGVQhzIKCPSoIVmysCcKC6r9CPEQCYaXjLOkQ7NmV50mrWrFPKye3x+Xa5TSOItgD++AQ2OAM1MANaIAmwOARPINX8GY8GS/Gu/ExKS0Y055d8AfG1w/DcaFA</latexit>

@µF
µ⌫ = J⌫ + Jµ

d
<latexit sha1_base64="rYCPSs8EKTZGpUkIfBb9zbXHGqY="></latexit>

With: Jµ
d =

�
J0 (x) , 0, 0, 0

� <latexit sha1_base64="uKVOa4lbN3KeuwfABdFv8w2pUQ0=">AAACGHicbVDJSgNBEO1xjXGLevTSGAS9xBlxuwiiF/EUwSRCJoaenpqksWehu0YIw3yGF3/FiwdFvObm39hZDpr4oODxXhVV9bxECo22/W3NzM7NLywWlorLK6tr66WNzbqOU8WhxmMZq3uPaZAighoKlHCfKGChJ6HhPV4N/MYTKC3i6A57CbRC1olEIDhDI7VLB64IzR7Q1A0U45mfZz7mroQA924eMjtv+9RVotPFfXpObdoule2KPQSdJs6YlMkY1Xap7/oxT0OIkEumddOxE2xlTKHgEvKim2pIGH9kHWgaGrEQdCsbPpbTXaP4NIiVqQjpUP09kbFQ617omc6QYVdPegPxP6+ZYnDWykSUpAgRHy0KUkkxpoOUqC8UcJQ9QxhXwtxKeZeZgNBkWTQhOJMvT5P6YcU5qRzfHpUvLsdxFMg22SF7xCGn5IJckyqpEU6eySt5Jx/Wi/VmfVpfo9YZazyzRf7A6v8AmoWfcA==</latexit>

=) d

dt

�
J0
d

�
= 0

<latexit sha1_base64="QRXu7wqQJ/f16hj1r8LO9ja1mp4=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtRGKgoirCvYBTRom00k7dCYJMxOhhGzd+CtuXCji1j9w5984abPQ1gPDHM65l3vv8WNGpbKsb6O0sLi0vFJeraytb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o6vcbz8QIWkU3qtxTFyOBiENKEZKS54JnRgJRRHzUocnGbzu5T+0MngBb3uplXlm1apZE8B5YhekCgo0PPPL6Uc44SRUmCEpu7YVKzfNp2BGsoqTSBIjPEID0tU0RJxIN51cksEDrfRhEAn9QgUn6u+OFHEpx9zXlRypoZz1cvE/r5uo4NxNaRgnioR4OihIGFQRzGOBfSoIVmysCcKC6l0hHiKBsNLhVXQI9uzJ86R1VLNPayd3x9X6ZRFHGeyBfXAIbHAG6uAGNEATYPAInsEreDOejBfj3fiYlpaMomcX/IHx+QNE3Zlq</latexit>

@µF
µ0 = J0(Gauss’s Law)

<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X
<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥ <latexit sha1_base64="wc851pJkY0HPHS31pCNEZDycPKk=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiTiayMUBXFZwT6giWEynbRDJ5MwMxFKyC+48VfcuFDErTt3/o2TNqC2HhjmcM693HuPHzMqlWV9GaWFxaXllfJqZW19Y3PL3N5pyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfXeZ+554ISSN+q8YxcUM04DSgGCkteWbNiZFQFDEvtbIf7oRJBq/u8h9aGTyHlmdWrbo1AZwndkGqoEDTMz+dfoSTkHCFGZKyZ1uxctN8AmYkqziJJDHCIzQgPU05Col008lFGTzQSh8GkdCPKzhRf3ekKJRyHPq6MkRqKGe9XPzP6yUqOHNTyuNEEY6ng4KEQRXBPB7Yp4JgxcaaICyo3hXiIRIIKx1iRYdgz548T9qHdfukfnxzVG1cFHGUwR7YBzVgg1PQANegCVoAgwfwBF7Aq/FoPBtvxvu0tGQUPbvgD4yPb7vCnOo=</latexit>

@0@µF
µ0 = 0



Backup



Classical and Quantum Gauge Theories

Classical Field Theory 
(e.g. General Relativity)

