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INTRODUCTION AND MOTIVATIONS

Operationally, subsystems are distinguished by subalgebras of physically accessible observables

What if no external relatum is available and/or there is tension between locality and gauge-invariance?

often relative to external frame, e.g. the Lab, or to notion of locality of a background spacetime (external to the fields of interest).  

[Zanardi ’01; Zanardi, Lidar, Lloyd ’03] 

In constrained/gauge systems and gravity:

Kinematical notion of subsystems generically not inherited at gauge-inv. level; 

Non-local gauge-invariant observables;

Partitioning vs. cross-boundary observables. 
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[Donnelly, Freidel, Francois, Geiller, Gomes, Pranzetti, Riello, 
Speranza, Speziale, Wieland, Carrozza, Eccles, Höhn,…]  

(edge modes)



INTRODUCTION AND MOTIVATIONS

Operationally, subsystems are distinguished by subalgebras of physically accessible observables

What if no external relatum is available and/or there is tension between locality and gauge-invariance?

Use internal reference frames 
& relational observables 

Gauge-inv. subsystems depend on the 
relational observables accessible in 

the chosen internal frame

[Ahmad Ali, Galley, Höhn, Lock, Smith ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23; 
Carrozza, Höhn, Kirklin, FMM to appear]

often relative to external frame, e.g. the Lab, or to notion of locality of a background spacetime (external to the fields of interest).  

Consequences:   frame-dependent gauge-inv. properties of subsystems + alternative proposal for entanglement entropy

[Zanardi ’01; Zanardi, Lidar, Lloyd ’03] 

In constrained/gauge systems and gravity:

Kinematical notion of subsystems generically not inherited at gauge-inv. level; 

Non-local gauge-invariant observables;

Partitioning vs. cross-boundary observables. 
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Idea:

[Donnelly, Freidel, Francois, Geiller, Gomes, Pranzetti, Riello, 
Speranza, Speziale, Wieland, Carrozza, Eccles, Höhn,…]  

(edge modes)

MULTIPLE CHOICES
SUBSYSTEM RELATIVITY



EXAMPLES OF SUBSYSTEM RELATIVITY

Special relativity with tetrads frames [de la Hamette, Galley, Höhn, Loveridge, Müller ’21; 
Höhn, Kotecha, FMM ’23]
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Finite-dim. quantum systems: external-frame independent description of DoF of interest

Subregions in gauge theories and gravity:   edge modes frames 

relative to the remaining DoFs (used as internal frame) 
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Observer dependence of gravitational entropy  

[De Vuyst, Eccles, Höhn, Kirklin ’24]

Regulatisation of gravitational entropy via introduction of observer 
(from Type III to Type II algebras) 
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EXAMPLES OF SUBSYSTEM RELATIVITY

Special relativity with tetrads frames [de la Hamette, Galley, Höhn, Loveridge, Müller ’21; 
Höhn, Kotecha, FMM ’23]
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Finite-dim. quantum systems: external-frame independent description of DoF of interest

Subregions in gauge theories and gravity:   edge modes frames 

relative to the remaining DoFs (used as internal frame) 
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Observer dependence of gravitational entropy  

[De Vuyst, Eccles, Höhn, Kirklin ’24]

Regulatisation of gravitational entropy via introduction of observer 
(from Type III to Type II algebras) 
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IN THIS TALK



PLAN OF THE TALK

Finite-dimensional quantum constrained/gauge systems

Comparison with center construction for subsystem entropy in presence of constraints 

Different assignment of gauge invariant subalgebras   Different notion of entropy  (proper entanglement entropy?) 

Subregions in gauge field theory 

Warm up: Special relativity with internal tetrad frames

Illustration via mechanical toy model example;

Basics of quantum reference frames (perspective-neutral formulation);

Quantum relativity of subsystems & its physical consequences;

Part I 

Part II 

Part III 

Part IV (edge modes as boundary dynamical frames)  



Part I

Special relativity with tetrad frames



SPECIAL RELATIVITY WITH INTERNAL FRAMES
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External/background coordinate frame
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⇤ 2 SO+(3, 1) internally indistinguishable
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

[de la Hamette, Galley, Höhn, 
Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]



SPECIAL RELATIVITY WITH INTERNAL FRAMES

<latexit sha1_base64="c/v1MLUpvBYX2Dje7dHuRVfn//A=">AAAB83icdVC7TsNAEDzzDOEVoKQ5ESFRWXZECGUkGspEIg8psaLzZRNOOZ+tuz1EFOULaKGiQ7R8EAX/gm2CxHOq0cyudnbCRAqDnvfqLC2vrK6tFzaKm1vbO7ulvf22ia3m0OKxjHU3ZAakUNBCgRK6iQYWhRI64eQi8zs3oI2I1RVOEwgiNlZiJDjDVGreDkplz616XqVao7+J73o5ymSBxqD01h/G3EagkEtmTM/3EgxmTKPgEubFvjWQMD5hY+ilVLEITDDLg87psTUMY5qApkLSXISvGzMWGTONwnQyYnhtfnqZ+JfXszg6D2ZCJRZB8ewQCgn5IcO1SBsAOhQaEFmWHKhQlDPNEEELyjhPRZtWUkz7+Hya/k/aFdc/c6vN03K9vmimQA7JETkhPqmROrkkDdIinAC5I/fkwbHOo/PkPH+MLjmLnQPyDc7LO934kcI=</latexit>x

<latexit sha1_base64="f2+kQ8II4zAiwRsHRST8IxtxICM=">AAAB83icdVDLSgNBEJyNrxhfUY9eBoPgadkEYzwGvHhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXCD7rVFR109UVxFIY9LxXp7Cyura+UdwsbW3v7O6V9w+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPLzO/dgjYiUtc4j8EP2VSJieAMU6k9H5Urnlv3vFq9QX+TquvlqJAlWqPy23AccRuCQi6ZMYOqF6OfMI2CS1iUhtZAzPiMTWGQUsVCMH6SB13QE2sYRjQGTYWkuQhfNxIWGjMPg3QyZHhjfnqZ+Jc3sDi58BOhYougeHYIhYT8kOFapA0AHQsNiCxLDlQoyplmiKAFZZynok0rKaV9fD5N/yfdmls9d+vts0qzuWymSI7IMTklVdIgTXJFWqRDOAFyR+7Jg2OdR+fJef4YLTjLnUPyDc7LO9+HkcM=</latexit>y

<latexit sha1_base64="UVkUKAWRf1LEb/5n9fLmfT8h7Vk=">AAAB83icdVC7TsNAEDzzDOEVoKQ5ESFRWXZECGUkGspEIg8psaLzZRNOOZ+tuz2kEOULaKGiQ7R8EAX/gm2CxHOq0cyudnbCRAqDnvfqLC2vrK6tFzaKm1vbO7ulvf22ia3m0OKxjHU3ZAakUNBCgRK6iQYWhRI64eQi8zs3oI2I1RVOEwgiNlZiJDjDVGreDkplz616XqVao7+J73o5ymSBxqD01h/G3EagkEtmTM/3EgxmTKPgEubFvjWQMD5hY+ilVLEITDDLg87psTUMY5qApkLSXISvGzMWGTONwnQyYnhtfnqZ+JfXszg6D2ZCJRZB8ewQCgn5IcO1SBsAOhQaEFmWHKhQlDPNEEELyjhPRZtWUkz7+Hya/k/aFdc/c6vN03K9vmimQA7JETkhPqmROrkkDdIinAC5I/fkwbHOo/PkPH+MLjmLnQPyDc7LO+EWkcQ=</latexit>z

External/background coordinate frame

<latexit sha1_base64="a70DSuwY11L5UlwBT38fIMPg4iA=">AAACHXicbVC7ThtBFJ3l6ZhHDCnTjGIhQWPtIgKUltJQUIAU20heY90dX2DEzOxq5o4la+Vv4BPyFbRQ0UVpI4r8S2aNiwS41Znz0J17skJJR3H8HC0sLi2vrNY+1NfWNzY/Nra2uy73VmBH5Cq3Fxk4VNJghyQpvCgsgs4U9rLbb5XeG6N1MjffaVLgQMO1kVdSAAVq2NgbX5ap9tNUQ+EoT09DdATDMjV++qLwyhFew0YzbsWz4W9BMgdNNp+zYeNPOsqF12hIKHCun8QFDUqwJIXCaT31DgsQt3CN/QANaHSDcnbSlO94B5TzAi2Xis9I/DdRgnZuorPg1EA37rVWke9pfU9Xx4NSmsITGlEtIqlwtsgJK0NXyEfSIhFUP0cuDRdggQit5CBEIH0orx76SF5f/xZ091vJYevr+UGz3Z43U2Of2Re2yxJ2xNrshJ2xDhPsjt2zB/YY/Yieop/RrxfrQjTPfGL/TfT7L8pZo74=</latexit>

vµ 7! ⇤µ
⌫v

⌫ <latexit sha1_base64="sdpmetOk0IMrizHO/KHG0608PYA=">AAACCnicbVDLSgNBEJz1bXxFBS9eBoOgKGHX9zHgxYOgokmEJCy9kzYOmX0w0yvImj/wK7zqyZt49Sc8+C9O1hx81amoqqa7K0iUNOS6787Q8Mjo2PjEZGFqemZ2rji/UDNxqgVWRaxifRmAQSUjrJIkhZeJRggDhfWge9j36zeojYyjC7pNsBVCJ5JXUgBZyS8uNY9tuA1NGfHzEz/b6K1tb3rrfrHklt0c/C/xBqTEBjj1ix/NdizSECMSCoxpeG5CrQw0SaGwV2imBhMQXehgw9IIQjStLL+/x1dTAxTzBDWXiucifp/IIDTmNgxsMgS6Nr+9vvif10jp6qCVyShJCSPRX0RSYb7ICC1tMcjbUiMR9C9HblsQoIEIteQghBVT21TB9uH9/v4vqW2Vvb3y7tlOqVIZNDPBltkKW2Me22cVdsROWZUJdsce2CN7cu6dZ+fFef2KDjmDmUX2A87bJ3s0mQk=</latexit>

⇤ 2 SO+(3, 1) internally indistinguishable

Internal frame (tetrad):
<latexit sha1_base64="Svu8YtoLVdkB9WU2KCvFT8NJNZM=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHxRHYNCN5IvHjERB4GkPQODU6Y2d3M9JqQDV/hVU/ejFc/xoP/4oKYqNE6Vaq609XlR0pact03J7O0vLK6ll3PbWxube/kd/eaNoyNwIYIVWjaPlhUMsAGSVLYjgyC9hW2/PH5zG/dobEyDK5oEmFPwyiQQymAUuka+3CTdHU87ecLbvGs5JWrHneL7hwp8SpepVzl3kIpsAXq/fx7dxCKWGNAQoG1Hc+NqJeAISkUTnPd2GIEYgwj7KQ0AI22l8wDT/lRbIFCHqHhUvG5iN83EtDWTrSfTmqgW/vbm4l/eZ2YhtVeIoMoJgzE7BBJhfNDVhiZNoF8IA0SwSw5chlwAQaI0EgOQqRinFaTS/v4epr/T5onRe+0WL4sFWq1RTNZdsAO2THzWIXV2AWrswYTTLN79sAenanz5Dw7L5+jGWexs89+wHn9ACamlVM=</latexit>

eµa

<latexit sha1_base64="eNNXdLY4Se9AQKATSPN+EtiHERY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwcgelSt29azG6k1G7aqdISGswRr1JmW5UiE52qPy+3AciMgDH4XixgyYHaITc41SKFiUhpGBkIsZn8IgoT73wDhxFnVBjyLDMaAhaCoVzUT4vhFzz5i55yaTHscb89tLxb+8QYSTphNLP4wQfJEeQqkgO2SElkkHQMdSAyJPkwOVPhVcc0TQknIhEjFKSiklfXw9Tf8n3ZMqO63WL2uVVitvpkgOyCE5Jow0SItckDbpEEGm5J48kEfrznqynq2Xz9GCle/skx+wXj8A6m6SUg==</latexit>e0

<latexit sha1_base64="r6hxaOG8czdf9zUHvNPmzUTZqGQ=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwYiNyhW7elZj9SajdtXOkBDWYI16k7JcqZAc7VH5fTgOROSBj0JxYwbMDtGJuUYpFCxKw8hAyMWMT2GQUJ97YJw4i7qgR5HhGNAQNJWKZiJ834i5Z8zcc5NJj+ON+e2l4l/eIMJJ04mlH0YIvkgPoVSQHTJCy6QDoGOpAZGnyYFKnwquOSJoSbkQiRglpZSSPr6epv+T7kmVnVbrl7VKq5U3UyQH5JAcE0YapEUuSJt0iCBTck8eyKN1Zz1Zz9bL52jBynf2yQ9Yrx/r/ZJT</latexit>e1

<latexit sha1_base64="jHXSowWGqxrObjq14yERaWbLfTw=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LTshMfEW8OIxonlAsoTZSScOmX0w06uEkE/wqidv4tXv8eC/uLuuoKJ1Kqq66eryIiUNOs6btbS8srq2Xtgobm5t7+yW9vY7Joy1gLYIVah7HjegZABtlKigF2ngvqeg603PU797C9rIMLjGWQSuzyeBHEvBMZGuYFgZlsqOfVZltQajju1kSAirs3qtQVmulEmO1rD0PhiFIvYhQKG4MX3mROjOuUYpFCyKg9hAxMWUT6Cf0ID7YNx5FnVBj2PDMaQRaCoVzUT4vjHnvjEz30smfY435reXin95/RjHDXcugyhGCER6CKWC7JARWiYdAB1JDYg8TQ5UBlRwzRFBS8qFSMQ4KaWY9PH1NP2fdCo2O7Vrl9Vys5k3UyCH5IicEEbqpEkuSIu0iSATck8eyKN1Zz1Zz9bL5+iSle8ckB+wXj8A7YySVA==</latexit>e2

spacetime index

frame index
<latexit sha1_base64="R8ixUv2PFCcRitC2QVfPivKSuB0=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgIYTd+LwIAS8eI5iHJCH0TjpxyOyDmV4hLPkKr3ryJl79GA/+i7trDppYp6Kqm64uN1TSkG1/Wrml5ZXVtfx6YWNza3unuLvXNEGkBTZEoALddsGgkj42SJLCdqgRPFdhyx1fp37rEbWRgX9HkxB7Hox8OZQCKJHu4couO+Vq+aRfLNkVOwNfJM6MlNgM9X7xqzsIROShT0KBMR3HDqkXgyYpFE4L3chgCGIMI+wk1AcPTS/OAk/5UWSAAh6i5lLxTMTfGzF4xkw8N5n0gB7MvJeK/3mdiIaXvVj6YUToi/QQSYXZISO0TJpAPpAaiSBNjlz6XIAGItSSgxCJGCXVFJI+nPnvF0mzWnHOK2e3p6VabdZMnh2wQ3bMHHbBauyG1VmDCeaxJ/bMXqyp9Wq9We8/ozlrtrPP/sD6+Ab3I5NJ</latexit>

a = 0, 1, 2, 3

<latexit sha1_base64="Y/pSZN3mZsg8Ub7LZFIR90gcrvc=">AAAB/XicbVC7SgNBFJ2NrxhfUUubwSBYhLArvhohYGMZwTwgWcLs5CYOmX0wc0eMS/ArbLWyE1u/xcJ/cXfdQhNPdTjnXu65x4uk0Gjbn1ZhYXFpeaW4Wlpb39jcKm/vtHRoFIcmD2WoOh7TIEUATRQooRMpYL4noe2NL1O/fQdKizC4wUkErs9GgRgKzjCRuj3fXGD1vjqpPvTLFbtmZ6DzxMlJheRo9MtfvUHIjQ8Bcsm07jp2hG7MFAouYVrqGQ0R42M2gm5CA+aDduMs8pQeGM0wpBEoKiTNRPi9ETNf64nvJZM+w1s966Xif17X4PDcjUUQGYSAp4dQSMgOaa5E0gXQgVCAyNLkQEVAOVMMEZSgjPNENEk5paQPZ/b7edI6qjmntZPr40q9njdTJHtknxwSh5yROrkiDdIknITkiTyTF+vRerXerPef0YKV7+ySP7A+vgFbGJVT</latexit>

µ = t, x, y, z

2 commuting group actions:
<latexit sha1_base64="oZil19mi+EAcTCwxgqaTjvNbibM=">AAAB/XicdVC7SkNBEN0bXzG+opY2i0GwumwkL7ugjWUUkwhJkLnrGJfsfbA7V5EQ/ApbrezE1m+x8F/cxAgqepo5nDPDzJwg0cqSEG9eZmZ2bn4hu5hbWl5ZXcuvb7RsnBqJTRnr2JwFYFGrCJukSONZYhDCQGM7GByO/fY1Gqvi6JRuE+yF0I/UpZJATup0T1T/isCY+OY8XxB+rbYvKoILX+yLUrXiyJ4rpTIv+mKCApuicZ5/717EMg0xIqnB2k5RJNQbgiElNY5y3dRiAnIAfew4GkGItjecnDziO6kFinmChivNJyJ+nxhCaO1tGLjOEOjK/vbG4l9eJ6XLWm+ooiQljOR4ESmNk0VWGuWyQH6hDBLB+HLkKuISDBChURykdGLqwsm5PL6e5v+T1p5frPjl41KhfjBNJsu22DbbZUVWZXV2xBqsySSL2T17YI/enffkPXsvn60ZbzqzyX7Ae/0A4HWWUQ==</latexit>)

<latexit sha1_base64="ZIccFFsW3DU3a8fznCinzpae6ls=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTbiVUbQUAZEHlJiRefLJpxyfuhuHSmy8ge0UNEhWv6Hgn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o7HDSoZYJMkKexEGrnvKWx745vMb09QGxkGDzSN0PX5KJBDKTil0n0v6Veqds3OwRaJU5AqFGj0K1+9QShiHwMSihvTdeyI3IRrkkLhrNyLDUZcjPkIuykNuI/GTfKkM3YcG04hi1AzqVgu4u+NhPvGTH0vnfQ5PZp5LxP/87oxDa/cRAZRTBiI7BBJhfkhI7RMK0A2kBqJeJYcmQyY4JoToZaMC5GKcdpJOe3Dmf9+kbROa85F7fzurFq/LpopwSEcwQk4cAl1uIUGNEHAEJ7gGV6sifVqvVnvP6NLVrFzAH9gfXwDQzSR9A==</latexit>

{ “gauge” transformations

“symmetries” (frame reorientations)

<latexit sha1_base64="jq0ZV93oRDIBNEotkvtBivkoZWw="></latexit>

⇤µ
⌫e

⌫
a , ⇤µ

⌫ 2 SO+(3, 1)

<latexit sha1_base64="YIxv+rj2V4ZazDvAH0ZMcNDuR0w="></latexit>

⇤b
ae

µ
b , ⇤b

a 2 SO+(3, 1)

(frame orientation)

acts on frame only

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

[de la Hamette, Galley, Höhn, 
Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]



SPECIAL RELATIVITY WITH INTERNAL FRAMES

<latexit sha1_base64="c/v1MLUpvBYX2Dje7dHuRVfn//A=">AAAB83icdVC7TsNAEDzzDOEVoKQ5ESFRWXZECGUkGspEIg8psaLzZRNOOZ+tuz1EFOULaKGiQ7R8EAX/gm2CxHOq0cyudnbCRAqDnvfqLC2vrK6tFzaKm1vbO7ulvf22ia3m0OKxjHU3ZAakUNBCgRK6iQYWhRI64eQi8zs3oI2I1RVOEwgiNlZiJDjDVGreDkplz616XqVao7+J73o5ymSBxqD01h/G3EagkEtmTM/3EgxmTKPgEubFvjWQMD5hY+ilVLEITDDLg87psTUMY5qApkLSXISvGzMWGTONwnQyYnhtfnqZ+JfXszg6D2ZCJRZB8ewQCgn5IcO1SBsAOhQaEFmWHKhQlDPNEEELyjhPRZtWUkz7+Hya/k/aFdc/c6vN03K9vmimQA7JETkhPqmROrkkDdIinAC5I/fkwbHOo/PkPH+MLjmLnQPyDc7LO934kcI=</latexit>x

<latexit sha1_base64="f2+kQ8II4zAiwRsHRST8IxtxICM=">AAAB83icdVDLSgNBEJyNrxhfUY9eBoPgadkEYzwGvHhMwDwgWcLspBOHzM4uMz1CWPIFXvXkTbz6QR78F3fXCD7rVFR109UVxFIY9LxXp7Cyura+UdwsbW3v7O6V9w+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPLzO/dgjYiUtc4j8EP2VSJieAMU6k9H5Urnlv3vFq9QX+TquvlqJAlWqPy23AccRuCQi6ZMYOqF6OfMI2CS1iUhtZAzPiMTWGQUsVCMH6SB13QE2sYRjQGTYWkuQhfNxIWGjMPg3QyZHhjfnqZ+Jc3sDi58BOhYougeHYIhYT8kOFapA0AHQsNiCxLDlQoyplmiKAFZZynok0rKaV9fD5N/yfdmls9d+vts0qzuWymSI7IMTklVdIgTXJFWqRDOAFyR+7Jg2OdR+fJef4YLTjLnUPyDc7LO9+HkcM=</latexit>y

<latexit sha1_base64="UVkUKAWRf1LEb/5n9fLmfT8h7Vk=">AAAB83icdVC7TsNAEDzzDOEVoKQ5ESFRWXZECGUkGspEIg8psaLzZRNOOZ+tuz2kEOULaKGiQ7R8EAX/gm2CxHOq0cyudnbCRAqDnvfqLC2vrK6tFzaKm1vbO7ulvf22ia3m0OKxjHU3ZAakUNBCgRK6iQYWhRI64eQi8zs3oI2I1RVOEwgiNlZiJDjDVGreDkplz616XqVao7+J73o5ymSBxqD01h/G3EagkEtmTM/3EgxmTKPgEubFvjWQMD5hY+ilVLEITDDLg87psTUMY5qApkLSXISvGzMWGTONwnQyYnhtfnqZ+JfXszg6D2ZCJRZB8ewQCgn5IcO1SBsAOhQaEFmWHKhQlDPNEEELyjhPRZtWUkz7+Hya/k/aFdc/c6vN03K9vmimQA7JETkhPqmROrkkDdIinAC5I/fkwbHOo/PkPH+MLjmLnQPyDc7LO+EWkcQ=</latexit>z

External/background coordinate frame

<latexit sha1_base64="a70DSuwY11L5UlwBT38fIMPg4iA=">AAACHXicbVC7ThtBFJ3l6ZhHDCnTjGIhQWPtIgKUltJQUIAU20heY90dX2DEzOxq5o4la+Vv4BPyFbRQ0UVpI4r8S2aNiwS41Znz0J17skJJR3H8HC0sLi2vrNY+1NfWNzY/Nra2uy73VmBH5Cq3Fxk4VNJghyQpvCgsgs4U9rLbb5XeG6N1MjffaVLgQMO1kVdSAAVq2NgbX5ap9tNUQ+EoT09DdATDMjV++qLwyhFew0YzbsWz4W9BMgdNNp+zYeNPOsqF12hIKHCun8QFDUqwJIXCaT31DgsQt3CN/QANaHSDcnbSlO94B5TzAi2Xis9I/DdRgnZuorPg1EA37rVWke9pfU9Xx4NSmsITGlEtIqlwtsgJK0NXyEfSIhFUP0cuDRdggQit5CBEIH0orx76SF5f/xZ091vJYevr+UGz3Z43U2Of2Re2yxJ2xNrshJ2xDhPsjt2zB/YY/Yieop/RrxfrQjTPfGL/TfT7L8pZo74=</latexit>

vµ 7! ⇤µ
⌫v

⌫ <latexit sha1_base64="sdpmetOk0IMrizHO/KHG0608PYA=">AAACCnicbVDLSgNBEJz1bXxFBS9eBoOgKGHX9zHgxYOgokmEJCy9kzYOmX0w0yvImj/wK7zqyZt49Sc8+C9O1hx81amoqqa7K0iUNOS6787Q8Mjo2PjEZGFqemZ2rji/UDNxqgVWRaxifRmAQSUjrJIkhZeJRggDhfWge9j36zeojYyjC7pNsBVCJ5JXUgBZyS8uNY9tuA1NGfHzEz/b6K1tb3rrfrHklt0c/C/xBqTEBjj1ix/NdizSECMSCoxpeG5CrQw0SaGwV2imBhMQXehgw9IIQjStLL+/x1dTAxTzBDWXiucifp/IIDTmNgxsMgS6Nr+9vvif10jp6qCVyShJCSPRX0RSYb7ICC1tMcjbUiMR9C9HblsQoIEIteQghBVT21TB9uH9/v4vqW2Vvb3y7tlOqVIZNDPBltkKW2Me22cVdsROWZUJdsce2CN7cu6dZ+fFef2KDjmDmUX2A87bJ3s0mQk=</latexit>

⇤ 2 SO+(3, 1) internally indistinguishable

Internal frame (tetrad):
<latexit sha1_base64="Svu8YtoLVdkB9WU2KCvFT8NJNZM=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHxRHYNCN5IvHjERB4GkPQODU6Y2d3M9JqQDV/hVU/ejFc/xoP/4oKYqNE6Vaq609XlR0pact03J7O0vLK6ll3PbWxube/kd/eaNoyNwIYIVWjaPlhUMsAGSVLYjgyC9hW2/PH5zG/dobEyDK5oEmFPwyiQQymAUuka+3CTdHU87ecLbvGs5JWrHneL7hwp8SpepVzl3kIpsAXq/fx7dxCKWGNAQoG1Hc+NqJeAISkUTnPd2GIEYgwj7KQ0AI22l8wDT/lRbIFCHqHhUvG5iN83EtDWTrSfTmqgW/vbm4l/eZ2YhtVeIoMoJgzE7BBJhfNDVhiZNoF8IA0SwSw5chlwAQaI0EgOQqRinFaTS/v4epr/T5onRe+0WL4sFWq1RTNZdsAO2THzWIXV2AWrswYTTLN79sAenanz5Dw7L5+jGWexs89+wHn9ACamlVM=</latexit>

eµa

<latexit sha1_base64="eNNXdLY4Se9AQKATSPN+EtiHERY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwcgelSt29azG6k1G7aqdISGswRr1JmW5UiE52qPy+3AciMgDH4XixgyYHaITc41SKFiUhpGBkIsZn8IgoT73wDhxFnVBjyLDMaAhaCoVzUT4vhFzz5i55yaTHscb89tLxb+8QYSTphNLP4wQfJEeQqkgO2SElkkHQMdSAyJPkwOVPhVcc0TQknIhEjFKSiklfXw9Tf8n3ZMqO63WL2uVVitvpkgOyCE5Jow0SItckDbpEEGm5J48kEfrznqynq2Xz9GCle/skx+wXj8A6m6SUg==</latexit>e0

<latexit sha1_base64="r6hxaOG8czdf9zUHvNPmzUTZqGQ=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwYiNyhW7elZj9SajdtXOkBDWYI16k7JcqZAc7VH5fTgOROSBj0JxYwbMDtGJuUYpFCxKw8hAyMWMT2GQUJ97YJw4i7qgR5HhGNAQNJWKZiJ834i5Z8zcc5NJj+ON+e2l4l/eIMJJ04mlH0YIvkgPoVSQHTJCy6QDoGOpAZGnyYFKnwquOSJoSbkQiRglpZSSPr6epv+T7kmVnVbrl7VKq5U3UyQH5JAcE0YapEUuSJt0iCBTck8eyKN1Zz1Zz9bL52jBynf2yQ9Yrx/r/ZJT</latexit>e1

<latexit sha1_base64="jHXSowWGqxrObjq14yERaWbLfTw=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LTshMfEW8OIxonlAsoTZSScOmX0w06uEkE/wqidv4tXv8eC/uLuuoKJ1Kqq66eryIiUNOs6btbS8srq2Xtgobm5t7+yW9vY7Joy1gLYIVah7HjegZABtlKigF2ngvqeg603PU797C9rIMLjGWQSuzyeBHEvBMZGuYFgZlsqOfVZltQajju1kSAirs3qtQVmulEmO1rD0PhiFIvYhQKG4MX3mROjOuUYpFCyKg9hAxMWUT6Cf0ID7YNx5FnVBj2PDMaQRaCoVzUT4vjHnvjEz30smfY435reXin95/RjHDXcugyhGCER6CKWC7JARWiYdAB1JDYg8TQ5UBlRwzRFBS8qFSMQ4KaWY9PH1NP2fdCo2O7Vrl9Vys5k3UyCH5IicEEbqpEkuSIu0iSATck8eyKN1Zz1Zz9bL5+iSle8ckB+wXj8A7YySVA==</latexit>e2

spacetime index

frame index
<latexit sha1_base64="R8ixUv2PFCcRitC2QVfPivKSuB0=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgIYTd+LwIAS8eI5iHJCH0TjpxyOyDmV4hLPkKr3ryJl79GA/+i7trDppYp6Kqm64uN1TSkG1/Wrml5ZXVtfx6YWNza3unuLvXNEGkBTZEoALddsGgkj42SJLCdqgRPFdhyx1fp37rEbWRgX9HkxB7Hox8OZQCKJHu4couO+Vq+aRfLNkVOwNfJM6MlNgM9X7xqzsIROShT0KBMR3HDqkXgyYpFE4L3chgCGIMI+wk1AcPTS/OAk/5UWSAAh6i5lLxTMTfGzF4xkw8N5n0gB7MvJeK/3mdiIaXvVj6YUToi/QQSYXZISO0TJpAPpAaiSBNjlz6XIAGItSSgxCJGCXVFJI+nPnvF0mzWnHOK2e3p6VabdZMnh2wQ3bMHHbBauyG1VmDCeaxJ/bMXqyp9Wq9We8/ozlrtrPP/sD6+Ab3I5NJ</latexit>

a = 0, 1, 2, 3

<latexit sha1_base64="Y/pSZN3mZsg8Ub7LZFIR90gcrvc=">AAAB/XicbVC7SgNBFJ2NrxhfUUubwSBYhLArvhohYGMZwTwgWcLs5CYOmX0wc0eMS/ArbLWyE1u/xcJ/cXfdQhNPdTjnXu65x4uk0Gjbn1ZhYXFpeaW4Wlpb39jcKm/vtHRoFIcmD2WoOh7TIEUATRQooRMpYL4noe2NL1O/fQdKizC4wUkErs9GgRgKzjCRuj3fXGD1vjqpPvTLFbtmZ6DzxMlJheRo9MtfvUHIjQ8Bcsm07jp2hG7MFAouYVrqGQ0R42M2gm5CA+aDduMs8pQeGM0wpBEoKiTNRPi9ETNf64nvJZM+w1s966Xif17X4PDcjUUQGYSAp4dQSMgOaa5E0gXQgVCAyNLkQEVAOVMMEZSgjPNENEk5paQPZ/b7edI6qjmntZPr40q9njdTJHtknxwSh5yROrkiDdIknITkiTyTF+vRerXerPef0YKV7+ySP7A+vgFbGJVT</latexit>

µ = t, x, y, z

2 commuting group actions:
<latexit sha1_base64="oZil19mi+EAcTCwxgqaTjvNbibM=">AAAB/XicdVC7SkNBEN0bXzG+opY2i0GwumwkL7ugjWUUkwhJkLnrGJfsfbA7V5EQ/ApbrezE1m+x8F/cxAgqepo5nDPDzJwg0cqSEG9eZmZ2bn4hu5hbWl5ZXcuvb7RsnBqJTRnr2JwFYFGrCJukSONZYhDCQGM7GByO/fY1Gqvi6JRuE+yF0I/UpZJATup0T1T/isCY+OY8XxB+rbYvKoILX+yLUrXiyJ4rpTIv+mKCApuicZ5/717EMg0xIqnB2k5RJNQbgiElNY5y3dRiAnIAfew4GkGItjecnDziO6kFinmChivNJyJ+nxhCaO1tGLjOEOjK/vbG4l9eJ6XLWm+ooiQljOR4ESmNk0VWGuWyQH6hDBLB+HLkKuISDBChURykdGLqwsm5PL6e5v+T1p5frPjl41KhfjBNJsu22DbbZUVWZXV2xBqsySSL2T17YI/enffkPXsvn60ZbzqzyX7Ae/0A4HWWUQ==</latexit>)

<latexit sha1_base64="ZIccFFsW3DU3a8fznCinzpae6ls=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTbiVUbQUAZEHlJiRefLJpxyfuhuHSmy8ge0UNEhWv6Hgn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o7HDSoZYJMkKexEGrnvKWx745vMb09QGxkGDzSN0PX5KJBDKTil0n0v6Veqds3OwRaJU5AqFGj0K1+9QShiHwMSihvTdeyI3IRrkkLhrNyLDUZcjPkIuykNuI/GTfKkM3YcG04hi1AzqVgu4u+NhPvGTH0vnfQ5PZp5LxP/87oxDa/cRAZRTBiI7BBJhfkhI7RMK0A2kBqJeJYcmQyY4JoToZaMC5GKcdpJOe3Dmf9+kbROa85F7fzurFq/LpopwSEcwQk4cAl1uIUGNEHAEJ7gGV6sifVqvVnvP6NLVrFzAH9gfXwDQzSR9A==</latexit>

{ “gauge” transformations

“symmetries” (frame reorientations)

<latexit sha1_base64="jq0ZV93oRDIBNEotkvtBivkoZWw="></latexit>

⇤µ
⌫e

⌫
a , ⇤µ

⌫ 2 SO+(3, 1)

<latexit sha1_base64="YIxv+rj2V4ZazDvAH0ZMcNDuR0w="></latexit>

⇤b
ae

µ
b , ⇤b

a 2 SO+(3, 1)

(frame orientation)

acts on frame only

<latexit sha1_base64="5CP+TOY3rzmZ3+lfNWoklQ2pRVs=">AAACHXicbVC7SgRBEJz17fk6NTQZPARNjl3xlQgHJoYKngp359I7tjo4O7vM9Aiy7Df4CX6FqUZmYioG/ouz5wW+Kqqu6qa7K8mVtBSG78HQ8Mjo2PjEZG1qemZ2rj6/cGwzZwS2RaYyc5qARSU1tkmSwtPcIKSJwpPkeq/yT27QWJnpI7rNsZfCpZYXUgB5Ka6vdZEgLiApdzGGs6KbuhLjxBPtyi/PS1UR1xthM+yD/yXRgDTYAAdx/aN7ngmXoiahwNpOFObUK8CQFArLWtdZzEFcwyV2PNWQou0V/ZdKvuIsUMZzNFwq3hfx+0QBqbW3aeI7U6Ar+9urxP+8jqOLnV4hde4ItagWkVTYX2SFkT4r5OfSIBFUlyOXmgswQIRGchDCi86HV/N5RL+//0uO15vRVnPzcKPRag2SmWBLbJmtsohtsxbbZweszQS7Yw/skT0F98Fz8BK8frUOBYOZRfYDwdsnjgOjnQ==</latexit>

⌘ab = eµae
⌫
b⌘µ⌫

<latexit sha1_base64="oZil19mi+EAcTCwxgqaTjvNbibM=">AAAB/XicdVC7SkNBEN0bXzG+opY2i0GwumwkL7ugjWUUkwhJkLnrGJfsfbA7V5EQ/ApbrezE1m+x8F/cxAgqepo5nDPDzJwg0cqSEG9eZmZ2bn4hu5hbWl5ZXcuvb7RsnBqJTRnr2JwFYFGrCJukSONZYhDCQGM7GByO/fY1Gqvi6JRuE+yF0I/UpZJATup0T1T/isCY+OY8XxB+rbYvKoILX+yLUrXiyJ4rpTIv+mKCApuicZ5/717EMg0xIqnB2k5RJNQbgiElNY5y3dRiAnIAfew4GkGItjecnDziO6kFinmChivNJyJ+nxhCaO1tGLjOEOjK/vbG4l9eJ6XLWm+ooiQljOR4ESmNk0VWGuWyQH6hDBLB+HLkKuISDBChURykdGLqwsm5PL6e5v+T1p5frPjl41KhfjBNJsu22DbbZUVWZXV2xBqsySSL2T17YI/enffkPXsvn60ZbzqzyX7Ae/0A4HWWUQ==</latexit>)
<latexit sha1_base64="UjAFovcbjMbo3xKc9a46lsvkNAc=">AAACCnicbVC7TsNAEDyHVwgvAxINzYkICQSKbN5lJBo6giCAFAdrfWzCifNDd2skZPIHfAUtVHSIlp+g4F9wggteU41mdrWzEyRKGnKcd6s0NDwyOlYer0xMTk3P2LNzpyZOtcCmiFWszwMwqGSETZKk8DzRCGGg8Cy43u/7ZzeojYyjE7pNsB1CN5IdKYByybcX0IeLzAvTnicjfnzor61srrurvl11as4A/C9xC1JlBRq+/eFdxiINMSKhwJiW6yTUzkCTFAp7FS81mIC4hi62chpBiKadDfL3+HJqgGKeoOZS8YGI3zcyCI25DYN8MgS6Mr+9vvif10qps9fOZJSkhJHoHyKpcHDICC3zYpBfSo1E0E+OPO9AgAYi1JKDELmY5k1V8j7c39//JacbNXentn20Va3Xi2bKbJEtsRXmsl1WZweswZpMsDv2wB7Zk3VvPVsv1uvXaMkqdubZD1hvn7h2mS0=</latexit>

e
µ
a 2 SO+(3, 1) group-valued reference frame (G-frames, more later)

“Gauge-invariant” description of    : <latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

(indep. of external coordinates)

<latexit sha1_base64="+HDrcDZ2hBDwNmRBwqEadLwslo8=">AAACCHicbVA5TgNBEJw1lzHXcmQkIywkImsXcSVIlkgIjYQPyTar3nHbjDx7aKbXkln5A7yCFCIyRMovCPgL6yMAQ0Wlqm51dfmxkoYc59PKLSwuLa/kVwtr6xubW/b2Ts1EiRZYFZGKdMMHg0qGWCVJChuxRgh8hXW/fzX26wPURkbhLQ1jbAfQC2VXCqBM8uy9gQeXeJe2gmTkwcCbErvolJwJ+F/izkiRzVDx7K9WJxJJgCEJBcY0XSemdgqapFA4KrQSgzGIPvSwmdEQAjTtdJJ+xA8TAxTxGDWXik9E/LmRQmDMMPCzyQDo3sx7Y/E/r5lQ96KdyjBOCEMxPkRS4eSQEVpmtSDvSI1EME6OXIZcgAYi1JKDEJmYZD0Vsj7c+e//ktpxyT0rnd6cFMvlWTN5ts8O2BFz2Tkrs2tWYVUm2AN7Ys/sxXq0Xq036306mrNmO7vsF6yPbyEKmjc=</latexit>

va = eµavµ “relational / frame dressed observables”

(description of     relative to frame)
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

[de la Hamette, Galley, Höhn, 
Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]



SPECIAL RELATIVITY WITH INTERNAL FRAMES
<latexit sha1_base64="eNNXdLY4Se9AQKATSPN+EtiHERY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwcgelSt29azG6k1G7aqdISGswRr1JmW5UiE52qPy+3AciMgDH4XixgyYHaITc41SKFiUhpGBkIsZn8IgoT73wDhxFnVBjyLDMaAhaCoVzUT4vhFzz5i55yaTHscb89tLxb+8QYSTphNLP4wQfJEeQqkgO2SElkkHQMdSAyJPkwOVPhVcc0TQknIhEjFKSiklfXw9Tf8n3ZMqO63WL2uVVitvpkgOyCE5Jow0SItckDbpEEGm5J48kEfrznqynq2Xz9GCle/skx+wXj8A6m6SUg==</latexit>e0

<latexit sha1_base64="r6hxaOG8czdf9zUHvNPmzUTZqGQ=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwYiNyhW7elZj9SajdtXOkBDWYI16k7JcqZAc7VH5fTgOROSBj0JxYwbMDtGJuUYpFCxKw8hAyMWMT2GQUJ97YJw4i7qgR5HhGNAQNJWKZiJ834i5Z8zcc5NJj+ON+e2l4l/eIMJJ04mlH0YIvkgPoVSQHTJCy6QDoGOpAZGnyYFKnwquOSJoSbkQiRglpZSSPr6epv+T7kmVnVbrl7VKq5U3UyQH5JAcE0YapEUuSJt0iCBTck8eyKN1Zz1Zz9bL52jBynf2yQ9Yrx/r/ZJT</latexit>e1

<latexit sha1_base64="jHXSowWGqxrObjq14yERaWbLfTw=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LTshMfEW8OIxonlAsoTZSScOmX0w06uEkE/wqidv4tXv8eC/uLuuoKJ1Kqq66eryIiUNOs6btbS8srq2Xtgobm5t7+yW9vY7Joy1gLYIVah7HjegZABtlKigF2ngvqeg603PU797C9rIMLjGWQSuzyeBHEvBMZGuYFgZlsqOfVZltQajju1kSAirs3qtQVmulEmO1rD0PhiFIvYhQKG4MX3mROjOuUYpFCyKg9hAxMWUT6Cf0ID7YNx5FnVBj2PDMaQRaCoVzUT4vjHnvjEz30smfY435reXin95/RjHDXcugyhGCER6CKWC7JARWiYdAB1JDYg8TQ5UBlRwzRFBS8qFSMQ4KaWY9PH1NP2fdCo2O7Vrl9Vys5k3UyCH5IicEEbqpEkuSIu0iSATck8eyKN1Zz1Zz9bL5+iSle8ckB+wXj8A7YySVA==</latexit>e2

<latexit sha1_base64="YoEdYbYIc6k85EKBKdDgza0urio=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWWcwccpINJRBIg+RhOh82YRTzmfrbo0UReEraKGiQ7T8CwX/ghOCBAimGs3samcnTJS0yNibs7C4tLyymlvLr29sbm0XdnbrNk6NgJqIVWyaIbegpIYaSlTQTAzwKFTQCIdnU79xC8bKWF/iKIFOxAda9qXgmElX0GXX7cTICLqFInOZ73vlgDL3JCgzr5yRUuB7gUc9l81QJHNUu4X3di8WaQQaheLWtjyWYGfMDUqhYJJvpxYSLoZ8AK2Mah6B7YxniSf0MLUcY5qAoVLRmQjfN8Y8snYUhdlkxPHG/vam4l9eK8V+uTOWOkkRtJgeQqlgdsgKI7MqgPakAUQ+TQ5Uaiq44YhgJOVCZGKadZPP+vh6mv5P6seuV3JPL/xipTJvJkf2yQE5Ih4JSIWckyqpEUE0uScP5NG5c56cZ+flc3TBme/skR9wXj8Ah3SVgw==</latexit>

e00

<latexit sha1_base64="XjG5ZZjcqgSKGbDZKL+eYWhi94w=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWT4wccpINJRBIg+RhOh82YRTzmfrbo0UReEraKGiQ7T8CwX/ghOCBAimGs3samcnTJS06HlvzsLi0vLKam4tv76xubVd2Nmt2zg1AmoiVrFphtyCkhpqKFFBMzHAo1BBIxyeTf3GLRgrY32JowQ6ER9o2ZeCYyZdQZddtxMjI+gWip7r+T4rB9RzT4Kyx8oZKQU+CxhlrjdDkcxR7Rbe271YpBFoFIpb22Jegp0xNyiFgkm+nVpIuBjyAbQyqnkEtjOeJZ7Qw9RyjGkChkpFZyJ83xjzyNpRFGaTEccb+9ubin95rRT75c5Y6iRF0GJ6CKWC2SErjMyqANqTBhD5NDlQqanghiOCkZQLkYlp1k0+6+Prafo/qR+7rOSeXvjFSmXeTI7skwNyRBgJSIWckyqpEUE0uScP5NG5c56cZ+flc3TBme/skR9wXj8AiQqVhA==</latexit>

e01

<latexit sha1_base64="tiRUiBsb0RcKX9zJF72MLTC+8Ik=">AAAB/HicdVC7TsNAEDyHVwivACXNiQiJyrJDiFNGoqEMEnmIxETnyyaccj5bd2ukKApfQQsVHaLlXyj4FxwTJEAw1WhmVzs7QSyFQcd5s3JLyyura/n1wsbm1vZOcXevZaJEc2jySEa6EzADUihookAJnVgDCwMJ7WB8Nvfbt6CNiNQlTmLwQzZSYig4w1S6gn75uhdrEUK/WHJsp1Jxax517BOv5ri1lFS9iuu51LWdDCWyQKNffO8NIp6EoJBLZkzXdWL0p0yj4BJmhV5iIGZ8zEbQTaliIRh/miWe0aPEMIxoDJoKSTMRvm9MWWjMJAzSyZDhjfntzcW/vG6Cw5o/FSpOEBSfH0IhITtkuBZpFUAHQgMimycHKhTlTDNE0IIyzlMxSbsppH18PU3/J62y7Vbt04tKqV5fNJMnB+SQHBOXeKROzkmDNAknityTB/Jo3VlP1rP18jmasxY7++QHrNcPiqCVhQ==</latexit>

e02

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v
Introduce a second tetrad frame:

<latexit sha1_base64="g63qmp4NgDPPn4rN1bdImmHQY0o=">AAACC3icdVC7TsNAEDzzDOEVoKCgOREhUVk2BJwyEg1lkMhDSkK0vmzCifNDd2skZPkT+ApaqOgQLR9Bwb/ghIAAwVSjmV3tzvixkoYc59WamZ2bX1gsLBWXV1bX1ksbm00TJVpgQ0Qq0m0fDCoZYoMkKWzHGiHwFbb8q5Ox37pGbWQUntNNjL0ARqEcSgGUS/3SNvZTuEi7sZYBZtkX65fKju1UKm7V44596FUdt5qTY6/iei53bWeCMpui3i+9dQeRSAIMSSgwpuM6MfVS0CSFwqzYTQzGIK5ghJ2chhCg6aWTABnfSwxQxGPUXCo+EfH7RgqBMTeBn08GQJfmtzcW//I6CQ2rvVSGcUIYivEhkgonh4zQMm8G+UBqJILx58hlyAVoIEItOQiRi0leVTHv4zM0/580D2z32D46q5RrtWkzBbbDdtk+c5nHauyU1VmDCZaxO3bPHqxb69F6sp4/Rmes6c4W+wHr5R1+Spwm</latexit>

e0a0

[de la Hamette, Galley, Höhn, 
Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="9tpWJtmNjGaKegP/AxWf0QjsQr4="></latexit>

va = ⌘µ⌫e
µ
av

⌫ = e0 a
0

µ e0a0⌫e
µ
av

⌫ = ⇤ a0

a va0

<latexit sha1_base64="9QytL86eQweC/aidqzNiJrUtqUs=">AAAB83icdZBLS8NAFIUnPmt9VV26GSyCq5CI9bEruHHZgn1AG8pkeluHTiZh5o5QQn+BW125E7f+IBf+F5NYxOdZHc65l3v5wkQKg5736iwsLi2vrJbWyusbm1vblZ3dtomt5tDisYx1N2QGpFDQQoESuokGFoUSOuHkMu87t6CNiNU1ThMIIjZWYiQ4wyxqwqBS9dyLXDXqu16h36ZK5moMKm/9YcxtBAq5ZMb0fC/BIGUaBZcwK/etgYTxCRtDL7OKRWCCtHh0Rg+tYRjTBDQVkhYhfN1IWWTMNAqzyYjhjfnZ5eFfXc/i6DxIhUosguL5IRQSikOGa5ERADoUGhBZ/jlQoShnmiGCFpRxnoU2Q1LOePyP4dO0j13/1K01T6r1+pxMieyTA3JEfHJG6uSKNEiLcALkjtyTB8c6j86T8/wxuuDMd/bINzkv77rckao=</latexit>

e

relational observable rel. to e           relational observable rel. to e’           

“symmetry-induced” RF transformations

<latexit sha1_base64="AKl9c2IVFqwsHgL9wQPcdFYXbcw=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWWQyENKTHS+bMIp57N1txcpsvIRtFDRIVq+hoJ/wTYuIGGq0cyudnaCWAqDrvvplFZW19Y3ypuVre2d3b3q/kHbRFZzaPFIRrobMANSKGihQAndWAMLAwmdYHKT+Z0paCMidY+zGPyQjZUYCc4wlTrTh6Qf2vmgWnPrbg66TLyC1EiB5qD61R9G3IagkEtmTM9zY/QTplFwCfNK3xqIGZ+wMfRSqlgIxk/yuHN6Yg3DiMagqZA0F+H3RsJCY2ZhkE6GDB/NopeJ/3k9i6NrPxEqtgiKZ4dQSMgPGa5F2gPQodCAyLLkQIWinGmGCFpQxnkq2rSYStqHt/j9Mmmf1b3L+sXdea3RKJopkyNyTE6JR65Ig9ySJmkRTibkiTyTFydxXp035/1ntOQUO4fkD5yPb3GplFc=</latexit>

vµ

<latexit sha1_base64="ruP8zXo+LLCfaMMf+QsvoXxvEoI=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHxRHYNCN5IvHjERB4GkPQODU6Y2d3M9JqQDV/hVU/ejFc/xoP/4oKYqNE6Vaq609XlR0pact03J7O0vLK6ll3PbWxube/kd/eaNoyNwIYIVWjaPlhUMsAGSVLYjgyC9hW2/PH5zG/dobEyDK5oEmFPwyiQQymAUukab5Kujqd96OcLbvGs5JWrHneL7hwp8SpepVzl3kIpsAXq/fx7dxCKWGNAQoG1Hc+NqJeAISkUTnPd2GIEYgwj7KQ0AI22l8wDT/lRbIFCHqHhUvG5iN83EtDWTrSfTmqgW/vbm4l/eZ2YhtVeIoMoJgzE7BBJhfNDVhiZNoF8IA0SwSw5chlwAQaI0EgOQqRinFaTS/v4epr/T5onRe+0WL4sFWq1RTNZdsAO2THzWIXV2AWrswYTTLN79sAenanz5Dw7L5+jGWexs89+wHn9ACdOlVM=</latexit>

eµa

<latexit sha1_base64="Cx4iBiIE22equV7jmeeHrKiWuOA=">AAACK3icbVC5TsNAFFxzE64AJc2KCIkqshEQGqRINJRBIoeUGOt584AV60O7zxHI8qfwCXwFLVRUICj5DxzjAgJTjWbeOX6spCHbfrWmpmdm5+YXFitLyyura9X1jY6JEi2wLSIV6Z4PBpUMsU2SFPZijRD4Crv+zcnY745QGxmF53QXoxvAVSgvpQDKJa/aGHnpgPCWilGpxmGWQpYdT2p4kQ6CJPMg4yMvZ161ZtftAvwvcUpSYyVaXvVjMIxEEmBIQoExfceOyU1BkxQKs8ogMRiDuIEr7Oc0hACNmxYXZHwnMUARj1FzqXgh4s+OFAJj7gI/rwyArs2kNxb/8/oJXR65qQzjhDAU40UkFRaLjNAyTw75UGokgvHlyGXIBWggQi05CJGLSR5lJc/Dmfz+L+ns1Z3D+sHZfq3ZLJNZYFtsm+0yhzVYk52yFmszwe7ZI3tiz9aD9WK9We/fpVNW2bPJfsH6/AK9aqqL</latexit>

va = eµavµ
<latexit sha1_base64="PAELNhLKpnqbP3RfVLKromSMS4A="></latexit>

va0 = e0µa0 vµ

<latexit sha1_base64="+zT7tRFFyvf89aKHeDxs82LSN9c=">AAACInicbVDLSsNAFJ34tr6qLt0MFsGFlER8LQtuXCrYVmhquRmvOjiThJk7Ygn5Cz/Br3CrK3fiStB/MY0VfJ3V4Zz7PFGqpCXff/VGRsfGJyanpiszs3PzC9XFpZZNnBHYFIlKzEkEFpWMsUmSFJ6kBkFHCtvR1f7Ab1+jsTKJj6mfYlfDRSzPpQAqpF61HhLeUDkni5TDPMPTLEyN1BhuhNrlvQy+hDzPe9WaX/dL8L8kGJIaG+KwV30PzxLhNMYkFFjbCfyUuhkYkkJhXgmdxRTEFVxgp6AxaLTdrLwn52vOAiU8RcOl4qWI3zsy0Nb2dVRUaqBL+9sbiP95HUfne91MxqkjjMVgEUmF5SIrjCwCQ34mDRLB4HLkMuYCDBChkRyEKERXJFgp8gh+f/+XtDbrwU59+2ir1mgMk5liK2yVrbOA7bIGO2CHrMkEu2X37IE9enfek/fsvXyWjnjDnmX2A97bB6z8pl0=</latexit>

e0µa0

<latexit sha1_base64="tGNCAEiP8Iax0cAH9q/FBG8suiU="></latexit>

⇤ a0

a

<latexit sha1_base64="m9Fo0B/8H1tHu+W6rsk2u2Z5QL8="></latexit>

⇤ a0

a = e0 a
0

µ eµa
(relational obs. describing 1st rel. to 2nd frame)

change of rel. obs. associated with same kinematical subsystem quantity



SPECIAL RELATIVITY WITH INTERNAL FRAMES [de la Hamette, Galley, Höhn, 
Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]