<latexit sha1_base64="Uhp3YBx6Ql3IQVzSt6Y6Tgmn0qM=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozUtSNUHTjsqK9QGcsmTTThiaZIckIZZhXcOOruHGhiFt37nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4n9fY9kYpG4laPY+JzNBA0pBhpY/XsihdKhFOvT5hG8Cb7ocFd6vEEeiLJMngOHdizy07VmQougptDGeRq9OxPrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNCsSJ8tPpRRk8Mk4fhpE0T2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzzUyriRBOBZ4vChEEdwUk8sE8lwZqNDSAsqfkrxENkItImxJIJwZ0/eRFax1X3pFq7rpXrF3kcRXAADkEFuOAU1MEVaIAmwOABPIEX8Go9Ws/Wm/U+ay1Y+cw++CPr4xtfZpyy</latexit>

�S

�gµ⌫
= 0



Classical and Quantum Gauge Theories

Classical Field Theory 
(e.g. General Relativity)

<latexit sha1_base64="Uhp3YBx6Ql3IQVzSt6Y6Tgmn0qM=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozUtSNUHTjsqK9QGcsmTTThiaZIckIZZhXcOOruHGhiFt37nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4n9fY9kYpG4laPY+JzNBA0pBhpY/XsihdKhFOvT5hG8Cb7ocFd6vEEeiLJMngOHdizy07VmQougptDGeRq9OxPrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNCsSJ8tPpRRk8Mk4fhpE0T2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzzUyriRBOBZ4vChEEdwUk8sE8lwZqNDSAsqfkrxENkItImxJIJwZ0/eRFax1X3pFq7rpXrF3kcRXAADkEFuOAU1MEVaIAmwOABPIEX8Go9Ws/Wm/U+ay1Y+cw++CPr4xtfZpyy</latexit>

�S

�gµ⌫
= 0

Quantum Field Theory 
<latexit sha1_base64="eyiOS5117WebtSvWVud3TzzOSFY="></latexit>

Z =

Z
Dgµ⌫eiS[g] =) �Z =

Z
Dgµ⌫

✓
�S

�gµ⌫

◆
�gµ⌫ = 0



Classical and Quantum Gauge Theories

Classical Field Theory 
(e.g. General Relativity)

<latexit sha1_base64="Uhp3YBx6Ql3IQVzSt6Y6Tgmn0qM=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozUtSNUHTjsqK9QGcsmTTThiaZIckIZZhXcOOruHGhiFt37nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4n9fY9kYpG4laPY+JzNBA0pBhpY/XsihdKhFOvT5hG8Cb7ocFd6vEEeiLJMngOHdizy07VmQougptDGeRq9OxPrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNCsSJ8tPpRRk8Mk4fhpE0T2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzzUyriRBOBZ4vChEEdwUk8sE8lwZqNDSAsqfkrxENkItImxJIJwZ0/eRFax1X3pFq7rpXrF3kcRXAADkEFuOAU1MEVaIAmwOABPIEX8Go9Ws/Wm/U+ay1Y+cw++CPr4xtfZpyy</latexit>

�S

�gµ⌫
= 0

Quantum Field Theory 
<latexit sha1_base64="eyiOS5117WebtSvWVud3TzzOSFY="></latexit>

Z =

Z
Dgµ⌫eiS[g] =) �Z =

Z
Dgµ⌫

✓
�S

�gµ⌫

◆
�gµ⌫ = 0

<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥
Need to Gauge Fix to define Path Integral 



Classical and Quantum Gauge Theories

Classical Field Theory 
(e.g. General Relativity)

<latexit sha1_base64="Uhp3YBx6Ql3IQVzSt6Y6Tgmn0qM=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozUtSNUHTjsqK9QGcsmTTThiaZIckIZZhXcOOruHGhiFt37nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4n9fY9kYpG4laPY+JzNBA0pBhpY/XsihdKhFOvT5hG8Cb7ocFd6vEEeiLJMngOHdizy07VmQougptDGeRq9OxPrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNCsSJ8tPpRRk8Mk4fhpE0T2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzzUyriRBOBZ4vChEEdwUk8sE8lwZqNDSAsqfkrxENkItImxJIJwZ0/eRFax1X3pFq7rpXrF3kcRXAADkEFuOAU1MEVaIAmwOABPIEX8Go9Ws/Wm/U+ay1Y+cw++CPr4xtfZpyy</latexit>

�S

�gµ⌫
= 0

Quantum Field Theory 
<latexit sha1_base64="eyiOS5117WebtSvWVud3TzzOSFY="></latexit>

Z =

Z
Dgµ⌫eiS[g] =) �Z =

Z
Dgµ⌫

✓
�S

�gµ⌫

◆
�gµ⌫ = 0

<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥
Need to Gauge Fix to define Path Integral 

<latexit sha1_base64="SmywzQdX0JF1efoc65BseJCii7g="></latexit>

Z =

Z
Dgµ⌫eiSgf [g] =) �Z =

Z
Dgµ⌫

✓
�Sgf

�gµ⌫

◆
�gµ⌫ = 0

<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X



Classical and Quantum Gauge Theories

Classical Field Theory 
(e.g. General Relativity)

<latexit sha1_base64="Uhp3YBx6Ql3IQVzSt6Y6Tgmn0qM=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozUtSNUHTjsqK9QGcsmTTThiaZIckIZZhXcOOruHGhiFt37nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjC4n9fY9kYpG4laPY+JzNBA0pBhpY/XsihdKhFOvT5hG8Cb7ocFd6vEEeiLJMngOHdizy07VmQougptDGeRq9OxPrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNCsSJ8tPpRRk8Mk4fhpE0T2g4dX9PpIgrNeaB6eRID9V8bWL+V+smOjzzUyriRBOBZ4vChEEdwUk8sE8lwZqNDSAsqfkrxENkItImxJIJwZ0/eRFax1X3pFq7rpXrF3kcRXAADkEFuOAU1MEVaIAmwOABPIEX8Go9Ws/Wm/U+ay1Y+cw++CPr4xtfZpyy</latexit>

�S

�gµ⌫
= 0

Quantum Field Theory 
<latexit sha1_base64="eyiOS5117WebtSvWVud3TzzOSFY="></latexit>

Z =

Z
Dgµ⌫eiS[g] =) �Z =

Z
Dgµ⌫

✓
�S

�gµ⌫

◆
�gµ⌫ = 0

<latexit sha1_base64="6wmav1Lb+YBrtNm+NwnoR4fbVv0=">AAAB7XicdVBNS8NAEN34WetX1aOXxSJ4Ckla23orevFYwX5AG8pmu23XbjZhdyKU0P/gxYMiXv0/3vw3btoKKvpg4PHeDDPzglhwDY7zYa2srq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gcpX57XumNI/kLUxj5odkJPmQUwJGavWAh0z3C0XHvqhVvHMPO7bjVL1SJSNeteyVsGuUDEW0RKNfeO8NIpqETAIVROuu68Tgp0QBp4LN8r1Es5jQCRmxrqGSmCV+Or92hk+NMsDDSJmSgOfq94mUhFpPw8B0hgTG+reXiX953QSGNT/lMk6ASbpYNEwEhghnr+MBV4yCmBpCqOLmVkzHRBEKJqC8CeHrU/w/aXm2W7HLN+Vi/XIZRw4doxN0hlxURXV0jRqoiSi6Qw/oCT1bkfVovVivi9YVazlzhH7AevsEHBGPgQ==</latexit>⇥
Need to Gauge Fix to define Path Integral 