“gauge-induced” RF transformations

change of coordinate description of same relational observable

<latexit sha1_base64="c5O485RTSm6ft71MfH0dW8Ymi6g=">AAACDHicdZC7SgNREIbPeo3xFrURbA4GwSrsSmJiIQRsLCOYCyQxzJ5M4iFnL5wzK4QlPoJPYauVndj6Dha+i5u4gor+1c83M8zM74ZKGrLtN2tufmFxaTmzkl1dW9/YzG1tN0wQaYF1EahAt1wwqKSPdZKksBVqBM9V2HRHZ9N68wa1kYF/SeMQux4MfTmQAihBvdwuXsUdL5r04LTTR0XQgxTk8nbhpOiUKg63C/ZMiXHKTrlU4U5K8ixVrZd77/QDEXnok1BgTNuxQ+rGoEkKhZNsJzIYghjBENuJ9cFD041nH0z4QWSAAh6i5lLxGcTvEzF4xow9N+n0gK7N79oU/lVrRzSodGPphxGhL6aLSCqcLTJCyyQa5H2pkQimlyOXPheggQi15CBEAqMkq2ySx9fT/H/TOCo4x4XSRTFfrabJZNge22eHzGFlVmXnrMbqTLBbds8e2KN1Zz1Zz9bLZ+uclc7ssB+yXj8AeRecEQ==</latexit>

eµa = �µa

<latexit sha1_base64="h/BDumjAD8wc9TLb9dfe/KO5zBo="></latexit>

va = ⌘µ⌫e
µ
av

⌫

<latexit sha1_base64="kZqzA2LiJTMlZ+fLy2TFBj/B4Oo="></latexit>

e0µ
0

a0 = �µ
0

a0

<latexit sha1_base64="j/HG/bQQVBWAqRThS5UwKCjrKlk=">AAACKnicbVDLSgNBEJz1bXxFPXoZDIKnsCsaBRECXjx4UDBRyMbQO2l1cGZ3mekNyLJ/4if4FV715E3Emx/i5HHQaJ2Kqmq6u6JUSUu+/+5NTE5Nz8zOzZcWFpeWV8qra02bZEZgQyQqMVcRWFQyxgZJUniVGgQdKbyM7o/7/mUPjZVJfEEPKbY13MbyRgogJ3XKtV4nD3V2nYepkRqL4ig8ddNdGJMdO3RCMYwXnXLFr/oD8L8kGJEKG+GsU/4Mu4nINMYkFFjbCvyU2jkYkkJhUQoziymIe7jFlqMxaLTtfPBfwbcyC5TwFA2Xig9E/DmRg7b2QUcuqYHu7LjXF//zWhndHLRzGacZYSz6i0gqHCyywkhXHPKuNEgE/cuRy5gLMECERnIQwomZa7Lk+gjGv/9LmjvVoFbdO9+t1OujZubYBttk2yxg+6zOTtgZazDBHtkze2Gv3pP35r17H8PohDeaWWe/4H19Aw1oqaI=</latexit>

vµ0 = ⇤ µ
µ0vµ

<latexit sha1_base64="LipEd0YrDB5D/svXqsDR/LQoDPQ=">AAACFHicbVC5TgMxEPVyE64AJY1FhEQV7SIuiSYSDQUFSOSQkhDNOpNgxd5d2bNI0WpbPoGvoIWKDtHSU/AvOCEF13Pz5r0ZjeeFiZKWfP/dm5qemZ2bX1gsLC2vrK4V1zdqNk6NwKqIVWwaIVhUMsIqSVLYSAyCDhXWw8HpyK/forEyjq5omGBbQz+SPSmAnNQp8ta5a+7CddY6cU+njiRGaszzTubKvFMs+WV/DP6XBBNSYhNcdIofrW4sUo0RCQXWNgM/oXYGhqRQmBdaqcUExAD62HQ0Ao22nY0vyflOaoFinqDhUvGxiN8nMtDWDnXoOjXQjf3tjcT/vGZKveN2JqMkJYzEaBFJheNFVhjpIkLelQaJYPRz5DLiAgwQoZEchHBi6jIruDyC39f/JbW9cnBYPrjcL1Uqk2QW2BbbZrssYEesws7YBasywe7YA3tkT9699+y9eK9frVPeZGaT/YD39gln/Z87</latexit>

⇤ µ0

µ<latexit sha1_base64="6ait6r+ujXJNA4xlm9j095JNilM=">AAAB/XicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRECXjxGMA9IltA76cQhsw9megNhCX6FVz15E69+iwf/xd11D5pYp6Kqm64uL1LSkG1/WkvLK6tr66WN8ubW9s5uZW+/ZcJYC2yKUIW644FBJQNskiSFnUgj+J7Ctje+yfz2BLWRYXBP0whdH0aBHEoBlErdSR+uJ/2k58ezfqVq1+wcfJE4BamyAo1+5as3CEXsY0BCgTFdx47ITUCTFApn5V5sMAIxhhF2UxqAj8ZN8sgzfhwboJBHqLlUPBfx90YCvjFT30snfaAHM+9l4n9eN6bhlZvIIIoJA5EdIqkwP2SElmkXyAdSIxFkyZHLgAvQQIRachAiFeO0nHLahzP//SJpndaci9r53Vm1Xi+aKbFDdsROmMMuWZ3dsgZrMsFC9sSe2Yv1aL1ab9b7z+iSVewcsD+wPr4BVkWV8w==</latexit>va = vµ

<latexit sha1_base64="LipEd0YrDB5D/svXqsDR/LQoDPQ=">AAACFHicbVC5TgMxEPVyE64AJY1FhEQV7SIuiSYSDQUFSOSQkhDNOpNgxd5d2bNI0WpbPoGvoIWKDtHSU/AvOCEF13Pz5r0ZjeeFiZKWfP/dm5qemZ2bX1gsLC2vrK4V1zdqNk6NwKqIVWwaIVhUMsIqSVLYSAyCDhXWw8HpyK/forEyjq5omGBbQz+SPSmAnNQp8ta5a+7CddY6cU+njiRGaszzTubKvFMs+WV/DP6XBBNSYhNcdIofrW4sUo0RCQXWNgM/oXYGhqRQmBdaqcUExAD62HQ0Ao22nY0vyflOaoFinqDhUvGxiN8nMtDWDnXoOjXQjf3tjcT/vGZKveN2JqMkJYzEaBFJheNFVhjpIkLelQaJYPRz5DLiAgwQoZEchHBi6jIruDyC39f/JbW9cnBYPrjcL1Uqk2QW2BbbZrssYEesws7YBasywe7YA3tkT9699+y9eK9frVPeZGaT/YD39gln/Z87</latexit>

⇤ µ0

µ

(coordinate change via gauge fixings)

<latexit sha1_base64="eNNXdLY4Se9AQKATSPN+EtiHERY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwcgelSt29azG6k1G7aqdISGswRr1JmW5UiE52qPy+3AciMgDH4XixgyYHaITc41SKFiUhpGBkIsZn8IgoT73wDhxFnVBjyLDMaAhaCoVzUT4vhFzz5i55yaTHscb89tLxb+8QYSTphNLP4wQfJEeQqkgO2SElkkHQMdSAyJPkwOVPhVcc0TQknIhEjFKSiklfXw9Tf8n3ZMqO63WL2uVVitvpkgOyCE5Jow0SItckDbpEEGm5J48kEfrznqynq2Xz9GCle/skx+wXj8A6m6SUg==</latexit>e0

<latexit sha1_base64="r6hxaOG8czdf9zUHvNPmzUTZqGQ=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgKexIYuIt4MVjRPOAZAmzk04cMvtgplcJSz7Bq568iVe/x4P/4u66gorWqajqpqvLDZU0aNtvVmFpeWV1rbhe2tjc2t4p7+51TRBpAR0RqED3XW5ASR86KFFBP9TAPVdBz52dp37vFrSRgX+N8xAcj099OZGCYyJdwYiNyhW7elZj9SajdtXOkBDWYI16k7JcqZAc7VH5fTgOROSBj0JxYwbMDtGJuUYpFCxKw8hAyMWMT2GQUJ97YJw4i7qgR5HhGNAQNJWKZiJ834i5Z8zcc5NJj+ON+e2l4l/eIMJJ04mlH0YIvkgPoVSQHTJCy6QDoGOpAZGnyYFKnwquOSJoSbkQiRglpZSSPr6epv+T7kmVnVbrl7VKq5U3UyQH5JAcE0YapEUuSJt0iCBTck8eyKN1Zz1Zz9bL52jBynf2yQ9Yrx/r/ZJT</latexit>e1

<latexit sha1_base64="jHXSowWGqxrObjq14yERaWbLfTw=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LTshMfEW8OIxonlAsoTZSScOmX0w06uEkE/wqidv4tXv8eC/uLuuoKJ1Kqq66eryIiUNOs6btbS8srq2Xtgobm5t7+yW9vY7Joy1gLYIVah7HjegZABtlKigF2ngvqeg603PU797C9rIMLjGWQSuzyeBHEvBMZGuYFgZlsqOfVZltQajju1kSAirs3qtQVmulEmO1rD0PhiFIvYhQKG4MX3mROjOuUYpFCyKg9hAxMWUT6Cf0ID7YNx5FnVBj2PDMaQRaCoVzUT4vjHnvjEz30smfY435reXin95/RjHDXcugyhGCER6CKWC7JARWiYdAB1JDYg8TQ5UBlRwzRFBS8qFSMQ4KaWY9PH1NP2fdCo2O7Vrl9Vys5k3UyCH5IicEEbqpEkuSIu0iSATck8eyKN1Zz1Zz9bL5+iSle8ckB+wXj8A7YySVA==</latexit>e2

<latexit sha1_base64="XjG5ZZjcqgSKGbDZKL+eYWhi94w=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWT4wccpINJRBIg+RhOh82YRTzmfrbo0UReEraKGiQ7T8CwX/ghOCBAimGs3samcnTJS06HlvzsLi0vLKam4tv76xubVd2Nmt2zg1AmoiVrFphtyCkhpqKFFBMzHAo1BBIxyeTf3GLRgrY32JowQ6ER9o2ZeCYyZdQZddtxMjI+gWip7r+T4rB9RzT4Kyx8oZKQU+CxhlrjdDkcxR7Rbe271YpBFoFIpb22Jegp0xNyiFgkm+nVpIuBjyAbQyqnkEtjOeJZ7Qw9RyjGkChkpFZyJ83xjzyNpRFGaTEccb+9ubin95rRT75c5Y6iRF0GJ6CKWC2SErjMyqANqTBhD5NDlQqanghiOCkZQLkYlp1k0+6+Prafo/qR+7rOSeXvjFSmXeTI7skwNyRBgJSIWckyqpEUE0uScP5NG5c56cZ+flc3TBme/skR9wXj8AiQqVhA==</latexit>

e01

<latexit sha1_base64="tiRUiBsb0RcKX9zJF72MLTC+8Ik=">AAAB/HicdVC7TsNAEDyHVwivACXNiQiJyrJDiFNGoqEMEnmIxETnyyaccj5bd2ukKApfQQsVHaLlXyj4FxwTJEAw1WhmVzs7QSyFQcd5s3JLyyura/n1wsbm1vZOcXevZaJEc2jySEa6EzADUihookAJnVgDCwMJ7WB8Nvfbt6CNiNQlTmLwQzZSYig4w1S6gn75uhdrEUK/WHJsp1Jxax517BOv5ri1lFS9iuu51LWdDCWyQKNffO8NIp6EoJBLZkzXdWL0p0yj4BJmhV5iIGZ8zEbQTaliIRh/miWe0aPEMIxoDJoKSTMRvm9MWWjMJAzSyZDhjfntzcW/vG6Cw5o/FSpOEBSfH0IhITtkuBZpFUAHQgMimycHKhTlTDNE0IIyzlMxSbsppH18PU3/J62y7Vbt04tKqV5fNJMnB+SQHBOXeKROzkmDNAknityTB/Jo3VlP1rP18jmasxY7++QHrNcPiqCVhQ==</latexit>

e02

Introduce a second tetrad frame:
<latexit sha1_base64="g63qmp4NgDPPn4rN1bdImmHQY0o=">AAACC3icdVC7TsNAEDzzDOEVoKCgOREhUVk2BJwyEg1lkMhDSkK0vmzCifNDd2skZPkT+ApaqOgQLR9Bwb/ghIAAwVSjmV3tzvixkoYc59WamZ2bX1gsLBWXV1bX1ksbm00TJVpgQ0Qq0m0fDCoZYoMkKWzHGiHwFbb8q5Ox37pGbWQUntNNjL0ARqEcSgGUS/3SNvZTuEi7sZYBZtkX65fKju1UKm7V44596FUdt5qTY6/iei53bWeCMpui3i+9dQeRSAIMSSgwpuM6MfVS0CSFwqzYTQzGIK5ghJ2chhCg6aWTABnfSwxQxGPUXCo+EfH7RgqBMTeBn08GQJfmtzcW//I6CQ2rvVSGcUIYivEhkgonh4zQMm8G+UBqJILx58hlyAVoIEItOQiRi0leVTHv4zM0/580D2z32D46q5RrtWkzBbbDdtk+c5nHauyU1VmDCZaxO3bPHqxb69F6sp4/Rmes6c4W+wHr5R1+Spwm</latexit>

e0a0

<latexit sha1_base64="9tpWJtmNjGaKegP/AxWf0QjsQr4="></latexit>

va = ⌘µ⌫e
µ
av

⌫ = e0 a
0

µ e0a0⌫e
µ
av

⌫ = ⇤ a0

a va0

<latexit sha1_base64="9QytL86eQweC/aidqzNiJrUtqUs=">AAAB83icdZBLS8NAFIUnPmt9VV26GSyCq5CI9bEruHHZgn1AG8pkeluHTiZh5o5QQn+BW125E7f+IBf+F5NYxOdZHc65l3v5wkQKg5736iwsLi2vrJbWyusbm1vblZ3dtomt5tDisYx1N2QGpFDQQoESuokGFoUSOuHkMu87t6CNiNU1ThMIIjZWYiQ4wyxqwqBS9dyLXDXqu16h36ZK5moMKm/9YcxtBAq5ZMb0fC/BIGUaBZcwK/etgYTxCRtDL7OKRWCCtHh0Rg+tYRjTBDQVkhYhfN1IWWTMNAqzyYjhjfnZ5eFfXc/i6DxIhUosguL5IRQSikOGa5ERADoUGhBZ/jlQoShnmiGCFpRxnoU2Q1LOePyP4dO0j13/1K01T6r1+pxMieyTA3JEfHJG6uSKNEiLcALkjtyTB8c6j86T8/wxuuDMd/bINzkv77rckao=</latexit>

e

relational observable rel. to e           relational observable rel. to e’           

“symmetry-induced” RF transformations

<latexit sha1_base64="AKl9c2IVFqwsHgL9wQPcdFYXbcw=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWWQyENKTHS+bMIp57N1txcpsvIRtFDRIVq+hoJ/wTYuIGGq0cyudnaCWAqDrvvplFZW19Y3ypuVre2d3b3q/kHbRFZzaPFIRrobMANSKGihQAndWAMLAwmdYHKT+Z0paCMidY+zGPyQjZUYCc4wlTrTh6Qf2vmgWnPrbg66TLyC1EiB5qD61R9G3IagkEtmTM9zY/QTplFwCfNK3xqIGZ+wMfRSqlgIxk/yuHN6Yg3DiMagqZA0F+H3RsJCY2ZhkE6GDB/NopeJ/3k9i6NrPxEqtgiKZ4dQSMgPGa5F2gPQodCAyLLkQIWinGmGCFpQxnkq2rSYStqHt/j9Mmmf1b3L+sXdea3RKJopkyNyTE6JR65Ig9ySJmkRTibkiTyTFydxXp035/1ntOQUO4fkD5yPb3GplFc=</latexit>

vµ

<latexit sha1_base64="ruP8zXo+LLCfaMMf+QsvoXxvEoI=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHxRHYNCN5IvHjERB4GkPQODU6Y2d3M9JqQDV/hVU/ejFc/xoP/4oKYqNE6Vaq609XlR0pact03J7O0vLK6ll3PbWxube/kd/eaNoyNwIYIVWjaPlhUMsAGSVLYjgyC9hW2/PH5zG/dobEyDK5oEmFPwyiQQymAUukab5Kujqd96OcLbvGs5JWrHneL7hwp8SpepVzl3kIpsAXq/fx7dxCKWGNAQoG1Hc+NqJeAISkUTnPd2GIEYgwj7KQ0AI22l8wDT/lRbIFCHqHhUvG5iN83EtDWTrSfTmqgW/vbm4l/eZ2YhtVeIoMoJgzE7BBJhfNDVhiZNoF8IA0SwSw5chlwAQaI0EgOQqRinFaTS/v4epr/T5onRe+0WL4sFWq1RTNZdsAO2THzWIXV2AWrswYTTLN79sAenanz5Dw7L5+jGWexs89+wHn9ACdOlVM=</latexit>

eµa

<latexit sha1_base64="Cx4iBiIE22equV7jmeeHrKiWuOA=">AAACK3icbVC5TsNAFFxzE64AJc2KCIkqshEQGqRINJRBIoeUGOt584AV60O7zxHI8qfwCXwFLVRUICj5DxzjAgJTjWbeOX6spCHbfrWmpmdm5+YXFitLyyura9X1jY6JEi2wLSIV6Z4PBpUMsU2SFPZijRD4Crv+zcnY745QGxmF53QXoxvAVSgvpQDKJa/aGHnpgPCWilGpxmGWQpYdT2p4kQ6CJPMg4yMvZ161ZtftAvwvcUpSYyVaXvVjMIxEEmBIQoExfceOyU1BkxQKs8ogMRiDuIEr7Oc0hACNmxYXZHwnMUARj1FzqXgh4s+OFAJj7gI/rwyArs2kNxb/8/oJXR65qQzjhDAU40UkFRaLjNAyTw75UGokgvHlyGXIBWggQi05CJGLSR5lJc/Dmfz+L+ns1Z3D+sHZfq3ZLJNZYFtsm+0yhzVYk52yFmszwe7ZI3tiz9aD9WK9We/fpVNW2bPJfsH6/AK9aqqL</latexit>

va = eµavµ
<latexit sha1_base64="PAELNhLKpnqbP3RfVLKromSMS4A="></latexit>

va0 = e0µa0 vµ

<latexit sha1_base64="+zT7tRFFyvf89aKHeDxs82LSN9c=">AAACInicbVDLSsNAFJ34tr6qLt0MFsGFlER8LQtuXCrYVmhquRmvOjiThJk7Ygn5Cz/Br3CrK3fiStB/MY0VfJ3V4Zz7PFGqpCXff/VGRsfGJyanpiszs3PzC9XFpZZNnBHYFIlKzEkEFpWMsUmSFJ6kBkFHCtvR1f7Ab1+jsTKJj6mfYlfDRSzPpQAqpF61HhLeUDkni5TDPMPTLEyN1BhuhNrlvQy+hDzPe9WaX/dL8L8kGJIaG+KwV30PzxLhNMYkFFjbCfyUuhkYkkJhXgmdxRTEFVxgp6AxaLTdrLwn52vOAiU8RcOl4qWI3zsy0Nb2dVRUaqBL+9sbiP95HUfne91MxqkjjMVgEUmF5SIrjCwCQ34mDRLB4HLkMuYCDBChkRyEKERXJFgp8gh+f/+XtDbrwU59+2ir1mgMk5liK2yVrbOA7bIGO2CHrMkEu2X37IE9enfek/fsvXyWjnjDnmX2A97bB6z8pl0=</latexit>

e0µa0

<latexit sha1_base64="tGNCAEiP8Iax0cAH9q/FBG8suiU="></latexit>

⇤ a0

a

<latexit sha1_base64="m9Fo0B/8H1tHu+W6rsk2u2Z5QL8="></latexit>

⇤ a0

a = e0 a
0

µ eµa
(relational obs. describing 1st rel. to 2nd frame)

change of rel. obs. associated with same kinematical subsystem quantity

<latexit sha1_base64="YoEdYbYIc6k85EKBKdDgza0urio=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWWcwccpINJRBIg+RhOh82YRTzmfrbo0UReEraKGiQ7T8CwX/ghOCBAimGs3samcnTJS0yNibs7C4tLyymlvLr29sbm0XdnbrNk6NgJqIVWyaIbegpIYaSlTQTAzwKFTQCIdnU79xC8bKWF/iKIFOxAda9qXgmElX0GXX7cTICLqFInOZ73vlgDL3JCgzr5yRUuB7gUc9l81QJHNUu4X3di8WaQQaheLWtjyWYGfMDUqhYJJvpxYSLoZ8AK2Mah6B7YxniSf0MLUcY5qAoVLRmQjfN8Y8snYUhdlkxPHG/vam4l9eK8V+uTOWOkkRtJgeQqlgdsgKI7MqgPakAUQ+TQ5Uaiq44YhgJOVCZGKadZPP+vh6mv5P6seuV3JPL/xipTJvJkf2yQE5Ih4JSIWckyqpEUE0uScP5NG5c56cZ+flc3TBme/skR9wXj8Ah3SVgw==</latexit>

e00
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v



SUBSYSTEM RELATIVITY      RELATIVITY OF SIMULTANEITY
[Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="k0/OncZDhV1uJRmk+hMbSkFKRPg=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjIg8pCSKFpfNskpZ591twZFUcRX0EJFh2j5Fgr+BdukgMBUo5ld7ez4kZKWXPfDyS0sLi2v5FcLa+sbm1vF7Z261bERWBNaadP0waKSIdZIksJmZBACX2HDH12mfuMOjZU6vKVxhJ0ABqHsSwGUSK32jRwMCYzR991iyS27Gfhf4s1Iic1Q7RY/2z0t4gBDEgqsbXluRJ0JGJJC4bTQji1GIEYwwFZCQwjQdiZZ5Ck/iC2Q5hEaLhXPRPy5MYHA2nHgJ5MB0NDOe6n4n9eKqX/emcgwiglDkR4iqTA7ZIWRSRfIe9IgEaTJkcuQCzBAhEZyECIR46ScQtKHN//9X1I/Knun5ZPr41LlYtZMnu2xfXbIPHbGKuyKVVmNCabZI3tiz86D8+K8Om/fozlntrPLfsF5/wJhqJX8</latexit>)



SUBSYSTEM RELATIVITY      RELATIVITY OF SIMULTANEITY
[Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="k0/OncZDhV1uJRmk+hMbSkFKRPg=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjIg8pCSKFpfNskpZ591twZFUcRX0EJFh2j5Fgr+BdukgMBUo5ld7ez4kZKWXPfDyS0sLi2v5FcLa+sbm1vF7Z261bERWBNaadP0waKSIdZIksJmZBACX2HDH12mfuMOjZU6vKVxhJ0ABqHsSwGUSK32jRwMCYzR991iyS27Gfhf4s1Iic1Q7RY/2z0t4gBDEgqsbXluRJ0JGJJC4bTQji1GIEYwwFZCQwjQdiZZ5Ck/iC2Q5hEaLhXPRPy5MYHA2nHgJ5MB0NDOe6n4n9eKqX/emcgwiglDkR4iqTA7ZIWRSRfIe9IgEaTJkcuQCzBAhEZyECIR46ScQtKHN//9X1I/Knun5ZPr41LlYtZMnu2xfXbIPHbGKuyKVVmNCabZI3tiz86D8+K8Om/fozlntrPLfsF5/wJhqJX8</latexit>)

Relational observables describing     rel. to 2nd frame:

Relational observables describing     rel. to 1st frame:
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

<latexit sha1_base64="UNB5f63wDtkmR2HDl96gPLTw8KQ=">AAACFnicbVC7TgMxEPTxJrwClDRWIiQKFN0hXg0SgoYySCRBSsJpz1nAwvfAXkdCET2fwFfQQkWHaGkp+BecIwUkTLEaz+xqvRNlShry/U9vbHxicmp6ZrYwN7+wuFRcXqmb1GqBNZGqVJ9HYFDJBGskSeF5phHiSGEjujnu+40uaiPT5IzuMmzHcJXISymAnBQWS90QWrcWOpt55e7Juxdw0A1bsXXM1bBY9it+Dj5KggEpswGqYfGr1UmFjTEhocCYZuBn1O6BJikU3hda1mAG4gausOloAjGadi+/5Z6vWwOU8gw1l4rnIv6e6EFszF0cuc4Y6NoMe33xP69p6XK/3ZNJZgkT0V9EUmG+yAgtXUjIO1IjEfR/jlwmXIAGItSSgxBOtC61gssjGL5+lNS3KsFuZed0u3x4NEhmhq2xEttgAdtjh+yEVVmNCfbAntgze/EevVfvzXv/aR3zBjOr7A+8j2+MQ58r</latexit>

va , vav
a = vµv

µ

<latexit sha1_base64="u0mg84WkKze4aCpg4p3kwsjv2N4="></latexit>

va0 , va0va
0
= vµv

µ

Distinct gauge-invariant sets of observables, 
i.e., gauge-inv. notions of subsystems,  

with non-trivial overlap (functions of         )
<latexit sha1_base64="5fxJwHHQnFxGAz/FtzB1NLRub8Q=">AAAB/XicdVBNS8NAEN3Ur1q/qh69LBbBU0hKTeOt4MVjBfsBbSyb7bQu3XywOymUUvwVXvXkTbz6Wzz4X0xiBRV9h+Hx3gwz8/xYCo2W9WYUVlbX1jeKm6Wt7Z3dvfL+QVtHieLQ4pGMVNdnGqQIoYUCJXRjBSzwJXT8yUXmd6agtIjCa5zF4AVsHIqR4AxTqTcd9IOETm/SOihXLNNyLfe8Ti3TsZ2ak5GaW61Xq9Q2rRwVskRzUH7vDyOeBBAil0zrnm3F6M2ZQsElLEr9REPM+ISNoZfSkAWgvXl+8oKeJJphRGNQVEiai/B9Ys4CrWeBn3YGDG/1by8T//J6CY5cby7COEEIebYIhYR8keZKpFkAHQoFiCy7HKgIKWeKIYISlHGeikkaTinN4+tp+j9pV03bMc+uapWGu0ymSI7IMTklNqmTBrkkTdIinETknjyQR+POeDKejZfP1oKxnDkkP2C8fgB8hpYJ</latexit>

vµv
µ

internal relational 
observables

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v



SUBSYSTEM RELATIVITY      RELATIVITY OF SIMULTANEITY
[Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="k0/OncZDhV1uJRmk+hMbSkFKRPg=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjIg8pCSKFpfNskpZ591twZFUcRX0EJFh2j5Fgr+BdukgMBUo5ld7ez4kZKWXPfDyS0sLi2v5FcLa+sbm1vF7Z261bERWBNaadP0waKSIdZIksJmZBACX2HDH12mfuMOjZU6vKVxhJ0ABqHsSwGUSK32jRwMCYzR991iyS27Gfhf4s1Iic1Q7RY/2z0t4gBDEgqsbXluRJ0JGJJC4bTQji1GIEYwwFZCQwjQdiZZ5Ck/iC2Q5hEaLhXPRPy5MYHA2nHgJ5MB0NDOe6n4n9eKqX/emcgwiglDkR4iqTA7ZIWRSRfIe9IgEaTJkcuQCzBAhEZyECIR46ScQtKHN//9X1I/Knun5ZPr41LlYtZMnu2xfXbIPHbGKuyKVVmNCabZI3tiz86D8+K8Om/fozlntrPLfsF5/wJhqJX8</latexit>)

Relational observables describing     rel. to 2nd frame:

Relational observables describing     rel. to 1st frame:
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

Relational observables describing 2nd rel. to 1st frame:

Relational observables describing 1st rel. to 2nd frame:

Different frames decompose the total 
gauge-inv. “algebra” in different ways into 
subsystem of interest and “other frame”  

<latexit sha1_base64="bTAZnqxPU2Ef4cDUZDnmS8e4MH8="></latexit>

⇤ a0

a , e0µa0 e0b
0

µ

<latexit sha1_base64="9CJKDJSl2zTLraRoqR5ph410BB0="></latexit>

⇤ a0

a , eµae
b
µ

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

<latexit sha1_base64="UNB5f63wDtkmR2HDl96gPLTw8KQ=">AAACFnicbVC7TgMxEPTxJrwClDRWIiQKFN0hXg0SgoYySCRBSsJpz1nAwvfAXkdCET2fwFfQQkWHaGkp+BecIwUkTLEaz+xqvRNlShry/U9vbHxicmp6ZrYwN7+wuFRcXqmb1GqBNZGqVJ9HYFDJBGskSeF5phHiSGEjujnu+40uaiPT5IzuMmzHcJXISymAnBQWS90QWrcWOpt55e7Juxdw0A1bsXXM1bBY9it+Dj5KggEpswGqYfGr1UmFjTEhocCYZuBn1O6BJikU3hda1mAG4gausOloAjGadi+/5Z6vWwOU8gw1l4rnIv6e6EFszF0cuc4Y6NoMe33xP69p6XK/3ZNJZgkT0V9EUmG+yAgtXUjIO1IjEfR/jlwmXIAGItSSgxBOtC61gssjGL5+lNS3KsFuZed0u3x4NEhmhq2xEttgAdtjh+yEVVmNCfbAntgze/EevVfvzXv/aR3zBjOr7A+8j2+MQ58r</latexit>

va , vav
a = vµv

µ

<latexit sha1_base64="u0mg84WkKze4aCpg4p3kwsjv2N4="></latexit>

va0 , va0va
0
= vµv

µ

Distinct gauge-invariant sets of observables, 
i.e., gauge-inv. notions of subsystems,  

with non-trivial overlap (functions of         )
<latexit sha1_base64="5fxJwHHQnFxGAz/FtzB1NLRub8Q=">AAAB/XicdVBNS8NAEN3Ur1q/qh69LBbBU0hKTeOt4MVjBfsBbSyb7bQu3XywOymUUvwVXvXkTbz6Wzz4X0xiBRV9h+Hx3gwz8/xYCo2W9WYUVlbX1jeKm6Wt7Z3dvfL+QVtHieLQ4pGMVNdnGqQIoYUCJXRjBSzwJXT8yUXmd6agtIjCa5zF4AVsHIqR4AxTqTcd9IOETm/SOihXLNNyLfe8Ti3TsZ2ak5GaW61Xq9Q2rRwVskRzUH7vDyOeBBAil0zrnm3F6M2ZQsElLEr9REPM+ISNoZfSkAWgvXl+8oKeJJphRGNQVEiai/B9Ys4CrWeBn3YGDG/1by8T//J6CY5cby7COEEIebYIhYR8keZKpFkAHQoFiCy7HKgIKWeKIYISlHGeikkaTinN4+tp+j9pV03bMc+uapWGu0ymSI7IMTklNqmTBrkkTdIinETknjyQR+POeDKejZfP1oKxnDkkP2C8fgB8hpYJ</latexit>

vµv
µ

internal relational 
observables



SUBSYSTEM RELATIVITY      RELATIVITY OF SIMULTANEITY
[Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="k0/OncZDhV1uJRmk+hMbSkFKRPg=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjIg8pCSKFpfNskpZ591twZFUcRX0EJFh2j5Fgr+BdukgMBUo5ld7ez4kZKWXPfDyS0sLi2v5FcLa+sbm1vF7Z261bERWBNaadP0waKSIdZIksJmZBACX2HDH12mfuMOjZU6vKVxhJ0ABqHsSwGUSK32jRwMCYzR991iyS27Gfhf4s1Iic1Q7RY/2z0t4gBDEgqsbXluRJ0JGJJC4bTQji1GIEYwwFZCQwjQdiZZ5Ck/iC2Q5hEaLhXPRPy5MYHA2nHgJ5MB0NDOe6n4n9eKqX/emcgwiglDkR4iqTA7ZIWRSRfIe9IgEaTJkcuQCzBAhEZyECIR46ScQtKHN//9X1I/Knun5ZPr41LlYtZMnu2xfXbIPHbGKuyKVVmNCabZI3tiz86D8+K8Om/fozlntrPLfsF5/wJhqJX8</latexit>)

Note:       would not give a non-trivial transformation if the observables describing 
the subsystem of interest rel. to the two frames were coincident

<latexit sha1_base64="6dkrq4+wDsZcWvgCpK/Of6KTszM="></latexit>

⇤ a0

a

Unless        is only a spatial rotation,      and       decompose into space and 
time components in distinct ways

<latexit sha1_base64="6dkrq4+wDsZcWvgCpK/Of6KTszM="></latexit>

⇤ a0

a
<latexit sha1_base64="+slsQU9rSK7MDNnnX9Ks+3wVbMY=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8LbshbtZbwIvHiOYBSQi9YxsHZx/M9EZCyCd41ZM38er3ePBf3I0RVLRORVU3XV1BoqQhx3mzFhaXlldWC2vF9Y3Nre3Szm7LxKkW2BSxinUnAINKRtgkSQo7iUYIA4Xt4PY099sj1EbG0SWNE+yHMIzktRRAmXQxGsCgVHZsx3f8kxp3bM/1ql5Oqn6lVqlw13ZmKLM5GoPSe+8qFmmIEQkFxnRdJ6H+BDRJoXBa7KUGExC3MMRuRiMI0fQns6hTfpgaoJgnqLlUfCbi940JhMaMwyCbDIFuzG8vF//yuild+/2JjJKUMBL5IZIKZ4eM0DLrAPmV1EgEeXLkMuICNBChlhyEyMQ0K6WY9fH1NP+ftCq269nH59Vy3Z83U2D77IAdMZfVWJ2dsQZrMsGG7J49sEfrznqynq2Xz9EFa76zx37Aev0AfAOSqg==</latexit>va

<latexit sha1_base64="w3cJZscZUMvcRA0BwnUpjaOlMvc=">AAACAHicdVDLSgNBEJz1bXxFPXoZDIKnZTfEZL0FvHhUMBrIi95JJw6ZfTDTGwhLLn6FVz15E6/+iQf/xd0YQUXrVFR109Xlx0oacpw3a2FxaXlldW29sLG5tb1T3N27NlGiBTZEpCLd9MGgkiE2SJLCZqwRAl/hjT86y/2bMWojo/CKJjF2AhiGciAFUCZ1x70Uumk71jLA6bRXLDm24zneaY07dtWtVqo5qXjlWrnMXduZocTmuOgV39v9SCQBhiQUGNNynZg6KWiSQuG00E4MxiBGMMRWRkMI0HTSWeopP0oMUMRj1FwqPhPx+0YKgTGTwM8mA6Bb89vLxb+8VkIDr5PKME4IQ5EfIqlwdsgILbM6kPelRiLIkyOXIReggQi15CBEJiZZP4Wsj6+n+f/kumy7VfvkslKqe/Nm1tgBO2THzGU1Vmfn7II1mGCa3bMH9mjdWU/Ws/XyObpgzXf22Q9Yrx+qgpff</latexit>va0

<latexit sha1_base64="9l7jjrKa2KZgeLtN90S4ULJvG9Y=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJyrKJSUIXQUMZJPKQkig6XzbhlPNDd2tEZEV8BS1UdIiWb6HgX7BNhIAw1WhmVzs7biiFRst6N3JLyyura/n1wsbm1vZOcXevpYNIcWjyQAaq4zINUvjQRIESOqEC5rkS2u7kIvXbt6C0CPxrnIbQ99jYFyPBGSZSt4dwhzEKD2aDYsky7VOnXD2jlll2ak6tQm3TyvBNSmSOxqD40RsGPPLARy6Z1l3bCrEfM4WCS5gVepGGkPEJG0M3oT7zQPfjLPKMHkWaYUBDUFRImonwcyNmntZTz00mPYY3+q+Xiv953QhHtX4s/DBC8Hl6CIWE7JDmSiRdAB0KBYgsTQ5U+JQzxRBBCco4T8QoKaeQ9LHw/SJpnZh2xbSvnFL9fN5MnhyQQ3JMbFIldXJJGqRJOAnIA3kkT8a98Wy8GK9fozljvrNPfsF4+wQprpZ6</latexit> ti
m
e

<latexit sha1_base64="HzAz3x4jGCDeEIEQeO9ZivTCBhg=">AAAB/nicdVC7TsNAEDyHVwivACXNiQhBZdmQB2UEDWWQyENKrOh82YRTzvbpbo2IrEh8BS1UdIiWX6HgX7BDkADBVKOZXe3s+EoKg47zZuUWFpeWV/KrhbX1jc2t4vZOy0Sx5tDkkYx0x2cGpAihiQIldJQGFvgS2v74PPPbN6CNiMIrnCjwAjYKxVBwhqnU6yHcYoIigOlhv1hy7JpTq5Zr1LGdGVLiOtWTSoW6c6VE5mj0i++9QcTjAELkkhnTdR2FXsI0Ci5hWujFBhTjYzaCbkpDFoDxklnmKT2IDcOIKtBUSDoT4ftGwgJjJoGfTgYMr81vLxP/8roxDk+9RIQqRgh5dgiFhNkhw7VIywA6EBoQWZYcqAgpZ5ohghaUcZ6KcdpOIe3j62n6P2kd227Vdi/LpfrZvJk82SP75Ii4pEbq5II0SJNwosg9eSCP1p31ZD1bL5+jOWu+s0t+wHr9AH3Plp8=</latexit> ti
m
e0

<latexit sha1_base64="U6DEGoEW1BXsAdp251Vx0UvYiYY=">AAAB9nicdZA9TwJBEIb38AvxC7W02UiMVpc9Yo6jMCHaWGIiYAKE7C0DbNj7yO6ckRD+gq1WdsbWv2Phf/EOMVGjbzV53pnMzOvHShpk7M3KLS2vrK7l1wsbm1vbO8XdvaaJEi2gISIV6RufG1AyhAZKVHATa+CBr6Dljy8yv3UL2sgovMZJDN2AD0M5kIJjhiZnk+NescTsctVxPYcy2y17VZfRjFQrzKOOzeYqkYXqveJ7px+JJIAQheLGtB0WY3fKNUqhYFboJAZiLsZ8CO20DHkApjud3zqjR4nhGNEYNJWKziF8n5jywJhJ4KedAceR+e1l8C+vneDA605lGCcIocgWoVQwX2SElmkIQPtSAyLPLgcqQyq45oigJeVCpDBJUymkeXw9Tf8vmmXbcW3n6rRUO18kkycH5JCcEIdUSI1ckjppEEFG5J48kEfrznqynq2Xz9actZjZJz9kvX4A3iuS4A==</latexit>y
=
y 0

<latexit sha1_base64="6by2+N1tu85IQoRr6joLF0lDJgk=">AAAB83icbVDLTgJBEJzFF+IL9ehlIjHxtNmVFfBG9OIREnkksCGzQ4MTZh+Z6TUSwhd41ZM349UP8uC/uLsSo2KdKlXd6eryIik0Wta7kVtZXVvfyG8WtrZ3dveK+wdtHcaKQ4uHMlRdj2mQIoAWCpTQjRQw35PQ8SZXqd+5A6VFGNzgNALXZ+NAjARnmEjN+0GxZJn2uVOuXlDLLDs1p1ahtmll+CYlskBjUPzoD0Me+xAgl0zrnm1F6M6YQsElzAv9WEPE+ISNoZfQgPmg3VkWdE5PYs0wpBEoKiTNRPi5MWO+1lPfSyZ9hrf6r5eK/3m9GEc1dyaCKEYIeHoIhYTskOZKJA0AHQoFiCxNDlQElDPFEEEJyjhPxDippJD0sfT9MmmfmXbFtJtOqX65aCZPjsgxOSU2qZI6uSYN0iKcAHkgj+TJiI1n48V4/RrNGYudQ/ILxtsn50KRxg==</latexit>x

<latexit sha1_base64="bwavmfDz7uGXAwxFbrQi6PoUkIg=">AAAB9HicdVC7TsNAEDyHVwivACXNiQhBZdmQxJQRNJQBkRApsaLzZRNOOT90t46IrPwBLVR0iJb/oeBfsE2QAMFUo5ld7ex4kRQaLevNKCwsLi2vFFdLa+sbm1vl7Z22DmPFocVDGaqOxzRIEUALBUroRAqY70m48cbnmX8zAaVFGFzjNALXZ6NADAVnmEpXd4f9csUyHcupVx1qmVaOlNhW/aRWo/ZcqZA5mv3ye28Q8tiHALlkWndtK0I3YQoFlzAr9WINEeNjNoJuSgPmg3aTPOmMHsSaYUgjUFRImovwfSNhvtZT30snfYa3+reXiX953RiHp24igihGCHh2CIWE/JDmSqQVAB0IBYgsSw5UBJQzxRBBCco4T8U47aSU9vH1NP2ftI9Nu27al9VK42zeTJHskX1yRGzikAa5IE3SIpwMyT15II/GxHgyno2Xz9GCMd/ZJT9gvH4ANw6R6w==</latexit>

x0

<latexit sha1_base64="N4ohsB21lyqS0svt9zppxw4ipHw=">AAAB/3icdVC7TgJBFJ31ifhCLW0mEqMV2VVgLYk2lpjII4ENmR0uOGH24cxdI9lQ+BW2WtkZWz/Fwn9xwDVRo6c6Oec+jx9LodG236y5+YXFpeXcSn51bX1js7C13dRRojg0eCQj1faZBilCaKBACe1YAQt8CS1/dDb1WzegtIjCSxzH4AVsGIqB4AyN5HURbjHVMeMwOegVinbJtd1q2aV2yZ7BEMeuHlcq1MmUIslQ7xXeu/2IJwGEyCXTuuPYMXopUyi4hEm+m2gwo0dsCB1DQxaA9tLZ0RO6n2iGEY1BUSHpTITvHSkLtB4HvqkMGF7p395U/MvrJDg48VIRxglCyKeLUEiYLdJcCZMG0L5QgMimlwMVIeVMMURQgjLOjZiYePImj6+n6f+keVRyqiXnolysnWbJ5Mgu2SOHxCEuqZFzUicNwsk1uScP5NG6s56sZ+vls3TOynp2yA9Yrx840pcG</latexit>

space
0

<latexit sha1_base64="kDRO+wCseLCdHqvnO30ZYam27i8=">AAAB/nicbVC7TgJBFJ3FF+ILtbSZSEysNruyAnZEG0tM5JEAIbPDBSfMPjJz10g2JH6FrVZ2xtZfsfBf3F2JUfFUJ+fc53FDKTRa1ruRW1peWV3Lrxc2Nre2d4q7ey0dRIpDkwcyUB2XaZDChyYKlNAJFTDPldB2Jxep374FpUXgX+M0hL7Hxr4YCc4wkXo9hDuMdcg4zAbFkmXap065ekYts+zUnFqF2qaV4ZuUyByNQfGjNwx45IGPXDKtu7YVYj9mCgWXMCv0Ig3J5AkbQzehPvNA9+Ps5hk9ijTDgIagqJA0E+FnR8w8raeem1R6DG/0Xy8V//O6EY5q/Vj4YYTg83QRCgnZIs2VSMIAOhQKEFl6OVDhU84UQwQlKOM8EaMknUKSx8L3i6R1YtoV075ySvXzeTJ5ckAOyTGxSZXUySVpkCbhJCQP5JE8GffGs/FivH6V5ox5zz75BePtE+RDluE=</latexit>space

S-observables 
relative to R1

S-observables 
relative to R2

<latexit sha1_base64="WLYQSs2XR1XcIgsrDiVTe4Vz0DM=">AAACDXicdVDLSgNBEJz1bXxFPYmXwSB4WmZN0HjzcfGoYEwgCaF3bHVw9sFMrxiWxU/wK7zqyZt49Rs8+C/uxggqWqeiqpuuLj/WypIQb87I6Nj4xOTUdGlmdm5+oby4dGqjxEhsyEhHpuWDRa1CbJAija3YIAS+xqZ/dVD4zWs0VkXhCfVj7AZwEapzJYFyqVde6QRAlxJ0upf10g7hDaXxZd9mWa9cEW51J0edC7cmhPDEkIgq91wxQIUNcdQrv3fOIpkEGJLUYG3bEzF1UzCkpMas1EksxiCv4ALbOQ0hQNtNBy9kfD2xQBGP0XCl+UDE7xspBNb2Az+fLALb314h/uW1Ezqvd1MVxglhKItDpDQODllpVN4N8jNlkAiK5MhVyCUYIEKjOEiZi0leVinv4+tp/j853XS9Ldc7rlV294fNTLFVtsY2mMe22S47ZEeswSS7ZffsgT06d86T8+y8fI6OOMOdZfYDzusHKgGdDg==</latexit>

Aphys

internal S relations

“other frame’’ observables 
relative to R1

“other frame’’ observables 
relative to R2

Relational observables describing     rel. to 2nd frame:

Relational observables describing     rel. to 1st frame:
<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

Relational observables describing 2nd rel. to 1st frame:

Relational observables describing 1st rel. to 2nd frame:

Different frames decompose the total 
gauge-inv. “algebra” in different ways into 
subsystem of interest and “other frame”  

<latexit sha1_base64="bTAZnqxPU2Ef4cDUZDnmS8e4MH8="></latexit>

⇤ a0

a , e0µa0 e0b
0

µ

<latexit sha1_base64="9CJKDJSl2zTLraRoqR5ph410BB0="></latexit>

⇤ a0

a , eµae
b
µ

<latexit sha1_base64="m+b44VrXXD6eZBRWkhGTmNwADlA=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWUikYeUWNH5sgmnnM/W3V6kyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6nU1pb39jcKm9Xdnb39g+qh0cdE1nNoc0jGelewAxIoaCNAiX0Yg0sDCR0g+ld5ndnoI2I1APOY/BDNlFiLDjDVGrNhtWaW3dz0FXiFaRGCjSH1a/BKOI2BIVcMmP6nhujnzCNgktYVAbWQMz4lE2gn1LFQjB+kgdd0DNrGEY0Bk2FpLkIvzcSFhozD4N0MmT4aJa9TPzP61sc3/qJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlVTSPrzl71dJ56LuXdevWpe1RqNopkxOyCk5Jx65IQ1yT5qkTTgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xuGEZGH</latexit>v

<latexit sha1_base64="UNB5f63wDtkmR2HDl96gPLTw8KQ=">AAACFnicbVC7TgMxEPTxJrwClDRWIiQKFN0hXg0SgoYySCRBSsJpz1nAwvfAXkdCET2fwFfQQkWHaGkp+BecIwUkTLEaz+xqvRNlShry/U9vbHxicmp6ZrYwN7+wuFRcXqmb1GqBNZGqVJ9HYFDJBGskSeF5phHiSGEjujnu+40uaiPT5IzuMmzHcJXISymAnBQWS90QWrcWOpt55e7Juxdw0A1bsXXM1bBY9it+Dj5KggEpswGqYfGr1UmFjTEhocCYZuBn1O6BJikU3hda1mAG4gausOloAjGadi+/5Z6vWwOU8gw1l4rnIv6e6EFszF0cuc4Y6NoMe33xP69p6XK/3ZNJZgkT0V9EUmG+yAgtXUjIO1IjEfR/jlwmXIAGItSSgxBOtC61gssjGL5+lNS3KsFuZed0u3x4NEhmhq2xEttgAdtjh+yEVVmNCfbAntgze/EevVfvzXv/aR3zBjOr7A+8j2+MQ58r</latexit>

va , vav
a = vµv

µ

<latexit sha1_base64="u0mg84WkKze4aCpg4p3kwsjv2N4="></latexit>

va0 , va0va
0
= vµv

µ

Distinct gauge-invariant sets of observables, 
i.e., gauge-inv. notions of subsystems,  

with non-trivial overlap (functions of         )
<latexit sha1_base64="5fxJwHHQnFxGAz/FtzB1NLRub8Q=">AAAB/XicdVBNS8NAEN3Ur1q/qh69LBbBU0hKTeOt4MVjBfsBbSyb7bQu3XywOymUUvwVXvXkTbz6Wzz4X0xiBRV9h+Hx3gwz8/xYCo2W9WYUVlbX1jeKm6Wt7Z3dvfL+QVtHieLQ4pGMVNdnGqQIoYUCJXRjBSzwJXT8yUXmd6agtIjCa5zF4AVsHIqR4AxTqTcd9IOETm/SOihXLNNyLfe8Ti3TsZ2ak5GaW61Xq9Q2rRwVskRzUH7vDyOeBBAil0zrnm3F6M2ZQsElLEr9REPM+ISNoZfSkAWgvXl+8oKeJJphRGNQVEiai/B9Ys4CrWeBn3YGDG/1by8T//J6CY5cby7COEEIebYIhYR8keZKpFkAHQoFiCy7HKgIKWeKIYISlHGeikkaTinN4+tp+j9pV03bMc+uapWGu0ymSI7IMTklNqmTBrkkTdIinETknjyQR+POeDKejZfP1oKxnDkkP2C8fgB8hpYJ</latexit>

vµv
µ

internal relational 
observables



Part II

Quantum reference frames & relational subsystems



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)

(Total) system of particles with translation invariance: 



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)

(Total) system of particles with translation invariance: 



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

reorientation (change of state) of internal frame  

description relative to internal frames changed
(relations between the frame and the other particles are changed) 

description of remaining particles relative to external frame unchanged
(absolute positions of the other particles unchanged) 

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

Description of S relative to R1 invariant under reorientations of R2, but relative to R2 it changes since relations between S and R2 change 

S

R1
R2

<latexit sha1_base64="faeJ9uk3m8GAEdmKJ9DF0N1vxT4="></latexit>

Aphys
S|R1

6= Aphys
S|R2

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)

Different internal frames identify 
distinct relational notions of subsystems 



EXTERNAL/KINEMATICAL VS. INTERNAL/PHYSICAL SUBSYSTEMS

Description of S relative to R1 invariant under reorientations of R2, but relative to R2 it changes since relations between S and R2 change 

S

R1
R2

<latexit sha1_base64="faeJ9uk3m8GAEdmKJ9DF0N1vxT4="></latexit>

Aphys
S|R1

6= Aphys
S|R2

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit> !
<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit> !

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit> !

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit> 
!

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit> !

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit>  
!

<latexit sha1_base64="DVRufC5NcZixEswh6sbL8yor2RM=">AAACB3icdVDLSgNBEJz1GeMrmqOXwSB4Wnbz9hb04lHBqJCE0Dt24pDZ2WWmVwkhH+BXeNWTN/HqZ3jwX9zECCpap6Kqm66uIFbSkue9OXPzC4tLy5mV7Ora+sZmbmv73EaJEdgUkYrMZQAWldTYJEkKL2ODEAYKL4LB0cS/uEFjZaTPaBhjJ4S+lj0pgFKpm8u3VaT7CntkZP+awJjotpsreG6xWi37Je65Na9SOSimxC+V6+Ua911vigKb4aSbe29fRSIJUZNQYG3L92LqjMCQFArH2XZiMQYxgD62UqohRNsZTcOP+V5igSIeo+FS8amI3zdGEFo7DIN0MgS6tr+9ifiX10qoV++MpI4TQi0mh0gqnB6ywsi0FeRX0iARTJIjl5oLMECERnIQIhWTtKZs2sfX0/x/cl50/apbOS0XGoezZjJsh+2yfeazGmuwY3bCmkywIbtnD+zRuXOenGfn5XN0zpnt5NkPOK8fFIKaRQ==</latexit>  
!