<latexit sha1_base64="SmywzQdX0JF1efoc65BseJCii7g="></latexit>

Z =

Z
Dgµ⌫eiSgf [g] =) �Z =

Z
Dgµ⌫

✓
�Sgf

�gµ⌫

◆
�gµ⌫ = 0

<latexit sha1_base64="hcglnRi3aR07VAUcpq3eWn3MaRU=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSY1xiyLblxWsA9sQ5lMJ+2QySTMTIQS+hduXCji1r9x5984fQgqeuDC4Zx7ufeeMONMaYQ+rNLK6tr6RnmzsrW9s7tX3T9oqzSXhLZIylPZDbGinAna0kxz2s0kxUnIaSeMr2Z+555KxVJxqycZDRI8EixiBGsj3fXJmJI4wTIeVGvIRr7nu2cQ2eeeh1zHEOTWkV+Hjo3mqIElmoPqe3+YkjyhQhOOleo5KNNBgaVmhNNppZ8rmmES4xHtGSpwQlVQzC+ewhOjDGGUSlNCw7n6faLAiVKTJDSdCdZj9dubiX95vVxHflAwkeWaCrJYFOUc6hTO3odDJinRfGIIJpKZWyEZY4mJNiFVTAhfn8L/SbtuO57t3ri1xuUyjjI4AsfgFDjgAjTANWiCFiBAgAfwBJ4tZT1aL9brorVkLWcOwQ9Yb58Kr5Ev</latexit>X

Not the Same 
???????? 

Quantum 
Supremacy 



Hamiltonian Construction
<latexit sha1_base64="DoRM0+lzj/KWbd3LExd7A1E9ekA="></latexit>

⇧a =
@L
@ȧ

,⇧� =
@L
@�̇

Quantize These 

<latexit sha1_base64="ONOf4CdRRX2HXd7Yucvkccqet5Q=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuJCSSFE3QtGNywr2AkkIk+mkHTqZhJmJUEKfwI2v4saFIm5du/NtnKRZaOsPAz/fOYcz5w8SRqWyrG+jsrK6tr5R3axtbe/s7pn7Bz0ZpwKTLo5ZLAYBkoRRTrqKKkYGiSAoChjpB5ObvN5/IELSmN+raUK8CI04DSlGSiPfbDjoFLod6mdo5sEr6LjJmJYktwWkvlm3mlYhuGzs0tRBqY5vfrnDGKcR4QozJKVjW4nyMiQUxYzMam4qSYLwBI2Ioy1HEZFeVpwzgw1NhjCMhX5cwYL+nshQJOU0CnRnhNRYLtZy+F/NSVV46WWUJ6kiHM8XhSmDKoZ5NnBIBcGKTbVBWFD9V4jHSCCsdII1HYK9ePKy6Z017fNm665Vb1+XcVTBETgGJ8AGF6ANbkEHdAEGj+AZvII348l4Md6Nj3lrxShnDsEfGZ8/Tj6aZQ==</latexit>

[a,⇧a] = [�,⇧�] = i

<latexit sha1_base64="P+FBniV+NZIERva2ulTXVfom6Rg=">AAACJHicbVDLSgNBEJz1bXxFPXoZDEJEDbsiKohg9OIxgjGBbAyzk97NkNkHM71CWPIxXvwVLx584MGL3+Ik5qDGgoGiqpqeLi+RQqNtf1gTk1PTM7Nz87mFxaXllfzq2o2OU8WhymMZq7rHNEgRQRUFSqgnCljoSah53YuBX7sDpUUcXWMvgWbIgkj4gjM0Uit/wugpLdMdWr7N3DYLAlD9XepWRGtgCOpK8LFYpns/A64SQQe3W/mCXbKHoOPEGZECGaHSyr+67ZinIUTIJdO64dgJNjOmUHAJ/ZybakgY77IAGoZGLATdzIZH9umWUdrUj5V5EdKh+nMiY6HWvdAzyZBhR//1BuJ/XiNF/7iZiShJESL+vchPJcWYDhqjbaGAo+wZwrgS5q+Ud5hiHE2vOVOC8/fkcXKzX3IOSwdXB4Wz81Edc2SDbJIiccgROSOXpEKqhJN78kieyYv1YD1Zb9b7d3TCGs2sk1+wPr8AyAyh7Q==</latexit>

a = A+A†,⇧a = i
�
A�A†� <latexit sha1_base64="hsaVXEEsT8c4fkgtKf8jTYmXhwk="></latexit>

� = B +B†,⇧� = i
�
B �B†�



Hamiltonian Construction
<latexit sha1_base64="DoRM0+lzj/KWbd3LExd7A1E9ekA="></latexit>