<latexit sha1_base64="GF+AQ+53k05H2qBQJasv9yFI7Ec="></latexit>

Aphys
S|R1

\ Aphys
S|R2

6= ;

Kinematical factorisation into subsystems (e.g. absolute positions/relative to external frame)

<latexit sha1_base64="OQtkk39M2Muu7I4uaxngowG6qik=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmdzt0ZEUX6BFio6RMvvUPAv2CYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3avbMDYCayJUoWn6YFFJjTWSpLAZGYTAV9jwR9ep33hAY2Wo72gcYSeAgZZ9KYBSqa3xvlssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1JmAISkUTgvt2GIEYgQDbCVUQ4C2M8myTvlRbIFCHqHhUvFMxN8bEwisHQd+MhkADe28l4r/ea2Y+pedidRRTKhFeoikwuyQFUYmJSDvSYNEkCZHLjUXYIAIjeQgRCLGSSuFpA9v/vtFUj8pe+fls9vTUuVq1kyeHbBDdsw8dsEq7IZVWY0JNmRP7Jm9OI/Oq/PmvP+M5pzZzj77A+fjG8hnktE=</latexit> 6=

Physical/external-frame-indep. factorisation into subsystems (e.g. translation invariant relative distances)

Different internal frames identify 
distinct relational notions of subsystems 

Internal relations to S are invariant under reorientations of 
both frames (frame-independent relational observables) 

Gauge-inv. properties of subsystems such as correlations, entropies, dynamics (open 
vs. closed), equilibrium and non-eq. thermodynamics contingent on the internal frame 

[Höhn, Kotecha, FMM ’23]



INTERNAL (QUANTUM) DYNAMICAL REFERENCE FRAMES

Setup relative to external (possibly fictitious) frame:

<latexit sha1_base64="OT/uIXh3yqqTPoTDOkdqyCiQ2xs=">AAACK3icbVC7TsNAEDzzDOEVoKQ5ESFRRTYCQoMUQZOSVwApjqL1sYFTzmfrbo2IrHwKn8BX0EJFBYKS/8AOKQJhqtHMrmZ3glhJS6775kxMTk3PzBbmivMLi0vLpZXVCxslRmBDRCoyVwFYVFJjgyQpvIoNQhgovAy6R7l/eYfGykifUy/GVgg3WnakAMqkdqnqh0C3AhSvt1Of8J7SrtT9/sGIfupHJEO0I9JZu1R2K+4AfJx4Q1JmQxy3S5/+dSSSEDUJBdY2PTemVgqGpFDYL/qJxRhEF26wmVENWWArHTzY55uJBYp4jIZLxQcijm6kEFrbC4NsMr/R/vVy8T+vmVBnv5VKHSeEWuRBJBUOgqwwMmsO+bU0SAT55cil5gIMEKGRHITIxCSrspj14f39fpxcbFe8vcruyU65djhspsDW2QbbYh6rshqrs2PWYII9sCf2zF6cR+fVeXc+fkYnnOHOGvsF5+sbSjqoeQ==</latexit>

Hkin = HR ⌦HS

frame system

space of externally distinguishable states

Unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrisations,…) 

<latexit sha1_base64="UNVSjFRdicaxi9/Q17nIW0sCCuU="></latexit>

URS(g) = UR(g)⌦ US(g) , g 2 G
external frame transformations (internal RS relations not affected)

[Krumm, Höhn, Müller ’20, ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21]

Split total DoFs into a (SUB)SYSTEM OF INTEREST (subgroup of particle, subregion,…) 
and FRAME DoFs (constructed from the complement) 

analogue of                           in SR
<latexit sha1_base64="FU4vHHgmJxmvgY1C76thdhsNl0M="></latexit>

⇤µ
⌫ 2 SO+(3, 1)



INTERNAL (QUANTUM) DYNAMICAL REFERENCE FRAMES

Setup relative to external (possibly fictitious) frame:

<latexit sha1_base64="OT/uIXh3yqqTPoTDOkdqyCiQ2xs=">AAACK3icbVC7TsNAEDzzDOEVoKQ5ESFRRTYCQoMUQZOSVwApjqL1sYFTzmfrbo2IrHwKn8BX0EJFBYKS/8AOKQJhqtHMrmZ3glhJS6775kxMTk3PzBbmivMLi0vLpZXVCxslRmBDRCoyVwFYVFJjgyQpvIoNQhgovAy6R7l/eYfGykifUy/GVgg3WnakAMqkdqnqh0C3AhSvt1Of8J7SrtT9/sGIfupHJEO0I9JZu1R2K+4AfJx4Q1JmQxy3S5/+dSSSEDUJBdY2PTemVgqGpFDYL/qJxRhEF26wmVENWWArHTzY55uJBYp4jIZLxQcijm6kEFrbC4NsMr/R/vVy8T+vmVBnv5VKHSeEWuRBJBUOgqwwMmsO+bU0SAT55cil5gIMEKGRHITIxCSrspj14f39fpxcbFe8vcruyU65djhspsDW2QbbYh6rshqrs2PWYII9sCf2zF6cR+fVeXc+fkYnnOHOGvsF5+sbSjqoeQ==</latexit>

Hkin = HR ⌦HS

frame system

space of externally distinguishable states

Unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrisations,…) 

<latexit sha1_base64="UNVSjFRdicaxi9/Q17nIW0sCCuU="></latexit>

URS(g) = UR(g)⌦ US(g) , g 2 G
external frame transformations (internal RS relations not affected)

Dynamical frame R associated with (gauge) group G frame configurations associated to group elements
subsystem “as non-invariant as 
possible” under G-action to be used 
to parametrise the orbits of G

[Krumm, Höhn, Müller ’20, ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21]

Split total DoFs into a (SUB)SYSTEM OF INTEREST (subgroup of particle, subregion,…) 
and FRAME DoFs (constructed from the complement) 

analogue of                           in SR
<latexit sha1_base64="FU4vHHgmJxmvgY1C76thdhsNl0M="></latexit>

⇤µ
⌫ 2 SO+(3, 1)

G-frame:



INTERNAL (QUANTUM) DYNAMICAL REFERENCE FRAMES

Setup relative to external (possibly fictitious) frame:

<latexit sha1_base64="OT/uIXh3yqqTPoTDOkdqyCiQ2xs=">AAACK3icbVC7TsNAEDzzDOEVoKQ5ESFRRTYCQoMUQZOSVwApjqL1sYFTzmfrbo2IrHwKn8BX0EJFBYKS/8AOKQJhqtHMrmZ3glhJS6775kxMTk3PzBbmivMLi0vLpZXVCxslRmBDRCoyVwFYVFJjgyQpvIoNQhgovAy6R7l/eYfGykifUy/GVgg3WnakAMqkdqnqh0C3AhSvt1Of8J7SrtT9/sGIfupHJEO0I9JZu1R2K+4AfJx4Q1JmQxy3S5/+dSSSEDUJBdY2PTemVgqGpFDYL/qJxRhEF26wmVENWWArHTzY55uJBYp4jIZLxQcijm6kEFrbC4NsMr/R/vVy8T+vmVBnv5VKHSeEWuRBJBUOgqwwMmsO+bU0SAT55cil5gIMEKGRHITIxCSrspj14f39fpxcbFe8vcruyU65djhspsDW2QbbYh6rshqrs2PWYII9sCf2zF6cR+fVeXc+fkYnnOHOGvsF5+sbSjqoeQ==</latexit>

Hkin = HR ⌦HS

frame system

space of externally distinguishable states

Unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrisations,…) 

<latexit sha1_base64="UNVSjFRdicaxi9/Q17nIW0sCCuU="></latexit>

URS(g) = UR(g)⌦ US(g) , g 2 G
external frame transformations (internal RS relations not affected)

Dynamical frame R associated with (gauge) group G frame configurations associated to group elements

frame orientations: system of generalised coherent states (gauge transf. acts transitively from left/gauge cov.) 
subsystem “as non-invariant as 
possible” under G-action to be used 
to parametrise the orbits of G

symmetries/frame reorientations (act from right): 

<latexit sha1_base64="EcmWgy4VsZkHfJBbY7aEQRNGFis="></latexit>

|'(g)iR ! UR(g
0)|'(g)iR = |'(g0g)iR ,

Z

G
dg |'(g)ih'(g)|R = 1R

<latexit sha1_base64="6HHxzfYx4EnjT0Jn+GHAEDyr56w=">AAACK3icbVC7TsNAEDzzJrwClDQnIkQoiGzEq0GKoKEMiASkJFjrYzEnzmfrbo2ETD6FT+AraKGiAkHJf+CESDynGs3sancmSJS05LrPzsDg0PDI6Nh4YWJyanqmODvXsHFqBNZFrGJzEoBFJTXWSZLCk8QgRIHC4+Byr+sfX6GxMtZHdJ1gO4JQy3MpgHLJL241/MNyuLxy07oCk1zIcrjSMqBDhf7hzpcYLp9mq17ny/OLJbfi9sD/Eq9PSqyPml98a53FIo1Qk1BgbdNzE2pnYEgKhZ1CK7WYgLiEEJs51RChbWe9gB2+lFqgmCdouFS8J+L3jQwia6+jIJ+MgC7sb68r/uc1UzrfbmdSJymhFt1DJBX2DllhZN4c8jNpkAi6nyOXmgswQIRGchAiF9O8ykLeh/c7/V/SWKt4m5WNg/VSdbffzBhbYIuszDy2xapsn9VYnQl2y+7ZA3t07pwn58V5/RwdcPo78+wHnPcPzZmnBQ==</latexit>

VR(g
0)|'(g)iR = |'(gg0�1)iR

[Krumm, Höhn, Müller ’20, ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21]

commuting group actionschange RS relations

not necessarily orthogonal/perfectly distinguishable orientations

Split total DoFs into a (SUB)SYSTEM OF INTEREST (subgroup of particle, subregion,…) 
and FRAME DoFs (constructed from the complement) 

analogue of                           in SR
<latexit sha1_base64="FU4vHHgmJxmvgY1C76thdhsNl0M="></latexit>

⇤µ
⌫ 2 SO+(3, 1)

G-frame:

<latexit sha1_base64="Rluk3EYAK9686AFHK7OpmHASQKs="></latexit>

⇤a
be

µ
a(analogue of          )                         

analogue of                         
<latexit sha1_base64="DA8gTmPsVOTxu61wBsVg0yfNWJI="></latexit>

⇤µ
⌫e

⌫
a



PHYSICAL STATES & RELATIONAL OBSERVABLES

<latexit sha1_base64="uf/hSaez1r8Ch+ajPUpK7uXbNE8="></latexit>

Hphys =
n
| physi s.t. | physi = UR(g)⌦ US(g)| physi , g 2 G

o
<latexit sha1_base64="bAii1gS5IdRAg9PlcXtTat21W1E=">AAACOXicbVDLSgNBEJz1bXxFPXoZDIKnsCu+LkJQBI8RjArZEHrHNg6ZnR1mesWw5ov8BL/Co4oHb+LVH3ATg2i0TkVVNd1dkVHSke8/eiOjY+MTk1PThZnZufmF4uLSqUtSK7AmEpXY8wgcKqmxRpIUnhuLEEcKz6L2Qc8/u0brZKJPqGOwEUNLy0spgHKpWTy8DY2TzSwkvKHMXHVctxta0C2Fe2F1yPiVbUv9HW0WS37Z74P/JcGAlNgA1WbxJbxIRBqjJqHAuXrgG2pkYEkKhd1CmDo0INrQwnpONcToGln/3S5fSx1Qwg1aLhXvi/hzIoPYuU4c5ckY6MoNez3xP6+e0uVuI5PapIRa9BaRVNhf5ISVeY/IL6RFIuhdjlxqLsACEVrJQYhcTPNiC3kfwfD3f8npRjnYLm8db5Yq+4NmptgKW2XrLGA7rMKOWJXVmGB37IE9sWfv3nv13rz3r+iIN5hZZr/gfXwC3VSxSg==</latexit>

| physi = ⇧phys| kini

<latexit sha1_base64="uy4YRoR/hMV5rzKGfH80wMIaciQ="></latexit>

⇧phys =

Z

G
dg UR(g)⌦ US(g)

group-averaging “projector’’

space of relational equivalence classes of states 

[Krumm, Höhn, Müller ’20, ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21]

external-frame indep., internally distinguishable states

Physical states invariant under gauge transformations (external frame transf.):

<latexit sha1_base64="raxocxdFf+BW4lO6MJpqsL6zmlk="></latexit>

h phys| physiphys = h kin|⇧phys| kini

[Rovelli ’98]



PHYSICAL STATES & RELATIONAL OBSERVABLES

Physical states invariant under gauge transformations (external frame transf.):

<latexit sha1_base64="uf/hSaez1r8Ch+ajPUpK7uXbNE8="></latexit>

Hphys =
n
| physi s.t. | physi = UR(g)⌦ US(g)| physi , g 2 G

o
<latexit sha1_base64="bAii1gS5IdRAg9PlcXtTat21W1E=">AAACOXicbVDLSgNBEJz1bXxFPXoZDIKnsCu+LkJQBI8RjArZEHrHNg6ZnR1mesWw5ov8BL/Co4oHb+LVH3ATg2i0TkVVNd1dkVHSke8/eiOjY+MTk1PThZnZufmF4uLSqUtSK7AmEpXY8wgcKqmxRpIUnhuLEEcKz6L2Qc8/u0brZKJPqGOwEUNLy0spgHKpWTy8DY2TzSwkvKHMXHVctxta0C2Fe2F1yPiVbUv9HW0WS37Z74P/JcGAlNgA1WbxJbxIRBqjJqHAuXrgG2pkYEkKhd1CmDo0INrQwnpONcToGln/3S5fSx1Qwg1aLhXvi/hzIoPYuU4c5ckY6MoNez3xP6+e0uVuI5PapIRa9BaRVNhf5ISVeY/IL6RFIuhdjlxqLsACEVrJQYhcTPNiC3kfwfD3f8npRjnYLm8db5Yq+4NmptgKW2XrLGA7rMKOWJXVmGB37IE9sWfv3nv13rz3r+iIN5hZZr/gfXwC3VSxSg==</latexit>

| physi = ⇧phys| kini

<latexit sha1_base64="uy4YRoR/hMV5rzKGfH80wMIaciQ="></latexit>

⇧phys =

Z

G
dg UR(g)⌦ US(g)

group-averaging “projector’’

space of relational equivalence classes of states 

[Krumm, Höhn, Müller ’20, ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21]

Gauge-invariant information encoded in relational observables (e.g. relative distances) obtained via G-twirl:

<latexit sha1_base64="EmQ6PUMdommyzy+vZZbDaOUPxFo="></latexit>

OfS ,R(g) =

Z

G
dg0 URS(g

0)
⇣
|'(g)ih'(g)|R ⌦ fS

⌘
U

†
RS(g

0) value of       when R is in orientation   
<latexit sha1_base64="upkoMTHyhGFtxTt8GcfgbFf6B2k=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtNnVleVI9OIRgzwSIGR2aHDC7CMzvRqy4RO86smb8er3ePBfHBATNVqnSlV3urqCRAqNjvNm5ZaWV1bX8uuFjc2t7Z3i7l5Tx6ni0OCxjFU7YBqkiKCBAiW0EwUsDCS0gvHFzG/dgtIijq5xkkAvZKNIDAVnaKT6sF/vF0uO7XieW/GpY5/6FcetGFL2Pdd3qWs7c5TIArV+8b07iHkaQoRcMq07rpNgL2MKBZcwLXRTDQnjYzaCjqERC0H3snnUKT1KNcOYJqCokHQuwveNjIVaT8LATIYMb/Rvbyb+5XVSHFZ6mYiSFCHis0MoJMwPaa6E6QDoQChAZLPkQEVEOVMMEZSgjHMjpqaUgunj62n6P2me2G7ZPrvyStXzRTN5ckAOyTFxiU+q5JLUSINwMiL35IE8WnfWk/VsvXyO5qzFzj75Aev1A0D4kow=</latexit>

fS <latexit sha1_base64="AGKBtS04BQLH6IMgKeOa4JcIDiM=">AAAB83icdVC7TsNAEDyHVwivACXNiQiJyrLBxC4jaCgTiTykxIrOl0045fzQ3RopivIFtFDRIVo+iIJ/wTZBAgRTjWZ2tbMTJFJotKw3o7Syura+Ud6sbG3v7O5V9w86Ok4VhzaPZax6AdMgRQRtFCihlyhgYSChG0yvcr97B0qLOLrBWQJ+yCaRGAvOMJNak2G1ZpmW49ieSy3z3PUs28tI3XVs16a2aRWokSWaw+r7YBTzNIQIuWRa920rQX/OFAouYVEZpBoSxqdsAv2MRiwE7c+LoAt6kmqGMU1AUSFpIcL3jTkLtZ6FQTYZMrzVv71c/Mvrpzj2/LmIkhQh4vkhFBKKQ5orkTUAdCQUILI8OVARUc4UQwQlKOM8E9OskkrWx9fT9H/SOTPtunnRcmqNy2UzZXJEjskpsYlLGuSaNEmbcALknjyQRyM1noxn4+VztGQsdw7JDxivH+Hwkcc=</latexit>g

<latexit sha1_base64="raxocxdFf+BW4lO6MJpqsL6zmlk="></latexit>

h phys| physiphys = h kin|⇧phys| kini

relational obs. in the sense of Rovelli, Dittrich, Thiemann,…

[Rovelli ’98]

(controlled unitary) 
frame-orientation conditional gauge transf.

gauge invariance:  

*-homomorphism on
<latexit sha1_base64="UXyk/6zpNPaxbHoJOGgWNRlokH0="></latexit>

O•,R(g) : AS ! Aphys
<latexit sha1_base64="Sa8zkg3bH5XfPZ6Y6TLDCeJpagk="></latexit>

Hphys

<latexit sha1_base64="wFfANt7lYheMfLVbpRzGqusoKdo=">AAACFXicbVC5TsNAFFxzhnAZKGkWIqQgochGXA1SBA0dISGHlBhrvbyEVdaHdp+RIss1n8BX0EJFh2ipKfgXnJCCa6rRzHt6b8aLpNBoWe/GxOTU9Mxsbi4/v7C4tGyurDZ0GCsOdR7KULU8pkGKAOooUEIrUsB8T0LT658O/eYtKC3C4BIHETg+6wWiKzjDTHLNjfa5m3Td2k413aF1N6nW0mLvKulESviQbjvHlmsWrJI1Av1L7DEpkDEqrvnRuQ557EOAXDKt27YVoZMwhYJLSPOdWEPEeJ/1oJ3RgPmgnWQUJaVbsWYY0ggUFZKORPi+kTBf64HvZZM+wxv92xuK/3ntGLtHTiKCKEYI+PAQCgmjQ5orkXUE9FooQGTDz4GKgHKmGCIoQRnnmRhnpeWzPuzf6f+Sxm7JPijtX+wVyifjZnJknWySIrHJISmTM1IhdcLJHXkgj+TJuDeejRfj9Wt0whjvrJEfMN4+AZnlngk=</latexit>

[OfS ,R, URS(g
0)] = 0

<latexit sha1_base64="/zTzd7J+iYisv6JzVIiCSp1bsyw=">AAACCHicdVDLSgNBEJz1bXzFx83LYBA8LRPz0oMQ8OJRwZhAEpfesdUhsw9megO65Af8Cq968iZe/QsP/oubGEFF61RUddPV5cdaWRLizZmYnJqemZ2bzy0sLi2v5FfXzmyUGIkNGenItHywqFWIDVKksRUbhMDX2PR7h0O/2UdjVRSe0k2M3QCuQnWpJFAmefmNvgcHeJ52gmTgQd/7JPmCcEVF7IsKF26ptl8rlzJSrYlSaZcXXTFCgY1x7OXfOxeRTAIMSWqwtl0UMXVTMKSkxkGuk1iMQfbgCtsZDSFA201H6Qd8O7FAEY/RcKX5SMTvGykE1t4EfjYZAF3b395Q/MtrJ3S5101VGCeEoRweIqVxdMhKo7JakF8og0QwTI5chVyCASI0ioOUmZhkPeWyPr6e5v+Ts123WHUrJ+VCvT5uZo5tsi22w4qsxursiB2zBpPslt2zB/bo3DlPzrPz8jk64Yx31tkPOK8fjcyagA==</latexit>

va = eµavµ(analogue of                 )

external-frame indep., internally distinguishable states



(QUANTUM) FRAME RELATIVITY OF SUBSYSTEMS

Consider two frames:
<latexit sha1_base64="zASUziOyY8qIVGhCfI2q1OPdxGg=">AAACSHicbZC7TsNAEEXX4R1eAUqaFRESVWQjXg0SgoaSVxKkOLLGywCrrNfW7hiBLP8Yn8AfUCDRQkWH6LBDCgKZ6urcGc3MDRMlLbnus1MZG5+YnJqeqc7OzS8s1paWWzZOjcCmiFVsLkOwqKTGJklSeJkYhChU2A57R6XfvkNjZawv6CHBbgQ3Wl5LAVSgoHbhR0C3AhQ/DjKf8J6yntR5vv+bnwVe7sckI7TDeHMUPs+DWt1tuP3i/4U3EHU2qJOg9uJfxSKNUJNQYG3HcxPqZmBICoV51U8tJiB6cIOdQmooVnaz/vc5X08tUMwTNFwq3of4eyKDyNqHKCw6yyvtX6+Eo7xOStd73UzqJCXUolxEUmF/kRVGFrEiv5IGiaC8HLnUXIABIjSSgxAFTIucq0Ue3t/v/4vWZsPbaWyfbtUPDgfJTLNVtsY2mMd22QE7ZiesyQR7ZK/sjb07T86H8+l8/bRWnMHMChuqSuUbINez4Q==</latexit>

Hkin = HR1 ⌦HR2 ⌦HS

Change from relational observables of S relative to R1 to those relative to R2 (for the same     ):
<latexit sha1_base64="MM639RzjEgMoVr65FSHFXpX2nI8=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIRrzKChjIo5CElVnS+bMIp54fu1qAoyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWFpeWV0rrpc2Nre2d8q7ey0TxlpgU4Qq1B2PG1QywCZJUtiJNHLfU9j2xtep335AbWQY3NEkQtfno0AOpeCUSI1hv9EvV+yqnYEtEicnFchR75e/eoNQxD4GJBQ3puvYEblTrkkKhbNSLzYYcTHmI+wmNOA+GneaRZ2xo9hwClmEmknFMhF/b0y5b8zE95JJn9O9mfdS8T+vG9Pw0p3KIIoJA5EeIqkwO2SElkkHyAZSIxFPkyOTARNccyLUknEhEjFOSiklfTjz3y+S1knVOa+e3Z5Wald5M0U4gEM4BgcuoAY3UIcmCBjBEzzDi/VovVpv1vvPaMHKd/bhD6yPb85Dkj8=</latexit>

fS

[Ahmad Ali, Galley, Höhn, Lock, Smith ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]

In SR, recall:
<latexit sha1_base64="m9Fo0B/8H1tHu+W6rsk2u2Z5QL8="></latexit>

⇤ a0

a = e0 a
0

µ eµa

(rel. obs. describing 1st rel. to 2nd frame)

<latexit sha1_base64="NQJZvV6K5llvhCZw8sgT8QTICrA="></latexit>

va = ⇤ a0

a va0

where



(QUANTUM) FRAME RELATIVITY OF SUBSYSTEMS

Consider two frames:
<latexit sha1_base64="zASUziOyY8qIVGhCfI2q1OPdxGg=">AAACSHicbZC7TsNAEEXX4R1eAUqaFRESVWQjXg0SgoaSVxKkOLLGywCrrNfW7hiBLP8Yn8AfUCDRQkWH6LBDCgKZ6urcGc3MDRMlLbnus1MZG5+YnJqeqc7OzS8s1paWWzZOjcCmiFVsLkOwqKTGJklSeJkYhChU2A57R6XfvkNjZawv6CHBbgQ3Wl5LAVSgoHbhR0C3AhQ/DjKf8J6yntR5vv+bnwVe7sckI7TDeHMUPs+DWt1tuP3i/4U3EHU2qJOg9uJfxSKNUJNQYG3HcxPqZmBICoV51U8tJiB6cIOdQmooVnaz/vc5X08tUMwTNFwq3of4eyKDyNqHKCw6yyvtX6+Eo7xOStd73UzqJCXUolxEUmF/kRVGFrEiv5IGiaC8HLnUXIABIjSSgxAFTIucq0Ue3t/v/4vWZsPbaWyfbtUPDgfJTLNVtsY2mMd22QE7ZiesyQR7ZK/sjb07T86H8+l8/bRWnMHMChuqSuUbINez4Q==</latexit>

Hkin = HR1 ⌦HR2 ⌦HS

Change from relational observables of S relative to R1 to those relative to R2 (for the same     ):

<latexit sha1_base64="w6T8EKbCBHhHAHbJ0odITV0Iamk=">AAACKHicbVC5TsNAFFxzhnAZKGlWREhBQpGNwlFG0NARjhxSElnrzUtYZX1o9xkRWf4RPoGvoIWKDqWg4UtwTApImGo0897O23FDKTRa1siYm19YXFrOreRX19Y3Ns2t7boOIsWhxgMZqKbLNEjhQw0FSmiGCpjnSmi4g4ux33gApUXg3+EwhI7H+r7oCc4wlRyzfOXEPef2sI3wiNlzsSsjSOIbx06S4ozcT+UDxyxYJSsDnSX2hBTIBFXH/Gx3Ax554COXTOuWbYXYiZlCwSUk+XakIWR8wPrQSqnPPNCdOMtN6H6kGQY0BEWFpJkIvzdi5mk99Nx00mN4r6e9sfif14qwd9aJhR9GCD4fB6GQkAVprkRaG9CuUIDIxpcDFT7lTDFEUIIyzlMxSnvMp33Y07+fJfWjkn1SOr4uFyrnk2ZyZJfskSKxySmpkEtSJTXCyRN5Ia/kzXg23o0PY/QzOmdMdnbIHxhf3yINqAY=</latexit>

OfS ,R1(g1)
<latexit sha1_base64="H1SE6iZbuey+pZWyOAePvqpQZ64=">AAACJnicbVDJSgNBFOyJW4zbqEcvjUGIIGEmuB2DXrwZlyyQhKGn8xKb9Cx0vxHDMP/hJ/gVXvXkTcSD4Kc4GXPQaJ2Kqve6XpcbSqHRst6N3Mzs3PxCfrGwtLyyumaubzR0ECkOdR7IQLVcpkEKH+ooUEIrVMA8V0LTHZ6O/eYtKC0C/xpHIXQ9NvBFX3CGqeSYlXMn7jtXex2EO8yeixX0kvjSqSRJaVodpOquYxatspWB/iX2hBTJBDXH/Oj0Ah554COXTOu2bYXYjZlCwSUkhU6kIWR8yAbQTqnPPNDdOItN6E6kGQY0BEWFpJkIPzdi5mk98tx00mN4o6e9sfif146wf9yNhR9GCD4fB6GQkAVprkRaGtCeUIDIxpcDFT7lTDFEUIIyzlMxSlsspH3Y07//SxqVsn1YPrjYL1ZPJs3kyRbZJiVikyNSJWekRuqEk3vySJ7Is/FgvBivxtv3aM6Y7GySXzA+vwBdKKca</latexit>

OfS ,R2(g2)

<latexit sha1_base64="ZdfFrfJN1OlVk1uaNt+Txd8SYGY="></latexit>

Vg1,g2
R1!R2

What’s the value of       
when R1 is in orientation     ?   

<latexit sha1_base64="upkoMTHyhGFtxTt8GcfgbFf6B2k=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtNnVleVI9OIRgzwSIGR2aHDC7CMzvRqy4RO86smb8er3ePBfHBATNVqnSlV3urqCRAqNjvNm5ZaWV1bX8uuFjc2t7Z3i7l5Tx6ni0OCxjFU7YBqkiKCBAiW0EwUsDCS0gvHFzG/dgtIijq5xkkAvZKNIDAVnaKT6sF/vF0uO7XieW/GpY5/6FcetGFL2Pdd3qWs7c5TIArV+8b07iHkaQoRcMq07rpNgL2MKBZcwLXRTDQnjYzaCjqERC0H3snnUKT1KNcOYJqCokHQuwveNjIVaT8LATIYMb/Rvbyb+5XVSHFZ6mYiSFCHis0MoJMwPaa6E6QDoQChAZLPkQEVEOVMMEZSgjHMjpqaUgunj62n6P2me2G7ZPrvyStXzRTN5ckAOyTFxiU+q5JLUSINwMiL35IE8WnfWk/VsvXyO5qzFzj75Aev1A0D4kow=</latexit>

fS
<latexit sha1_base64="zvh8yYD6F1mbwc5XA/dpqAGIXpc=">AAAB9XicdVC7TsNAEDzzDOEVoKQ5ESFRWT4wccoIGsogyENKrOh82YRTzg/drUFRlE+ghYoO0fI9FPwLdggSIJhqNLOrnZ0gUdKg47xZC4tLyyurhbXi+sbm1nZpZ7dp4lQLaIhYxbodcANKRtBAiQraiQYeBgpaweg891u3oI2Mo2scJ+CHfBjJgRQcM+lq2GO9UtmxHddlVY869olXdVg1IxXPZR6jzHZmKJM56r3Se7cfizSECIXixnSYk6A/4RqlUDAtdlMDCRcjPoRORiMegvEns6hTepgajjFNQFOp6EyE7xsTHhozDoNsMuR4Y357ufiX10lxUPUnMkpShEjkh1AqmB0yQsusA6B9qQGR58mByogKrjkiaEm5EJmYZqUUsz6+nqb/k+axzSr26aVbrp3NmymQfXJAjggjHqmRC1InDSLIkNyTB/Jo3VlP1rP18jm6YM139sgPWK8fDYuSaw==</latexit>g1

<latexit sha1_base64="4j1eDTJoUz9uObHAXZczKKkQx6c=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJyrJNQuIugoYyCPKQkig6XzbmlPNDd2tQFOUTaKGiQ7R8DwX/gh2CBAimGs3samfHi6XQaFlvRm5peWV1Lb9e2Njc2t4p7u61dJQoDk0eyUh1PKZBihCaKFBCJ1bAAk9C2xufZ377FpQWUXiNkxj6AfNDMRKcYSpd+QNnUCxZpuu65UqNWqZj1dwTJyN2teZUqG1ac5TIAo1B8b03jHgSQIhcMq27thVjf8oUCi5hVuglGmLGx8yHbkpDFoDuT+dRZ/Qo0QwjGoOiQtK5CN83pizQehJ46WTA8Eb/9jLxL6+b4KjWn4owThBCnh1CIWF+SHMl0g6ADoUCRJYlBypCypliiKAEZZynYpKWUkj7+Hqa/k9ajmmfmpXLcql+tmgmTw7IITkmNqmSOrkgDdIknPjknjyQR+POeDKejZfP0Zyx2NknP2C8fgAns5J8</latexit>g2

<latexit sha1_base64="h196eJa2YczICIIBZ43h4fVhLjM=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtNlFEPZG9OIRgyAJbMjs0OCE2UdmejVkwyd41ZM349Xv8eC/uIuYqNE6Vaq609XlRVJotKw3I7e0vLK6ll8vbGxube8Ud/c6OowVhzYPZai6HtMgRQBtFCihGylgvifh2pucZ/71LSgtwuAKpxG4PhsHYiQ4w1RqjQatQbFkmY7jVKp1apllq+6clDNi1+rlKrVNa44SWaA5KL73hyGPfQiQS6Z1z7YidBOmUHAJs0I/1hAxPmFj6KU0YD5oN5lHndGjWDMMaQSKCknnInzfSJiv9dT30kmf4Y3+7WXiX14vxlHdTUQQxQgBzw6hkDA/pLkSaQdAh0IBIsuSAxUB5UwxRFCCMs5TMU5LKaR9fD1N/yedsmmfmtXLSqlxtmgmTw7IITkmNqmRBrkgTdImnIzJPXkgj8ad8WQ8Gy+fozljsbNPfsB4/QBZkZKc</latexit>

fSWhat’s the value of       
when R1 is in orientation      ? 

<latexit sha1_base64="MM639RzjEgMoVr65FSHFXpX2nI8=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIRrzKChjIo5CElVnS+bMIp54fu1qAoyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWFpeWV0rrpc2Nre2d8q7ey0TxlpgU4Qq1B2PG1QywCZJUtiJNHLfU9j2xtep335AbWQY3NEkQtfno0AOpeCUSI1hv9EvV+yqnYEtEicnFchR75e/eoNQxD4GJBQ3puvYEblTrkkKhbNSLzYYcTHmI+wmNOA+GneaRZ2xo9hwClmEmknFMhF/b0y5b8zE95JJn9O9mfdS8T+vG9Pw0p3KIIoJA5EeIqkwO2SElkkHyAZSIxFPkyOTARNccyLUknEhEjFOSiklfTjz3y+S1knVOa+e3Z5Wald5M0U4gEM4BgcuoAY3UIcmCBjBEzzDi/VovVpv1vvPaMHKd/bhD6yPb85Dkj8=</latexit>

fS

<latexit sha1_base64="1M1nIy8JruGR7Wkk+jMlNjUzb0A=">AAAB9XicbVC5TsNAEF2HK4QrQEmzIkKiimzEVUbQUIYjh5RY0XgzCausD+2OQZGVT6CFig7R8j0U/Au2SQEJr3p6b0bz5nmRkoZs+9MqLCwuLa8UV0tr6xubW+XtnaYJYy2wIUIV6rYHBpUMsEGSFLYjjeB7Clve6DLzWw+ojQyDOxpH6PowDORACqBUur3pOb1yxa7aOfg8caakwqao98pf3X4oYh8DEgqM6Th2RG4CmqRQOCl1Y4MRiBEMsZPSAHw0bpJHnfCD2ACFPELNpeK5iL83EvCNGfteOukD3ZtZLxP/8zoxDc7dRAZRTBiI7BBJhfkhI7RMO0DelxqJIEuOXAZcgAYi1JKDEKkYp6WU0j6c2e/nSfOo6pxWT66PK7WLaTNFtsf22SFz2BmrsStWZw0m2JA9sWf2Yj1ar9ab9f4zWrCmO7vsD6yPb3nxkgk=</latexit>

R1
<latexit sha1_base64="OYxS/7lLyjys55BuA+ctRD5Onps=">AAAB9XicbVC5TsNAEF2HK4QrQEmzIkKiiuyIq4ygoQxHDimJovFmElZZH9odgyIrn0ALFR2i5Xso+Bds4wICr3p6b0bz5rmhkoZs+8MqLCwuLa8UV0tr6xubW+XtnZYJIi2wKQIV6I4LBpX0sUmSFHZCjeC5Ctvu5CL12/eojQz8W5qG2Pdg7MuRFECJdHM9qA3KFbtqZ+B/iZOTCsvRGJQ/e8NARB76JBQY03XskPoxaJJC4azUiwyGICYwxm5CffDQ9OMs6owfRAYo4CFqLhXPRPy5EYNnzNRzk0kP6M7Me6n4n9eNaHTWj6UfRoS+SA+RVJgdMkLLpAPkQ6mRCNLkyKXPBWggQi05CJGIUVJKKenDmf/+L2nVqs5J9fjqqFI/z5spsj22zw6Zw05ZnV2yBmsywcbskT2xZ+vBerFerbfv0YKV7+yyX7DevwB7gJIK</latexit>

R2
<latexit sha1_base64="j12Y1Kc1Hi5mLMLfTrKcjAShWQw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQUCaCPKTEis6XTTjlfLbu9pAiK19ACxUdouWDKPgXbOMCEqYazexqZyeIpTDoup/O0vLK6tp6aaO8ubW9s1vZ22+byGoOLR7JSHcDZkAKBS0UKKEba2BhIKETTG4yv/MI2ohI3eM0Bj9kYyVGgjNMpebdoFJ1a24Ouki8glRJgcag8tUfRtyGoJBLZkzPc2P0E6ZRcAmzct8aiBmfsDH0UqpYCMZP8qAzemwNw4jGoKmQNBfh90bCQmOmYZBOhgwfzLyXif95PYujKz8RKrYIimeHUEjIDxmuRdoA0KHQgMiy5ECFopxphghaUMZ5Ktq0knLahzf//SJpn9a8i9p586xavy6aKZFDckROiEcuSZ3ckgZpEU6APJFn8uJY59V5c95/RpecYueA/IHz8Q1QHpFm</latexit>

S

<latexit sha1_base64="sJBK3FKItCuNMblAue8wt6Icpps=">AAACDXicbVC5TsNAFFyHK4TLQIVoVkRINEQ24iojaCiDIIeURNZ68xJWWR/ZfUZElsUn8BW0UNEhWr6Bgn/BMS4gMNVo5r2dt+OGUmi0rA+jMDM7N79QXCwtLa+srpnrGw0dRIpDnQcyUC2XaZDChzoKlNAKFTDPldB0h+cTv3kLSovAv8ZxCF2PDXzRF5xhKjnm1si52u8g3GH2VuzKCJJ45NiJY5atipWB/iV2TsokR80xPzu9gEce+Mgl07ptWyF2Y6ZQcAlJqRNpCBkfsgG0U+ozD3Q3zmITuhtphgENQVEhaSbCz42YeVqPPTed9Bje6GlvIv7ntSPsn3Zj4YcRgs8nQSgkZEGaK5F2A7QnFCCyyeVAhU85UwwRlKCM81SM0rJKaR/29O//ksZBxT6uHF0elqtneTNFsk12yB6xyQmpkgtSI3XCyT15JE/k2XgwXoxX4+17tGDkO5vkF4z3Lw/7nF0=</latexit>qS � q1
<latexit sha1_base64="8E8WXunCstkCRkIJs6PD2autI7A=">AAACDHicbVC5TsNAFFyHK4QrQINEsyJCoiGyI64ygoYyCHJIiWWtNy9hlfWR3WdEZIVP4CtooaJDtPwDBf+CY1xAwlSjmfd23o4bSqHRND+N3Nz8wuJSfrmwsrq2vlHc3GroIFIc6jyQgWq5TIMUPtRRoIRWqIB5roSmO7iY+M07UFoE/g2OQrA91vdFT3CGieQUd4bO9WEH4R7Tt2IF3XE8dCpjp1gyy2YKOkusjJRIhppT/Op0Ax554COXTOu2ZYZox0yh4BLGhU6kIWR8wPrQTqjPPNB2nKaO6X6kGQY0BEWFpKkIvzdi5mk98txk0mN4q6e9ifif146wd2bHwg8jBJ9PglBISIM0VyKpBmhXKEBkk8uBCp9yphgiKEEZ54kYJV0Vkj6s6d/PkkalbJ2Uj6+OStXzrJk82SV75IBY5JRUySWpkTrh5IE8kWfyYjwar8ab8f4zmjOynW3yB8bHNziam+c=</latexit>qS � q2

<latexit sha1_base64="vZioHlMKUa5ej6lOgy8Vuw1FVt8=">AAACUnicbVK5TgMxFHTCHa4AJY1FhBSEiHYRVxlBQxkkckhJiN46L2DFe2C/RUSr/Ts+gYaCH6CFiordJQUkedVoZp7HHtkJlDRkWW+5/Nz8wuLS8kphdW19Y7O4td0wfqgF1oWvfN1ywKCSHtZJksJWoBFcR2HTGV6levMJtZG+d0ujALsu3HtyIAVQQvWKdx3CZ8rOiRwVYhw99uy440JgyJ+pHZb/0Br7KXscH830HvSKJatiZcOngT0GJTaeWq/43un7InTRI6HAmLZtBdSNQJMUCuNCJzQYgBjCPbYT6IGLphtluTHfDw2QzwPUXCqekfh3IwLXmJHrJE4X6MFMaik5S2uHNLjoRtILQkJPpEEkFWZBRmiZFIy8LzUSQXpz5NLjAjQQoZYchEjIMGm8kPRhT75+GjSOK/ZZ5fTmpFS9HDezzHbZHiszm52zKrtmNVZngr2wD/bJvnKvue988kt+rfnceGeH/Zv82g/Rp7h6</latexit>

q1 7! q1 + (q2 � q1)

translation of R1 by relative distance between R2 and R1

relation-conditional 
frame reorientation

[Ahmad Ali, Galley, Höhn, Lock, Smith ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’22; 
Höhn, Kotecha, FMM ’23]

In SR, recall:
<latexit sha1_base64="m9Fo0B/8H1tHu+W6rsk2u2Z5QL8="></latexit>

⇤ a0

a = e0 a
0

µ eµa

(rel. obs. describing 1st rel. to 2nd frame)

<latexit sha1_base64="NQJZvV6K5llvhCZw8sgT8QTICrA="></latexit>

va = ⇤ a0

a va0

where



(QUANTUM) FRAME RELATIVITY OF SUBSYSTEMS

Consider two frames:
<latexit sha1_base64="zASUziOyY8qIVGhCfI2q1OPdxGg=">AAACSHicbZC7TsNAEEXX4R1eAUqaFRESVWQjXg0SgoaSVxKkOLLGywCrrNfW7hiBLP8Yn8AfUCDRQkWH6LBDCgKZ6urcGc3MDRMlLbnus1MZG5+YnJqeqc7OzS8s1paWWzZOjcCmiFVsLkOwqKTGJklSeJkYhChU2A57R6XfvkNjZawv6CHBbgQ3Wl5LAVSgoHbhR0C3AhQ/DjKf8J6yntR5vv+bnwVe7sckI7TDeHMUPs+DWt1tuP3i/4U3EHU2qJOg9uJfxSKNUJNQYG3HcxPqZmBICoV51U8tJiB6cIOdQmooVnaz/vc5X08tUMwTNFwq3of4eyKDyNqHKCw6yyvtX6+Eo7xOStd73UzqJCXUolxEUmF/kRVGFrEiv5IGiaC8HLnUXIABIjSSgxAFTIucq0Ue3t/v/4vWZsPbaWyfbtUPDgfJTLNVtsY2mMd22QE7ZiesyQR7ZK/sjb07T86H8+l8/bRWnMHMChuqSuUbINez4Q==</latexit>

Hkin = HR1 ⌦HR2 ⌦HS

Change from relational observables of S relative to R1 to those relative to R2 (for the same     ):
<latexit sha1_base64="w6T8EKbCBHhHAHbJ0odITV0Iamk=">AAACKHicbVC5TsNAFFxzhnAZKGlWREhBQpGNwlFG0NARjhxSElnrzUtYZX1o9xkRWf4RPoGvoIWKDqWg4UtwTApImGo0897O23FDKTRa1siYm19YXFrOreRX19Y3Ns2t7boOIsWhxgMZqKbLNEjhQw0FSmiGCpjnSmi4g4ux33gApUXg3+EwhI7H+r7oCc4wlRyzfOXEPef2sI3wiNlzsSsjSOIbx06S4ozcT+UDxyxYJSsDnSX2hBTIBFXH/Gx3Ax554COXTOuWbYXYiZlCwSUk+XakIWR8wPrQSqnPPNCdOMtN6H6kGQY0BEWFpJkIvzdi5mk99Nx00mN4r6e9sfif14qwd9aJhR9GCD4fB6GQkAVprkRaG9CuUIDIxpcDFT7lTDFEUIIyzlMxSnvMp33Y07+fJfWjkn1SOr4uFyrnk2ZyZJfskSKxySmpkEtSJTXCyRN5Ia/kzXg23o0PY/QzOmdMdnbIHxhf3yINqAY=</latexit>

OfS ,R1(g1)
<latexit sha1_base64="H1SE6iZbuey+pZWyOAePvqpQZ64=">AAACJnicbVDJSgNBFOyJW4zbqEcvjUGIIGEmuB2DXrwZlyyQhKGn8xKb9Cx0vxHDMP/hJ/gVXvXkTcSD4Kc4GXPQaJ2Kqve6XpcbSqHRst6N3Mzs3PxCfrGwtLyyumaubzR0ECkOdR7IQLVcpkEKH+ooUEIrVMA8V0LTHZ6O/eYtKC0C/xpHIXQ9NvBFX3CGqeSYlXMn7jtXex2EO8yeixX0kvjSqSRJaVodpOquYxatspWB/iX2hBTJBDXH/Oj0Ah554COXTOu2bYXYjZlCwSUkhU6kIWR8yAbQTqnPPNDdOItN6E6kGQY0BEWFpJkIPzdi5mk98tx00mN4o6e9sfif146wf9yNhR9GCD4fB6GQkAVprkRaGtCeUIDIxpcDFT7lTDFEUIIyzlMxSlsspH3Y07//SxqVsn1YPrjYL1ZPJs3kyRbZJiVikyNSJWekRuqEk3vySJ7Is/FgvBivxtv3aM6Y7GySXzA+vwBdKKca</latexit>

OfS ,R2(g2)
<latexit sha1_base64="MM639RzjEgMoVr65FSHFXpX2nI8=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIRrzKChjIo5CElVnS+bMIp54fu1qAoyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qdVWFpeWV0rrpc2Nre2d8q7ey0TxlpgU4Qq1B2PG1QywCZJUtiJNHLfU9j2xtep335AbWQY3NEkQtfno0AOpeCUSI1hv9EvV+yqnYEtEicnFchR75e/eoNQxD4GJBQ3puvYEblTrkkKhbNSLzYYcTHmI+wmNOA+GneaRZ2xo9hwClmEmknFMhF/b0y5b8zE95JJn9O9mfdS8T+vG9Pw0p3KIIoJA5EeIqkwO2SElkkHyAZSIxFPkyOTARNccyLUknEhEjFOSiklfTjz3y+S1knVOa+e3Z5Wald5M0U4gEM4BgcuoAY3UIcmCBjBEzzDi/VovVpv1vvPaMHKd/bhD6yPb85Dkj8=</latexit>

fS

<latexit sha1_base64="h5foW5VCiUb4+Q0PcxZLvOT2jyM="></latexit>

V̂g1,g2
R1!R2

S-observables relative to R1 invariant under R2-reorientations, 
and viceversa

Different gauge-invariant subalgebras describing S 
relative to R1 and R2

<latexit sha1_base64="VisHg/6hAdd7HVyZ8n0TYac+ftk="></latexit>

Aphys
S|R1

\Aphys
S|R2

invariant under reorientations of both frames 
(in particular, relation-conditional ones)

internal S relations 
(already gauge-inv./indep. of R1 and R2)



<latexit sha1_base64="73a/g3dmfVXJDs0vW2rowvXyyuU="></latexit>

Aphys
S|R1

6= Aphys
S|R2

but

(QUANTUM) FRAME RELATIVITY OF SUBSYSTEMS [Höhn, Kotecha, FMM ’23]

Internal relations to S

Relational obs. of 
S relative to R2

Relational obs. of 
S relative to R1

Different relational ways to refer to a kinematical subsystem

<latexit sha1_base64="aGzE81xVEeMmsvggq9Zk39OI+9s="></latexit>

Aphys ' Aphys
R2|R1

⌦Aphys
S|R1

' Aphys
R1|R2

⌦Aphys
S|R2

Inequivalent factorisations of total algebra relative to the two frames

(not in general the same as factorisations across kinematical DoFs) 

For finite-systems & ideal frames: 

Different frames identify different gauge inv. subsystems

different observers decompose space of (relational) 

length observables in different ways into space and time 

relativity of simultaneity:



Idea:    identify redundant DoFs with those of the frame    

<latexit sha1_base64="mxBpxX8layqaid72kHZtPTt90zA=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7ItFjwEuOEcwDkhB6J51kyOyDmV4xLPET/AqvevImXv0HD/6Lu2sOmlinoqqbri43VNKQbX9auZXVtfWN/GZha3tnd6+4f9A0QaQFNkSgAt12waCSPjZIksJ2qBE8V2HLnVynfusOtZGBf0vTEHsejHw5lAIokfrFo64HNBageK0fdwnvKQ7HUzOb9Yslu2xn4MvEmZMSm6PeL351B4GIPPRJKDCm49gh9WLQJIXCWaEbGQxBTGCEnYT64KHpxdkHM34aGaCAh6i5VDwT8fdGDJ4xU89NJtO8ZtFLxf+8TkTDq14s/TAi9EV6iKTC7JARWibVIB9IjUSQJkcufS5AAxFqyUGIRIySrgpJH87i98ukeV52KmXn5qJUrcybybNjdsLOmMMuWZXVWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNd85ZH9gfXwDUj6b7A==</latexit>

Hphys

relative states to 
internal frame R1

fix redundancy/condition on 
orientation of R1

redundancy

no redundancy

<latexit sha1_base64="X9ArDVb+SVU0k50BIlhqzYV/HDM="></latexit>

Rg1
1 = hg1|1 ⌦ 2 ⌦ S

Reduction map
(invertible isomorphism between 
physical and reduced Hilbert space)   

gauge-inv./relational
states 

<latexit sha1_base64="lFlPRrFDwuj9tMFtAJJE0AdGQzo=">AAACIXicbVC7TsNAEDyHVwivACXNiQiJhsiOIqBEokkZAgGkJLLWxyaccn7obo2ETL6CT+AraKGiQ3QI8S/YxkV4TDWa2dXsjhcpaci2363SzOzc/EJ5sbK0vLK6Vl3fODdhrAV2RahCfemBQSUD7JIkhZeRRvA9hRfe+DjzL25QGxkGZ3Qb4cCHUSCHUgClklvd6/tA1wIUb7lJx23cdVxn0g9J+mimrdPccKs1u27n4H+JU5AaK9B2q5/9q1DEPgYkFBjTc+yIBglokkLhpNKPDUYgxjDCXkoDSGMHSf7WhO/EBijkEWouFc9FnN5IwDfm1vfSyexS89vLxP+8XkzDw0EigygmDEQWRFJhHmSElmlfyK+kRiLILkcuAy5AAxFqyUGIVIzTAitpH87v7/+S80bd2a87J83aUbNopsy22DbbZQ47YEesxdqsywS7Z4/siT1bD9aL9Wq9fY+WrGJnk/2A9fEFQx6jsw==</latexit>

HR2|R1
⌦HS|R1

JUMPING INTO INTERNAL FRAME PERSPECTIVE

Finite Abelian case (frame orientations                  regular representation,                          )     
<latexit sha1_base64="hwTp+l3QU+v14FVr9zJ2segiTVs=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrJReJSRaCiDRB5SYkXryyaccj6buzVSFFLwFbRQ0SFaPoWCf8ExKSBhqtHMrnZ2glhJS6776eSWlldW1/LrhY3Nre2d4u5ew0aJEVgXkYpMKwCLSmqskySFrdgghIHCZjC8nPrNezRWRvqGRjH6IQy07EsBlEr+w6DrdQzogcKu1y2W3LKbgS8Sb0ZKbIZat/jV6UUiCVGTUGBt23Nj8sdgSAqFk0InsRiDGMIA2ynVEKL1x1noCT9KLFDEYzRcKp6J+HtjDKG1ozBIJ0OgWzvvTcX/vHZC/Qt/LHWcEGoxPURSYXbICiPTNpD3pEEimCZHLjUXYIAIjeQgRComaT2FtA9v/vtF0jgpe2fl0+tKqVqZNZNnB+yQHTOPnbMqu2I1VmeC3bEn9sxenEfn1Xlz3n9Gc85sZ5/9gfPxDTGRllU=</latexit>

|g1i1
<latexit sha1_base64="7IRoOUmQigT8IzenBJo2bM/jC70=">AAACCnicbVC7TsNAEDzzDOFlQKKhOREhhSayEa8GCUEBJSDykJJgrY8FTpwfulsjoZA/4CtooaJDtPwEBf+CbVxAwlSjmV3t7PixkoYc59MaGR0bn5gsTZWnZ2bn5u2FxYaJEi2wLiIV6ZYPBpUMsU6SFLZijRD4Cpv+7WHmN+9QGxmF53QfYzeA61BeSQGUSp693AmAbgQofuyd7XVQqYuN6tG6Z1ecmpODDxO3IBVW4MSzvzqXkUgCDEkoMKbtOjF1e6BJCoX9cicxGIO4hWtspzSEAE23l+fv87XEAEU8Rs2l4rmIvzd6EBhzH/jpZJbWDHqZ+J/XTuhqt9uTYZwQhiI7RFJhfsgILdNikF9KjUSQJUcuQy5AAxFqyUGIVEzSpsppH+7g98OksVFzt2tbp5uV/YOimRJbYausyly2w/bZMTthdSbYA3tiz+zFerRerTfr/Wd0xCp2ltgfWB/fBzuZYw==</latexit>

HR = `2(G)

Recall: “Jumping into frame perspective via gauge fixing”

different gauge choices         different frame perspectives  



JUMPING INTO INTERNAL FRAME PERSPECTIVE

Finite Abelian case (frame orientations                  regular representation,                          )     
<latexit sha1_base64="hwTp+l3QU+v14FVr9zJ2segiTVs=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrJReJSRaCiDRB5SYkXryyaccj6buzVSFFLwFbRQ0SFaPoWCf8ExKSBhqtHMrnZ2glhJS6776eSWlldW1/LrhY3Nre2d4u5ew0aJEVgXkYpMKwCLSmqskySFrdgghIHCZjC8nPrNezRWRvqGRjH6IQy07EsBlEr+w6DrdQzogcKu1y2W3LKbgS8Sb0ZKbIZat/jV6UUiCVGTUGBt23Nj8sdgSAqFk0InsRiDGMIA2ynVEKL1x1noCT9KLFDEYzRcKp6J+HtjDKG1ozBIJ0OgWzvvTcX/vHZC/Qt/LHWcEGoxPURSYXbICiPTNpD3pEEimCZHLjUXYIAIjeQgRComaT2FtA9v/vtF0jgpe2fl0+tKqVqZNZNnB+yQHTOPnbMqu2I1VmeC3bEn9sxenEfn1Xlz3n9Gc85sZ5/9gfPxDTGRllU=</latexit>

|g1i1

Example:     
<latexit sha1_base64="6Ch8qh6IKKDx2mCcx90kO/uzVKQ=">AAACCnicbVDLSgNBEJyNrxhfUcGLl8EgeAq7EtSLEPCgxwjmgUkIvZNOHDL7YKZXCGv+wK/wqidv4tWf8OC/uLvmoIl1Kqq66epyQyUN2fanlVtYXFpeya8W1tY3NreK2zsNE0RaYF0EKtAtFwwq6WOdJClshRrBcxU23dFF6jfvURsZ+Dc0DrHrwdCXAymAEqlX3Ot4QHcCFL88z6jr8tteYpTssp2BzxNnSkpsilqv+NXpByLy0CehwJi2Y4fUjUGTFAonhU5kMAQxgiG2E+qDh6YbZ/kn/DAyQAEPUXOpeCbi740YPGPGnptMphHNrJeK/3ntiAZn3Vj6YUToi/QQSYXZISO0TIpB3pcaiSBNjlz6XIAGItSSgxCJGCVNFZI+nNnv50njuOyclJ3rSqlamTaTZ/vsgB0xh52yKrtiNVZngj2wJ/bMXqxH69V6s95/RnPWdGeX/YH18Q35Lpnv</latexit>