⇧a =
@L
@ȧ

,⇧� =
@L
@�̇

Quantize These 

Fully non-linear General Relativity - no “free” theory with “free” kinetic term 

<latexit sha1_base64="ONOf4CdRRX2HXd7Yucvkccqet5Q=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuJCSSFE3QtGNywr2AkkIk+mkHTqZhJmJUEKfwI2v4saFIm5du/NtnKRZaOsPAz/fOYcz5w8SRqWyrG+jsrK6tr5R3axtbe/s7pn7Bz0ZpwKTLo5ZLAYBkoRRTrqKKkYGiSAoChjpB5ObvN5/IELSmN+raUK8CI04DSlGSiPfbDjoFLod6mdo5sEr6LjJmJYktwWkvlm3mlYhuGzs0tRBqY5vfrnDGKcR4QozJKVjW4nyMiQUxYzMam4qSYLwBI2Ioy1HEZFeVpwzgw1NhjCMhX5cwYL+nshQJOU0CnRnhNRYLtZy+F/NSVV46WWUJ6kiHM8XhSmDKoZ5NnBIBcGKTbVBWFD9V4jHSCCsdII1HYK9ePKy6Z017fNm665Vb1+XcVTBETgGJ8AGF6ANbkEHdAEGj+AZvII348l4Md6Nj3lrxShnDsEfGZ8/Tj6aZQ==</latexit>

[a,⇧a] = [�,⇧�] = i

<latexit sha1_base64="P+FBniV+NZIERva2ulTXVfom6Rg=">AAACJHicbVDLSgNBEJz1bXxFPXoZDEJEDbsiKohg9OIxgjGBbAyzk97NkNkHM71CWPIxXvwVLx584MGL3+Ik5qDGgoGiqpqeLi+RQqNtf1gTk1PTM7Nz87mFxaXllfzq2o2OU8WhymMZq7rHNEgRQRUFSqgnCljoSah53YuBX7sDpUUcXWMvgWbIgkj4gjM0Uit/wugpLdMdWr7N3DYLAlD9XepWRGtgCOpK8LFYpns/A64SQQe3W/mCXbKHoOPEGZECGaHSyr+67ZinIUTIJdO64dgJNjOmUHAJ/ZybakgY77IAGoZGLATdzIZH9umWUdrUj5V5EdKh+nMiY6HWvdAzyZBhR//1BuJ/XiNF/7iZiShJESL+vchPJcWYDhqjbaGAo+wZwrgS5q+Ud5hiHE2vOVOC8/fkcXKzX3IOSwdXB4Wz81Edc2SDbJIiccgROSOXpEKqhJN78kieyYv1YD1Zb9b7d3TCGs2sk1+wPr8AyAyh7Q==</latexit>

a = A+A†,⇧a = i
�
A�A†� <latexit sha1_base64="hsaVXEEsT8c4fkgtKf8jTYmXhwk="></latexit>

� = B +B†,⇧� = i
�
B �B†�

But, can still construct Hilbert space with Fock states of A, B - these are 
operator level statements independent of kinetic terms of the theory 

<latexit sha1_base64="ifQY1vW3YSYCZ6BMr0OIjd2Nd9k=">AAACJnicbZBNS8NAEIY3flu/qh69LBbBg5REinopVL14rGBVaGrZbKdxcbMJuxOxpP01XvwrXjxURLz5U9zWCH4NLDy87wyz8waJFAZd982ZmJyanpmdmy8sLC4trxRX185NnGoODR7LWF8GzIAUChooUMJlooFFgYSL4OZ45F/cgjYiVmfYS6AVsVCJruAMrdQuVg/7rq+ZCiXQKnV36OFV5ndYGIIefHf63hf7CHeYUUBeHrSLJbfsjov+BS+HEsmr3i4O/U7M0wgUcsmMaXpugq2MaRRcwqDgpwYSxm9YCE2LikVgWtn4zAHdskqHdmNtn0I6Vr9PZCwyphcFtjNieG1+eyPxP6+ZYveglQmVpAiKfy7qppJiTEeZ0Y7QwFH2LDCuhf0r5ddMM4422YINwft98l843y17e+XKaaVUO8rjmCMbZJNsE4/skxo5IXXSIJzck0cyJM/Og/PkvDivn60TTj6zTn6U8/4BMnykcQ==</latexit>

A|0i = 0, A†|0i = |1i etc.