G = Zn-transl. inv. (+ mod n) N particles     

1

N-1 relative 
distances     

remaining N-1 particles 
relative to particle 1 in 
position      

<latexit sha1_base64="K4jdC7UzU8j6tu+KOt/XONFsqdY="></latexit>

| ( )i1̄ = |~h iN�1|1
<latexit sha1_base64="7p79pZ7LSiauBGYWxzK0EJiAoSc=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJyrJDyKOLREMZBEmQEis6XzbmlPNDd2tQZOUTaKGiQ7R8DwX/gmOMBAimGs3samfHjaTQaFlvRmFpeWV1rbhe2tjc2t4p7+71dBgrDl0eylBdu0yDFAF0UaCE60gB810JfXd6tvD7t6C0CIMrnEXg+MwLxERwhql06Y3sUblimVYGaplVu1Y/tVPSOmm0mjVq51aF5OiMyu/DcchjHwLkkmk9sK0InYQpFFzCvDSMNUSMT5kHg5QGzAftJFnUOT2KNcOQRqCokDQT4ftGwnytZ76bTvoMb/RvbyH+5Q1inDSdRARRjBDwxSEUErJDmiuRdgB0LBQgskVyoCKgnCmGCEpQxnkqxmkppbSPr6fp/6RXNe26aV/UKu1a3kyRHJBDckxs0iBtck46pEs48cg9eSCPxp3xZDwbL5+jBSPf2Sc/YLx+AOvckkc=</latexit>g1

<latexit sha1_base64="7p79pZ7LSiauBGYWxzK0EJiAoSc=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJyrJDyKOLREMZBEmQEis6XzbmlPNDd2tQZOUTaKGiQ7R8DwX/gmOMBAimGs3samfHjaTQaFlvRmFpeWV1rbhe2tjc2t4p7+71dBgrDl0eylBdu0yDFAF0UaCE60gB810JfXd6tvD7t6C0CIMrnEXg+MwLxERwhql06Y3sUblimVYGaplVu1Y/tVPSOmm0mjVq51aF5OiMyu/DcchjHwLkkmk9sK0InYQpFFzCvDSMNUSMT5kHg5QGzAftJFnUOT2KNcOQRqCokDQT4ftGwnytZ76bTvoMb/RvbyH+5Q1inDSdRARRjBDwxSEUErJDmiuRdgB0LBQgskVyoCKgnCmGCEpQxnkqxmkppbSPr6fp/6RXNe26aV/UKu1a3kyRHJBDckxs0iBtck46pEs48cg9eSCPxp3xZDwbL5+jBSPf2Sc/YLx+AOvckkc=</latexit>g1

<latexit sha1_base64="n1nn+NChaVHOYuAv5E+i3MHZO08="></latexit>

| physi =
1p
|G|

X

g2G
|g,~hgi

<latexit sha1_base64="7p79pZ7LSiauBGYWxzK0EJiAoSc=">AAAB9XicdVC7TsNAEDyHVwivACXNiQiJyrJDyKOLREMZBEmQEis6XzbmlPNDd2tQZOUTaKGiQ7R8DwX/gmOMBAimGs3samfHjaTQaFlvRmFpeWV1rbhe2tjc2t4p7+71dBgrDl0eylBdu0yDFAF0UaCE60gB810JfXd6tvD7t6C0CIMrnEXg+MwLxERwhql06Y3sUblimVYGaplVu1Y/tVPSOmm0mjVq51aF5OiMyu/DcchjHwLkkmk9sK0InYQpFFzCvDSMNUSMT5kHg5QGzAftJFnUOT2KNcOQRqCokDQT4ftGwnytZ76bTvoMb/RvbyH+5Q1inDSdRARRjBDwxSEUErJDmiuRdgB0LBQgskVyoCKgnCmGCEpQxnkqxmkppbSPr6fp/6RXNe26aV/UKu1a3kyRHJBDckxs0iBtck46pEs48cg9eSCPxp3xZDwbL5+jBSPf2Sc/YLx+AOvckkc=</latexit>g1

<latexit sha1_base64="7IRoOUmQigT8IzenBJo2bM/jC70=">AAACCnicbVC7TsNAEDzzDOFlQKKhOREhhSayEa8GCUEBJSDykJJgrY8FTpwfulsjoZA/4CtooaJDtPwEBf+CbVxAwlSjmV3t7PixkoYc59MaGR0bn5gsTZWnZ2bn5u2FxYaJEi2wLiIV6ZYPBpUMsU6SFLZijRD4Cpv+7WHmN+9QGxmF53QfYzeA61BeSQGUSp693AmAbgQofuyd7XVQqYuN6tG6Z1ecmpODDxO3IBVW4MSzvzqXkUgCDEkoMKbtOjF1e6BJCoX9cicxGIO4hWtspzSEAE23l+fv87XEAEU8Rs2l4rmIvzd6EBhzH/jpZJbWDHqZ+J/XTuhqt9uTYZwQhiI7RFJhfsgILdNikF9KjUSQJUcuQy5AAxFqyUGIVEzSpsppH+7g98OksVFzt2tbp5uV/YOimRJbYausyly2w/bZMTthdSbYA3tiz+zFerRerTfr/Wd0xCp2ltgfWB/fBzuZYw==</latexit>

HR = `2(G)

<latexit sha1_base64="mxBpxX8layqaid72kHZtPTt90zA=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7ItFjwEuOEcwDkhB6J51kyOyDmV4xLPET/AqvevImXv0HD/6Lu2sOmlinoqqbri43VNKQbX9auZXVtfWN/GZha3tnd6+4f9A0QaQFNkSgAt12waCSPjZIksJ2qBE8V2HLnVynfusOtZGBf0vTEHsejHw5lAIokfrFo64HNBageK0fdwnvKQ7HUzOb9Yslu2xn4MvEmZMSm6PeL351B4GIPPRJKDCm49gh9WLQJIXCWaEbGQxBTGCEnYT64KHpxdkHM34aGaCAh6i5VDwT8fdGDJ4xU89NJtO8ZtFLxf+8TkTDq14s/TAi9EV6iKTC7JARWibVIB9IjUSQJkcufS5AAxFqyUGIRIySrgpJH87i98ukeV52KmXn5qJUrcybybNjdsLOmMMuWZXVWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNd85ZH9gfXwDUj6b7A==</latexit>

Hphys

relative states to 
internal frame R1

fix redundancy/condition on 
orientation of R1

redundancy

no redundancy

<latexit sha1_base64="X9ArDVb+SVU0k50BIlhqzYV/HDM="></latexit>

Rg1
1 = hg1|1 ⌦ 2 ⌦ S

Reduction map
(invertible isomorphism between 
physical and reduced Hilbert space)   

<latexit sha1_base64="lFlPRrFDwuj9tMFtAJJE0AdGQzo=">AAACIXicbVC7TsNAEDyHVwivACXNiQiJhsiOIqBEokkZAgGkJLLWxyaccn7obo2ETL6CT+AraKGiQ3QI8S/YxkV4TDWa2dXsjhcpaci2363SzOzc/EJ5sbK0vLK6Vl3fODdhrAV2RahCfemBQSUD7JIkhZeRRvA9hRfe+DjzL25QGxkGZ3Qb4cCHUSCHUgClklvd6/tA1wIUb7lJx23cdVxn0g9J+mimrdPccKs1u27n4H+JU5AaK9B2q5/9q1DEPgYkFBjTc+yIBglokkLhpNKPDUYgxjDCXkoDSGMHSf7WhO/EBijkEWouFc9FnN5IwDfm1vfSyexS89vLxP+8XkzDw0EigygmDEQWRFJhHmSElmlfyK+kRiLILkcuAy5AAxFqyUGIVIzTAitpH87v7/+S80bd2a87J83aUbNopsy22DbbZQ47YEesxdqsywS7Z4/siT1bD9aL9Wq9fY+WrGJnk/2A9fEFQx6jsw==</latexit>

HR2|R1
⌦HS|R1

Finite Abelian case (frame orientations                  regular representation,                          )     

Recall: “Jumping into frame perspective via gauge fixing”

gauge-inv./relational
states 

Idea:    identify redundant DoFs with those of the frame    

different gauge choices         different frame perspectives  



JUMPING INTO INTERNAL FRAME PERSPECTIVE

Finite Abelian case (frame orientations                  regular representation,                          )     
<latexit sha1_base64="hwTp+l3QU+v14FVr9zJ2segiTVs=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrJReJSRaCiDRB5SYkXryyaccj6buzVSFFLwFbRQ0SFaPoWCf8ExKSBhqtHMrnZ2glhJS6776eSWlldW1/LrhY3Nre2d4u5ew0aJEVgXkYpMKwCLSmqskySFrdgghIHCZjC8nPrNezRWRvqGRjH6IQy07EsBlEr+w6DrdQzogcKu1y2W3LKbgS8Sb0ZKbIZat/jV6UUiCVGTUGBt23Nj8sdgSAqFk0InsRiDGMIA2ynVEKL1x1noCT9KLFDEYzRcKp6J+HtjDKG1ozBIJ0OgWzvvTcX/vHZC/Qt/LHWcEGoxPURSYXbICiPTNpD3pEEimCZHLjUXYIAIjeQgRComaT2FtA9v/vtF0jgpe2fl0+tKqVqZNZNnB+yQHTOPnbMqu2I1VmeC3bEn9sxenEfn1Xlz3n9Gc85sZ5/9gfPxDTGRllU=</latexit>

|g1i1
<latexit sha1_base64="7IRoOUmQigT8IzenBJo2bM/jC70=">AAACCnicbVC7TsNAEDzzDOFlQKKhOREhhSayEa8GCUEBJSDykJJgrY8FTpwfulsjoZA/4CtooaJDtPwEBf+CbVxAwlSjmV3t7PixkoYc59MaGR0bn5gsTZWnZ2bn5u2FxYaJEi2wLiIV6ZYPBpUMsU6SFLZijRD4Cpv+7WHmN+9QGxmF53QfYzeA61BeSQGUSp693AmAbgQofuyd7XVQqYuN6tG6Z1ecmpODDxO3IBVW4MSzvzqXkUgCDEkoMKbtOjF1e6BJCoX9cicxGIO4hWtspzSEAE23l+fv87XEAEU8Rs2l4rmIvzd6EBhzH/jpZJbWDHqZ+J/XTuhqt9uTYZwQhiI7RFJhfsgILdNikF9KjUSQJUcuQy5AAxFqyUGIVEzSpsppH+7g98OksVFzt2tbp5uV/YOimRJbYausyly2w/bZMTthdSbYA3tiz+zFerRerTfr/Wd0xCp2ltgfWB/fBzuZYw==</latexit>

HR = `2(G)

<latexit sha1_base64="mxBpxX8layqaid72kHZtPTt90zA=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7ItFjwEuOEcwDkhB6J51kyOyDmV4xLPET/AqvevImXv0HD/6Lu2sOmlinoqqbri43VNKQbX9auZXVtfWN/GZha3tnd6+4f9A0QaQFNkSgAt12waCSPjZIksJ2qBE8V2HLnVynfusOtZGBf0vTEHsejHw5lAIokfrFo64HNBageK0fdwnvKQ7HUzOb9Yslu2xn4MvEmZMSm6PeL351B4GIPPRJKDCm49gh9WLQJIXCWaEbGQxBTGCEnYT64KHpxdkHM34aGaCAh6i5VDwT8fdGDJ4xU89NJtO8ZtFLxf+8TkTDq14s/TAi9EV6iKTC7JARWibVIB9IjUSQJkcufS5AAxFqyUGIRIySrgpJH87i98ukeV52KmXn5qJUrcybybNjdsLOmMMuWZXVWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNd85ZH9gfXwDUj6b7A==</latexit>

Hphys

relative states to 
internal frame R1

fix redundancy/condition on 
orientation of R1

redundancy

no redundancy

<latexit sha1_base64="X9ArDVb+SVU0k50BIlhqzYV/HDM="></latexit>

Rg1
1 = hg1|1 ⌦ 2 ⌦ S

Reduction map
(invertible isomorphism between 
physical and reduced Hilbert space)   

<latexit sha1_base64="lFlPRrFDwuj9tMFtAJJE0AdGQzo=">AAACIXicbVC7TsNAEDyHVwivACXNiQiJhsiOIqBEokkZAgGkJLLWxyaccn7obo2ETL6CT+AraKGiQ3QI8S/YxkV4TDWa2dXsjhcpaci2363SzOzc/EJ5sbK0vLK6Vl3fODdhrAV2RahCfemBQSUD7JIkhZeRRvA9hRfe+DjzL25QGxkGZ3Qb4cCHUSCHUgClklvd6/tA1wIUb7lJx23cdVxn0g9J+mimrdPccKs1u27n4H+JU5AaK9B2q5/9q1DEPgYkFBjTc+yIBglokkLhpNKPDUYgxjDCXkoDSGMHSf7WhO/EBijkEWouFc9FnN5IwDfm1vfSyexS89vLxP+8XkzDw0EigygmDEQWRFJhHmSElmlfyK+kRiLILkcuAy5AAxFqyUGIVIzTAitpH87v7/+S80bd2a87J83aUbNopsy22DbbZQ47YEesxdqsywS7Z4/siT1bD9aL9Wq9fY+WrGJnk/2A9fEFQx6jsw==</latexit>

HR2|R1
⌦HS|R1

Jumping into perspective = TPS on 
<latexit sha1_base64="HFDx2Scm+YWHj1LrGX7/jZeMb5c=">AAACDHicdVDLSgNBEJz1bXxFvQheBoPgKezGxOhFAl5yjGCikITQO+kkQ2YfzPSKYYmf4Fd41ZM38eo/ePBf3I0RVLRORVU3XV1uqKQh236zZmbn5hcWl5YzK6tr6xvZza2GCSItsC4CFegrFwwq6WOdJCm8CjWC5yq8dIdnqX95jdrIwL+gUYhtD/q+7EkBlEid7E7LAxoIULzaiVuENxSHg5EZjzvZnJ0v2+XSSYnbeXuChDj20WGhyJ2pkmNT1DrZ91Y3EJGHPgkFxjQdO6R2DJqkUDjOtCKDIYgh9LGZUB88NO148sGY70cGKOAhai4Vn4j4fSMGz5iR5yaTaV7z20vFv7xmRL3jdiz9MCL0RXqIpMLJISO0TKpB3pUaiSBNjlz6XIAGItSSgxCJGCVdZZI+vp7m/5NGIe8c5Z3zYq5yOm1mie2yPXbAHFZmFVZlNVZngt2ye/bAHq0768l6tl4+R2es6c42+wHr9QOeNJwl</latexit>

Hphys

[Höhn, Kotecha, FMM ’23]

<latexit sha1_base64="L+YLyhJEeSD5tXWXAgIqsQ/43CM="></latexit>

Tg1
1 = Rg1

1 , Rg
1 ⇠ Rg0

1

<latexit sha1_base64="YMuwlr1PTPJw730lxs6yLbtFhTA=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRXbEq4xEQxkk8pASKzpfNuHInX26WyMFK/9ACxUdouVvKPgXbOMCEqYazexqZyfQUlh03U9naXlldW29tFHe3Nre2a3s7bdtFBsOLR7JyHQDZkGKEFooUEJXG2AqkNAJJleZ33kAY0UU3uJUg6/YOBQjwRmmUruvjVAwqFTdmpuDLhKvIFVSoDmofPWHEY8VhMgls7bnuRr9hBkUXMKs3I8taMYnbAy9lIZMgfWTPO2MHseWYUQ1GCokzUX4vZEwZe1UBemkYnhn571M/M/rxTi69BMR6hgh5NkhFBLyQ5YbkdYAdCgMILIsOVARUs4MQwQjKOM8FeO0l3Lahzf//SJp12veee3s5rTaqBfNlMghOSInxCMXpEGuSZO0CCf35Ik8kxfn0Xl13pz3n9Elp9g5IH/gfHwDY6STrg==</latexit>0

Finite Abelian case (frame orientations                  regular representation,                          )     

Recall: “Jumping into frame perspective via gauge fixing”

gauge-inv./relational
states 

Tensor Product Structure (TPS)

product of local unitaries                and 
permutations of subsystem factors with equal dim.

A TPS       on        is an equivalence class of isomorphisms (unitaries)
<latexit sha1_base64="rMMwNFLhm26X321JnnuS2byHUG0=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTISDWWQ8hKJFa0vm3DK+WzdrZEiK3wFLVR0iJZ/oeBfsEMKSJhqNLOrnZ0gVtKS6346K6tr6xubha3i9s7u3n7p4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7GF/nfvsBjZWRbtAkRj+EkZZDKYAy6a4XAt0LULzRL5XdijsDXybenJTZHPV+6as3iEQSoiahwNqu58bkp2BICoXTYi+xGIMYwwi7GdUQovXTWeIpP00sUMRjNFwqPhPx90YKobWTMMgm84R20cvF/7xuQsMrP5U6Tgi1yA+RVDg7ZIWRWRXIB9IgEeTJkUvNBRggQiM5CJGJSdZNMevDW/x+mbTOK1614t1elGvVeTMFdsxO2Bnz2CWrsRtWZ00mmGZP7Jm9OI/Oq/PmvP+MrjjznSP2B87HN96OlQc=</latexit>

T
<latexit sha1_base64="tQl/C1f/jxg94bcxK2xe+9B7LDU=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTISTcogkYdIrGh92YRTzmfrbo0UWeEraKGiQ7T8CwX/gh1SQMJUo5ld7ewEsZKWXPfTWVldW9/YLGwVt3d29/ZLB4ctGyVGYFNEKjKdACwqqbFJkhR2YoMQBgrbwfg699sPaKyM9C1NYvRDGGk5lAIok+56IdC9AMXr/VLZrbgz8GXizUmZzdHol756g0gkIWoSCqztem5MfgqGpFA4LfYSizGIMYywm1ENIVo/nSWe8tPEAkU8RsOl4jMRf2+kEFo7CYNsMk9oF71c/M/rJjS88lOp44RQi/wQSYWzQ1YYmVWBfCANEkGeHLnUXIABIjSSgxCZmGTdFLM+vMXvl0nrvOJVK97NRblWnTdTYMfshJ0xj12yGquzBmsywTR7Ys/sxXl0Xp035/1ndMWZ7xyxP3A+vgHL2pT7</latexit>

H
<latexit sha1_base64="mqYwAUexsW0nXA36dY2EKjINeOA="></latexit>

T : H !

nO

↵=1

H↵

such that

<latexit sha1_base64="RMWngXdJw2NkOkP63W+ee2Fc7Aw=">AAACEHicbVC7TsNAEDyHVwgvAyUUJyIkqsiOIqCMREMZpLyk2IrOl0045fzQ3RopstLwCXwFLVR0iJY/oOBfsI2LkDDV7Myudne8SAqNlvVllNbWNza3ytuVnd29/QPz8Kirw1hx6PBQhqrvMQ1SBNBBgRL6kQLmexJ63vQm83sPoLQIgzbOInB9NgnEWHCGqTQ0Tx2f4b03Ttrzoe1o4S/U9aFZtWpWDrpK7IJUSYHW0Px2RiGPfQiQS6b1wLYidBOmUHAJ84oTa4gYn7IJDFIaMB+0m+RfzOl5rBmGNAJFhaS5CIsTCfO1nvle2pndqJe9TPzPG8Q4vnYTEUQxQsCzRSgk5Is0VyKNB+hIKEBk2eVARUA5UwwRlKCM81SM07wqaR728verpFuv2Zc1+65RbTaKZMrkhJyRC2KTK9Ikt6RFOoSTR/JMXsir8WS8Ge/Gx29ryShmjskfGJ8/3redOg==</latexit>

T1 ⇠ T2 if
<latexit sha1_base64="jLIb41vcbOv2U+9ekmtVRB1pFQk=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJhsiOIqBBikRDGaS8pNhE58smnHJ+6G6NFFn+AD6Br6CFig7RUlLwL9gmRUiYajQzq90dN5RCo2l+GYWV1bX1jeJmaWt7Z3evvH/Q0UGkOLR5IAPVc5kGKXxoo0AJvVAB81wJXXdynfndB1BaBH4LpyE4Hhv7YiQ4w1QalCu2x/DeHcWtZFCzuVB8TrDu4jMruUpTZtXMQZeJNSMVMkNzUP62hwGPPPCRS6Z13zJDdGKmUHAJScmONISMT9gY+in1mQfaifNnEnoSaYYBDUFRIWkuwvxEzDytp56bJrNL9aKXif95/QhHl04s/DBC8Hm2CIWEfJHmSqQtAR0KBYgsuxyo8ClniiGCEpRxnopRWlsp7cNa/H6ZdGpV67xq3dYrjfqsmSI5IsfklFjkgjTIDWmSNuHkkTyTF/JqPBlvxrvx8RstGLOZQ/IHxucPxzifyQ==</latexit>

T2 �T�1
1 =

same notion of locality

<latexit sha1_base64="YMuwlr1PTPJw730lxs6yLbtFhTA=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRXbEq4xEQxkk8pASKzpfNuHInX26WyMFK/9ACxUdouVvKPgXbOMCEqYazexqZyfQUlh03U9naXlldW29tFHe3Nre2a3s7bdtFBsOLR7JyHQDZkGKEFooUEJXG2AqkNAJJleZ33kAY0UU3uJUg6/YOBQjwRmmUruvjVAwqFTdmpuDLhKvIFVSoDmofPWHEY8VhMgls7bnuRr9hBkUXMKs3I8taMYnbAy9lIZMgfWTPO2MHseWYUQ1GCokzUX4vZEwZe1UBemkYnhn571M/M/rxTi69BMR6hgh5NkhFBLyQ5YbkdYAdCgMILIsOVARUs4MQwQjKOM8FeO0l3Lahzf//SJp12veee3s5rTaqBfNlMghOSInxCMXpEGuSZO0CCf35Ik8kxfn0Xl13pz3n9Elp9g5IH/gfHwDY6STrg==</latexit>0 <latexit sha1_base64="itfjOkc8I8IhTqzg5EqJngZy/pw=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyUQSUkWgog0RCpNiy1pdNcsr5obs1UhTlE/gKWqjoEC0fQcG/YAcXkDDVaGZXsztBoqQh2/60Siura+sb5c3K1vbO7l51/6Bj4lQLbItYxbobgEElI2yTJIXdRCOEgcL7YHyd+/cPqI2MozuaJOiFMIzkQAqgTPKrR25MMkTju6CSEfB2Qfxqza7bc/Bl4hSkxgq0/OqX249FGmJEQoExPcdOyJuCJikUzipuajABMYYh9jIaQRbqTecPzPhpaoBinqDmUvG5iL83phAaMwmDbDIEGplFLxf/83opDa68qYySlDASeRBJhfMgI7TMmkHelxqJIL8cuYy4AA1EqCUHITIxzaqqZH04i98vk8553bmoO7eNWrNRNFNmx+yEnTGHXbImu2Et1maCzdgTe2Yv1qP1ar1Z7z+jJavYOWR/YH18A7GtmvI=</latexit>

⌦↵U↵

[Zanardi ’01; Zanardi, Lidar, Lloyd ’03; Cotler, Penington, Ranard ’19] 

Idea:    identify redundant DoFs with those of the frame    

different gauge choices         different frame perspectives  



CHANGING THE INTERNAL FRAME PERSPECTIVE

Recall: “Jumping into frame perspective via gauge fixing”



CHANGING THE INTERNAL FRAME PERSPECTIVE

non-local unitary Inequivalent TPSs 

& 
TPS-neutral

Hilbert space counterpart of the 
algebra story we’ve seen before     

Recall: “Jumping into frame perspective via gauge fixing”



PHYSICAL CONSEQUENCES

Gauge-invariant physical properties generically depend on the chosen frame:

[Höhn, Kotecha, FMM ’23]

Correlations/entanglement of S with its complement gauge-inv. entanglement entropy in general 
<latexit sha1_base64="JjYd/l5rSvdB42j2lnHIHqYehhk="></latexit>

S(⇢S|R1
) 6= S(⇢S|R2

) for same global physical state 

[see also Giacomini, Castro-Ruiz, Brukner ’17; Castro-Ruiz, Oreshkov ’21)]

QRF-relativity of interactions (degree of locality of total Hamiltonian) dynamics of S can be isolated/closed relative to R1, but open relative to R2

<latexit sha1_base64="OknXJmhugFOSdMCrPFgJB8tNmUE=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjFCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOvWqc31WadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33ackfo=</latexit>

R2

<latexit sha1_base64="dTy2ipw8ozq94yaKpgpDoJfrvps=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRCpSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1H32pe1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtLOpFW</latexit>

S

<latexit sha1_base64="00MsYL/JTEFMuzW2V7QERYwLpM8=">AAACG3icbVC5TsNAFFyHK4TLQEmzIkJQRJGNUECiQaKhDEcIUmxZ6+URVqwP7T6DkPEn8Al8BS1UdIiWgoJ/YR0ixDXNjmbesW/CVAqNjvNmVUZGx8YnqpO1qemZ2Tl7fuFYJ5ni0OGJTNRJyDRIEUMHBUo4SRWwKJTQDS92S797CUqLJD7C6xT8iPVjcSY4QyMF9qp3mmB+VQT54c1B4BbettdoeA3zlHr3Sw/sutN0BqB/iTskdTJEO7DfzQSeRRAjl0zrnuuk6OdMoeASipqXaUgZv2B96Bkaswi0nw8OKuhKphkmNAVFhaQDEb535CzS+joKTWXE8Fz/9krxP6+X4dmWn4s4zRBiXi5CIWGwSHMlTFJAT4UCRFb+HKiIKWeKIYISlHFuxMxEVzN5uL+v/0uO15tuq+nub9R3WsNkqmSJLJM14pJNskP2SJt0CCe35J48kEfrznqynq2Xz9KKNexZJD9gvX4AdpuhLg==</latexit>

ẇS|R1
, ẆS|R1

<latexit sha1_base64="2aZSVT+oNEA2I0GNFQ7UUtRDH44=">AAACE3icbVC7SgNBFJ2NrxhfUUsLB4NgEcJukCjYBGwsI5gHZEOYndzEIbMPZu4qYUnpJ/gVtlrZia0fYOG/OLum0MTTzOGce7hzjxdJodG2P63c0vLK6lp+vbCxubW9U9zda+kwVhyaPJSh6nhMgxQBNFGghE6kgPmehLY3vkz99h0oLcLgBicR9Hw2CsRQcIZG6hcP3UGIyf20n1Sn7oVbLrtl86RaO9P6xZJdsTPQReLMSInM0OgXv0yaxz4EyCXTuuvYEfYSplBwCdOCG2uIGB+zEXQNDZgPupdkh0zpcawZhjQCRYWkmQi/EwnztZ74npn0Gd7qeS8V//O6MQ7Pe4kIohgh4OkiFBKyRZorYRoCOhAKEFn6c6AioJwphghKUMa5EWNTWcH04cxfv0ha1YpTqzjXp6V6bdZMnhyQI3JCHHJG6uSKNEiTcPJAnsgzebEerVfrzXr/Gc1Zs8w++QPr4xs4d53g</latexit>

ẇ2 , Ẇ2

<latexit sha1_base64="/WXJ3OjQLD32w9x9LiN8EL7bvmk=">AAAB+HicbVDLSgNBEJyNrxhfUY9eBoPgadmNcZNjQASPEc0DkiXMTjpxzOyDmV4hLvkHr3ryJl79Gw/+i5s1iBrrVFR109XlRVJotKx3I7e0vLK6ll8vbGxube8Ud/daOowVhyYPZag6HtMgRQBNFCihEylgvieh7Y3PZn77DpQWYXCNkwhcn40CMRScYSq1zvtJ+WraL5Yss3pyWitXqWVWnKpTqVHbtDJ8kxKZo9EvfvQGIY99CJBLpnXXtiJ0E6ZQcAnTQi/WEDE+ZiPopjRgPmg3ydJO6VGsGYY0AkWFpJkIPzcS5ms98b100md4o/96M/E/rxvjsOYmIohihIDPDqGQkB3SXIm0BqADoQCRzZIDFQHlTDFEUIIyzlMxTnsppH0sfL9IWmXTdkz7slKqO/Nm8uSAHJJjYpMqqZML0iBNwskteSCP5Mm4N56NF+P1azRnzHf2yS8Yb58/r5Oa</latexit> E 2S

<latexit sha1_base64="IkksyW1R/SqML1XXIYQGdX1YGcM=">AAAB9XicdVDJTgJBFOzBDXFDPXrpSEw8TXrYlBuJF4+4sCQwIT3NAzv0LOl+oyGET/CqJ2/Gq9/jwX9xGDFRo3WqVL2XV6+8SEmDjL1ZmaXlldW17HpuY3Nreye/u9cyYawFNEWoQt3xuAElA2iiRAWdSAP3PQVtb3w299u3oI0Mg2ucROD6fBTIoRQcE+nqsu/08wVmV1itWGM0IcUyY5WUlEqsRB2bpSiQBRr9/HtvEIrYhwCF4sZ0HRahO+UapVAwy/ViAxEXYz6CbkID7oNxp2nUGT2KDceQRqCpVDQV4fvGlPvGTHwvmfQ53pjf3lz8y+vGODx1pzKIYoRAzA+hVJAeMkLLpAOgA6kBkc+TA5UBFVxzRNCSciESMU5KySV9fD1N/yetou1UbeeiXKhXF81kyQE5JMfEISekTs5JgzSJICNyTx7Io3VnPVnP1svnaMZa7OyTH7BePwDKX5Iy</latexit>

R1

<latexit sha1_base64="dTy2ipw8ozq94yaKpgpDoJfrvps=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRCpSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1H32pe1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtLOpFW</latexit>

S

<latexit sha1_base64="QtRzj4PwDPzSB/JEYKT9QDpVgms=">AAAB9XicdVDJTgJBFOzBDXFDPXrpSEw8TXrYlBuJF4+4sCQwIT3NAzv0LOl+oyGET/CqJ2/Gq9/jwX9xGDFRo3WqVL2XV6+8SEmDjL1ZmaXlldW17HpuY3Nreye/u9cyYawFNEWoQt3xuAElA2iiRAWdSAP3PQVtb3w299u3oI0Mg2ucROD6fBTIoRQcE+nqsl/s5wvMrrBascZoQoplxiopKZVYiTo2S1EgCzT6+ffeIBSxDwEKxY3pOixCd8o1SqFgluvFBiIuxnwE3YQG3AfjTtOoM3oUG44hjUBTqWgqwveNKfeNmfheMulzvDG/vbn4l9eNcXjqTmUQxQiBmB9CqSA9ZISWSQdAB1IDIp8nByoDKrjmiKAl5UIkYpyUkkv6+Hqa/k9aRdup2s5FuVCvLprJkgNySI6JQ05InZyTBmkSQUbknjyQR+vOerKerZfP0Yy12NknP2C9fgDL7pIz</latexit>

R2

<latexit sha1_base64="/Sq6lwihzdQAaD9rlXIMnFI2tAI=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTISDWV45CElVrS+bMIp54fu1qDIyifQQkWHaPkeCv4F27iAhKlGM7va2fEiJQ3Z9qe1tLyyurZe2ihvbm3v7Fb29tsmjLXAlghVqLseGFQywBZJUtiNNILvKex4k8vM7zygNjIM7mgaoevDOJAjKYBS6fZm4AwqVbtm5+CLxClIlRVoDipf/WEoYh8DEgqM6Tl2RG4CmqRQOCv3Y4MRiAmMsZfSAHw0bpJHnfHj2ACFPELNpeK5iL83EvCNmfpeOukD3Zt5LxP/83oxjS7cRAZRTBiI7BBJhfkhI7RMO0A+lBqJIEuOXAZcgAYi1JKDEKkYp6WU0z6c+e8XSfu05tRrzvVZtVEvmimxQ3bETpjDzlmDXbEmazHBxuyJPbMX69F6td6s95/RJavYOWB/YH18A3UNkfk=</latexit>

R1
<latexit sha1_base64="VKoLaXJnVBGog8Tlm5GbRYw42UM=">AAAB+HicbVDLSgNBEJyNrxhfUY9eBoPgadmNcZNjQASPEc0DkiXMTjpxzOyDmV4hLvkHr3ryJl79Gw/+i5s1iBrrVFR109XlRVJotKx3I7e0vLK6ll8vbGxube8Ud/daOowVhyYPZag6HtMgRQBNFCihEylgvieh7Y3PZn77DpQWYXCNkwhcn40CMRScYSq1zvuJfTXtF0uWWT05rZWr1DIrTtWp1KhtWhm+SYnM0egXP3qDkMc+BMgl07prWxG6CVMouIRpoRdriBgfsxF0UxowH7SbZGmn9CjWDEMagaJC0kyEnxsJ87We+F466TO80X+9mfif141xWHMTEUQxQsBnh1BIyA5prkRaA9CBUIDIZsmBioByphgiKEEZ56kYp70U0j4Wvl8krbJpO6Z9WSnVnXkzeXJADskxsUmV1MkFaZAm4eSWPJBH8mTcG8/Gi/H6NZoz5jv75BeMt08+HpOZ</latexit>

E1S

<latexit sha1_base64="VlQHwYFIUFfvTkyJDZBXLaHcC4w=">AAACE3icbVC7SgNBFJ31GeNr1dLCwSBYhLArEgWbgI1lBPOAbAizk5s4ZPbBzF0lLCn9BL/CVis7sfUDLPwXZ9cUmniaOZxzD3fu8WMpNDrOp7WwuLS8slpYK65vbG5t2zu7TR0likODRzJSbZ9pkCKEBgqU0I4VsMCX0PJHl5nfugOlRRTe4DiGbsCGoRgIztBIPfvA60eY3k96qTvxLrxy2SubJ9NaudazS07FyUHniTslJTJFvWd/mTRPAgiRS6Z1x3Vi7KZMoeASJkUv0RAzPmJD6BgasgB0N80PmdCjRDOMaAyKCklzEX4nUhZoPQ58MxkwvNWzXib+53USHJx3UxHGCULIs0UoJOSLNFfCNAS0LxQgsuznQEVIOVMMEZSgjHMjJqayounDnb1+njRPKm614l6flmrVaTMFsk8OyTFxyRmpkStSJw3CyQN5Is/kxXq0Xq036/1ndMGaZvbIH1gf3zVDnd4=</latexit>

ẇ
1
,
Ẇ

1

<latexit sha1_base64="EeG0AEZ6rwG/DW8kOPTQRvhEg2M=">AAACG3icbVC7SgNBFJ31GeMramkzGESLEHaDRMEmYGMZH3lANiyz400cnH0wc1cJaz7BT/ArbLWyE1sLC//F2RhEo6eZwzn3Mff4sRQabfvdmpqemZ2bzy3kF5eWV1YLa+tNHSWKQ4NHMlJtn2mQIoQGCpTQjhWwwJfQ8q+OMr91DUqLKDzHQQzdgPVD0ROcoZG8wo57EWF6M/TSs9tTrzJ0D91SyS2ZJ9Nb37pXKNplewT6lzhjUiRj1L3Ch5nAkwBC5JJp3XHsGLspUyi4hGHeTTTEjF+xPnQMDVkAupuODhrS7UQzjGgMigpJRyL87EhZoPUg8E1lwPBST3qZ+J/XSbB30E1FGCcIIc8WoZAwWqS5EiYpoBdCASLLfg5UhJQzxRBBCco4N2JiosubPJzJ6/+SZqXsVMvOyV6xVh0nkyObZIvsEofskxo5JnXSIJzckQfySJ6se+vZerFev0qnrHHPBvkF6+0TedOhMA==</latexit>

ẇ
S|R

2 ,
Ẇ
S|R

2

<latexit sha1_base64="8cFsd58MKK4YGSnqHkPTclMyKUA="></latexit>

q̇1 , Q̇1

<latexit sha1_base64="XuZhF4a8ilD23enOtPFNlxFHvR4=">AAACF3icdVC7TgJBFJ31ifhCLW0mEhMLQ3YREUJDYmMJKo8ECJkdrjpx9uHMXROy8gF+gl9hq5WdsbW08F/cXdGg0VOdnHPu3DvH9qXQaJpvxtT0zOzcfGohvbi0vLKaWVtvai9QHBrck55q20yDFC40UKCEtq+AObaEln15GPuta1BaeO4pDn3oOezcFWeCM4ykfibbHXgYXo364cnNcT8/6lZ2u5VEq39rUcrKmQmomcsXywVrLybl0r65R7+sLBmj1s+8Ry/wwAEXuWRadyzTx17IFAouYZTuBhp8xi/ZOXQi6jIHdC9MPjOi24Fm6FEfFBWSJiJMToTM0Xro2FHSYXihf3ux+JfXCfCs1AuF6wcILo8XoZCQLNJciagloAOhAJHFlwMVLuVMMURQgjLOIzGIaktP9vE/aeZzVjFn1QvZanHcTIpski2yQyxyQKrkiNRIg3ByS+7JA3k07own49l4+YxOGeOZDfIDxusHR4OgIQ==</latexit>

q̇S|R2
, Q̇S|R2

<latexit sha1_base64="lBaQ27gJ36TRc7j7ARcPFDfG/WE=">AAACF3icdVC7TgJBFJ31Lb5QS5uJxMTCkF1A1NCY2FiCyiMBQmaHC06YfThz14SsfICf4FfYamVnbC0t/Bd3VzRo9FQn55w7986xfSk0muabMTU9Mzs3v7CYWlpeWV1Lr2/UtBcoDlXuSU81bKZBCheqKFBCw1fAHFtC3R6cxH79GpQWnnuBQx/aDuu7oic4w0jqpDOtrofh1agTnt+cdaxRq7TXKiVa5VuLUlbWTEDNbK54VLDyMTk63Dfz9MvKkDHKnfR79AIPHHCRS6Z10zJ9bIdMoeASRqlWoMFnfMD60IyoyxzQ7TD5zIjuBJqhR31QVEiaiDA5ETJH66FjR0mH4aX+7cXiX14zwN5hOxSuHyC4PF6EQkKySHMlopaAdoUCRBZfDlS4lDPFEEEJyjiPxCCqLTXZx/+klstaxaxVKWSOi+NmFsgW2Sa7xCIH5JickjKpEk5uyT15II/GnfFkPBsvn9EpYzyzSX7AeP0ARE+gHw==</latexit>

q̇S|R1
, Q̇S|R1

<latexit sha1_base64="eTfNVI6GZT5+CGvi9n7+HRsbabo="></latexit>

q̇2 , Q̇2

<latexit sha1_base64="XrlDbHmtpW0vBawZviZDZQfDX/8=">AAAB+3icdVC7TsNAEDyHVwivACXNiQiJKrITx4EuEg1lkMgDJVF0vmzCKeeH7tZIkeWvoIWKDtHyMRT8C7YJEiCYajSzq50dN5RCo2m+GYWV1bX1jeJmaWt7Z3evvH/Q1UGkOHR4IAPVd5kGKXzooEAJ/VAB81wJPXd+kfm9O1BaBP41LkIYeWzmi6ngDFPppjuOrSEGtWRcrphVu15rNC2aErvp2PWcOOcNh1pVM0eFLNEel9+Hk4BHHvjIJdN6YJkhjmKmUHAJSWkYaQgZn7MZDFLqMw/0KM4DJ/Qk0gwDGoKiQtJchO8bMfO0XnhuOukxvNW/vUz8yxtEOD0bxcIPIwSfZ4dQSMgPaa5E2gTQiVCAyLLkQIVPOVMMEZSgjPNUjNJqSmkfX0/T/0m3VrWcqnVlV1rOspkiOSLH5JRYpEla5JK0SYdw4pF78kAejcR4Mp6Nl8/RgrHcOSQ/YLx+AKPBlPY=</latexit>

V1!2

<latexit sha1_base64="qHgSeHi1THtM5znVxORV1cdmJvM="></latexit>

⇢1̄(t) 2 AUX

1̄ , t 2 [t0, t1]

Total system R1R2S in isolation
(unitary dynamics)

Subsystems can interact,
exchange heat, work, & energy

QRF-relativity of (quantum) thermodynamics: thermal equilibrium & non-equilibrium processes (heat/work exchanges, entropy production, and entropy flow)



Part III

Entanglement entropy: relational vs. center construction



RELATIONAL vs CENTER CONSTRUCTION

N+M particles in 1D with translation invariance    
<latexit sha1_base64="+QG29Pk/wo9TMk+ZK00vMPhCY3A=">AAACBHicbVDLSgNBEJyNrxhfqx69DAYhooRd8YUgBDzoMYp5QBLC7KQTh8w+mOkNhCVXv8KrnryJV//Dg//i7roHTaxTUdVNV5cTSKHRsj6N3Nz8wuJSfrmwsrq2vmFubtW1HyoONe5LXzUdpkEKD2ooUEIzUMBcR0LDGV4lfmMESgvfu8dxAB2XDTzRF5xhLHVN8/qy1HYZPjgOvTukB/tds2iVrRR0ltgZKZIM1a751e75PHTBQy6Z1i3bCrATMYWCS5gU2qGGgPEhG0Arph5zQXeiNPmE7oWaoU8DUFRImorweyNirtZj14knk5B62kvE/7xWiP3zTiS8IETweHIIhYT0kOZKxJUA7QkFiCxJDlR4lDPFEEEJyjiPxTDuqBD3YU9/P0vqR2X7tHxye1ysXGTN5MkO2SUlYpMzUiE3pEpqhJMReSLP5MV4NF6NN+P9ZzRnZDvb5A+Mj2+mSZZa</latexit>

G = (R,+)
<latexit sha1_base64="3/UGfsCNYh++iM9+XCJ/joWNdck="></latexit>

Aphys = {q2 � q1, . . . , qN+M � q1, p2, . . . , pN+M}
<latexit sha1_base64="r6C9BENsjbsTIJzOPfIQcef6Q9k=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBDEQ9gVXwiC4MVjBKNCNoTesY2Ds7PDTK8Y1v0HP8Gv8Konb+JVD/6LmxjBV52Kqm66qyKjpCPff/OGhkdGx8ZLE+XJqemZ2crc/LFLUiuwIRKV2NMIHCqpsUGSFJ4aixBHCk+iy/2ef3KF1slEH1HXYCuGjpbnUgAVUruyWm9nIeE1ZZRQnt+ExskvxVx0XZ6HFnRH4a7frlT9mt8H/0uCAamyAertynt4log0Rk1CgXPNwDfUysCSFArzcpg6NCAuoYPNgmqI0bWyfqacL6cOKOEGLZeK90X8vpFB7Fw3jorJGOjC/fZ64n9eM6Xz7VYmtUkJtegdIqmwf8gJK4uykJ9Ji0TQ+xy51FyABSK0koMQhZgW7ZWLPoLf6f+S47VasFnbOFyv7u0MmimxRbbEVljAttgeO2B11mCC3bJ79sAevTvvyXv2Xj5Hh7zBzgL7Ae/1A0EVpIc=</latexit>

Ptot| physi = 0



RELATIONAL vs CENTER CONSTRUCTION

N+M particles in 1D with translation invariance    
<latexit sha1_base64="+QG29Pk/wo9TMk+ZK00vMPhCY3A=">AAACBHicbVDLSgNBEJyNrxhfqx69DAYhooRd8YUgBDzoMYp5QBLC7KQTh8w+mOkNhCVXv8KrnryJV//Dg//i7roHTaxTUdVNV5cTSKHRsj6N3Nz8wuJSfrmwsrq2vmFubtW1HyoONe5LXzUdpkEKD2ooUEIzUMBcR0LDGV4lfmMESgvfu8dxAB2XDTzRF5xhLHVN8/qy1HYZPjgOvTukB/tds2iVrRR0ltgZKZIM1a751e75PHTBQy6Z1i3bCrATMYWCS5gU2qGGgPEhG0Arph5zQXeiNPmE7oWaoU8DUFRImorweyNirtZj14knk5B62kvE/7xWiP3zTiS8IETweHIIhYT0kOZKxJUA7QkFiCxJDlR4lDPFEEEJyjiPxTDuqBD3YU9/P0vqR2X7tHxye1ysXGTN5MkO2SUlYpMzUiE3pEpqhJMReSLP5MV4NF6NN+P9ZzRnZDvb5A+Mj2+mSZZa</latexit>

G = (R,+)
<latexit sha1_base64="3/UGfsCNYh++iM9+XCJ/joWNdck="></latexit>

Aphys = {q2 � q1, . . . , qN+M � q1, p2, . . . , pN+M}

Center construction     

Assign “regional’’/internal gauge-inv. algebras to kinematical complements   

<latexit sha1_base64="p3zqd6pZxqpq2vV13ZpFn7GGTBQ=">AAACKHicbVC7TsNAEDzzJrwClDQnIiQKiOyIV4PEo6FCIAggxZG1PhY4cbYvd2skZOVH+AS+ghYqOkRBw5dgmwjxmmpuZld7M6FW0pLrvjp9/QODQ8Mjo5Wx8YnJqer0zIlNUiOwKRKVmLMQLCoZY5MkKTzTBiEKFZ6G17uFf3qDxsokPqZbje0ILmN5IQVQLgXVFT8CuhKg+HZwtOlnnaCx3Am8Jf88IbvUCfbLl/5SdLDvd4Nqza27Jfhf4vVIjfVwEFTf8m2RRhiTUGBty3M1tTMwJIXCbsVPLWoQ13CJrZzGEKFtZ2W6Ll9ILVDCNRouFS9F/L6RQWTtbRTmk0UW+9srxP+8VkoXG+1MxjoljEVxiKTC8pAVRua1IT+XBomg+DlyGXMBBojQSA5C5GKa91jJ+/B+p/9LThp1b62+erhS29rpNTPC5tg8W2QeW2dbbI8dsCYT7I49sEf25Nw7z86L8/o52uf0dmbZDzjvH0o4pRk=</latexit>

AS = {q2 � q1, . . . , qN � q1, p1, . . . , pN}
<latexit sha1_base64="+L6cx0XCfyShCh+MvlkjAHCazVw="></latexit>

AS̄ = (AS)
0 = {qN+2 � qN+1, . . . , qN+M � qN+M�1, pN+1, . . . , pN+M}

Non-trivial center   
<latexit sha1_base64="n7rPE4mrF1h4tlLxS+g3BDL4YUU="></latexit>

ZS = AS \ (AS)
0 6= C1

Algebra generated by         and its commutant is a strict subalgebra of 
<latexit sha1_base64="FyJl4UbrdJA4/lvn78rpvtTwhR0=">AAAB/nicdVDLSgNBEJyN7/iKevQyGARPy67GbPAU8eJR0RghCaF3bOOQ2QczvUJYAn6FVz15E6/+igf/xd01gorWqajqpqvLj5U05DhvVmlqemZ2bn6hvLi0vLJaWVu/MFGiBbZEpCJ96YNBJUNskSSFl7FGCHyFbX94lPvtW9RGRuE5jWLsBTAI5bUUQJnU7QZANwIUP+yf9StVx3ZqNbfhccfe8xqO28hI3au5nstd2ylQZROc9Cvv3atIJAGGJBQY03GdmHopaJJC4bjcTQzGIIYwwE5GQwjQ9NIi85hvJwYo4jFqLhUvRPy+kUJgzCjws8k8o/nt5eJfXieh60YvlWGcEIYiP0RSYXHICC2zMpBfSY1EkCdHLkMuQAMRaslBiExMsnbKWR9fT/P/ycWu7dbt/dNatXkwaWaebbIttsNc5rEmO2YnrMUEi9k9e2CP1p31ZD1bL5+jJWuys8F+wHr9AJ0wlg8=</latexit>

AS

<latexit sha1_base64="+RtRrbZbrza2qsnnPY8lbY7c8M0="></latexit>

Aphys

<latexit sha1_base64="r6C9BENsjbsTIJzOPfIQcef6Q9k=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBDEQ9gVXwiC4MVjBKNCNoTesY2Ds7PDTK8Y1v0HP8Gv8Konb+JVD/6LmxjBV52Kqm66qyKjpCPff/OGhkdGx8ZLE+XJqemZ2crc/LFLUiuwIRKV2NMIHCqpsUGSFJ4aixBHCk+iy/2ef3KF1slEH1HXYCuGjpbnUgAVUruyWm9nIeE1ZZRQnt+ExskvxVx0XZ6HFnRH4a7frlT9mt8H/0uCAamyAertynt4log0Rk1CgXPNwDfUysCSFArzcpg6NCAuoYPNgmqI0bWyfqacL6cOKOEGLZeK90X8vpFB7Fw3jorJGOjC/fZ64n9eM6Xz7VYmtUkJtegdIqmwf8gJK4uykJ9Ji0TQ+xy51FyABSK0koMQhZgW7ZWLPoLf6f+S47VasFnbOFyv7u0MmimxRbbEVljAttgeO2B11mCC3bJ79sAevTvvyXv2Xj5Hh7zBzgL7Ae/1A0EVpIc=</latexit>

Ptot| physi = 0

Entropy associated to local subalgebra (not entanglement entropy)  

<latexit sha1_base64="+K2SbLu3Ucgcj44QRuvb9hXpBI4="></latexit>

SvN(S) =
X

z

pzSvN(⇢
z
S) + H({pz})

[Casini, Huerta, Rosabal ’13; 
Donnelly ’11, ’14; 
Van Acoleyen, Bultinck, 
Haegeman, Marien, Scholz, 
Verstraete ’15,…] 

classical Shannon

<latexit sha1_base64="Rkc6NCOyFmos/yEZCJd5iNlpR4o="></latexit>

AS _AS̄ =
M

z

Az
S ⌦Az

S̄ ⇢ Aphys



RELATIONAL vs CENTER CONSTRUCTION

N+M particles in 1D with translation invariance    
<latexit sha1_base64="+QG29Pk/wo9TMk+ZK00vMPhCY3A=">AAACBHicbVDLSgNBEJyNrxhfqx69DAYhooRd8YUgBDzoMYp5QBLC7KQTh8w+mOkNhCVXv8KrnryJV//Dg//i7roHTaxTUdVNV5cTSKHRsj6N3Nz8wuJSfrmwsrq2vmFubtW1HyoONe5LXzUdpkEKD2ooUEIzUMBcR0LDGV4lfmMESgvfu8dxAB2XDTzRF5xhLHVN8/qy1HYZPjgOvTukB/tds2iVrRR0ltgZKZIM1a751e75PHTBQy6Z1i3bCrATMYWCS5gU2qGGgPEhG0Arph5zQXeiNPmE7oWaoU8DUFRImorweyNirtZj14knk5B62kvE/7xWiP3zTiS8IETweHIIhYT0kOZKxJUA7QkFiCxJDlR4lDPFEEEJyjiPxTDuqBD3YU9/P0vqR2X7tHxye1ysXGTN5MkO2SUlYpMzUiE3pEpqhJMReSLP5MV4NF6NN+P9ZzRnZDvb5A+Mj2+mSZZa</latexit>

G = (R,+)
<latexit sha1_base64="3/UGfsCNYh++iM9+XCJ/joWNdck="></latexit>

Aphys = {q2 � q1, . . . , qN+M � q1, p2, . . . , pN+M}

Center construction     

Assign “regional’’/internal gauge-inv. algebras to kinematical complements   

<latexit sha1_base64="p3zqd6pZxqpq2vV13ZpFn7GGTBQ=">AAACKHicbVC7TsNAEDzzJrwClDQnIiQKiOyIV4PEo6FCIAggxZG1PhY4cbYvd2skZOVH+AS+ghYqOkRBw5dgmwjxmmpuZld7M6FW0pLrvjp9/QODQ8Mjo5Wx8YnJqer0zIlNUiOwKRKVmLMQLCoZY5MkKTzTBiEKFZ6G17uFf3qDxsokPqZbje0ILmN5IQVQLgXVFT8CuhKg+HZwtOlnnaCx3Am8Jf88IbvUCfbLl/5SdLDvd4Nqza27Jfhf4vVIjfVwEFTf8m2RRhiTUGBty3M1tTMwJIXCbsVPLWoQ13CJrZzGEKFtZ2W6Ll9ILVDCNRouFS9F/L6RQWTtbRTmk0UW+9srxP+8VkoXG+1MxjoljEVxiKTC8pAVRua1IT+XBomg+DlyGXMBBojQSA5C5GKa91jJ+/B+p/9LThp1b62+erhS29rpNTPC5tg8W2QeW2dbbI8dsCYT7I49sEf25Nw7z86L8/o52uf0dmbZDzjvH0o4pRk=</latexit>

AS = {q2 � q1, . . . , qN � q1, p1, . . . , pN}
<latexit sha1_base64="+L6cx0XCfyShCh+MvlkjAHCazVw="></latexit>

AS̄ = (AS)
0 = {qN+2 � qN+1, . . . , qN+M � qN+M�1, pN+1, . . . , pN+M}

Non-trivial center   
<latexit sha1_base64="n7rPE4mrF1h4tlLxS+g3BDL4YUU="></latexit>

ZS = AS \ (AS)
0 6= C1

Algebra generated by         and its commutant is a strict subalgebra of 
<latexit sha1_base64="FyJl4UbrdJA4/lvn78rpvtTwhR0=">AAAB/nicdVDLSgNBEJyN7/iKevQyGARPy67GbPAU8eJR0RghCaF3bOOQ2QczvUJYAn6FVz15E6/+igf/xd01gorWqajqpqvLj5U05DhvVmlqemZ2bn6hvLi0vLJaWVu/MFGiBbZEpCJ96YNBJUNskSSFl7FGCHyFbX94lPvtW9RGRuE5jWLsBTAI5bUUQJnU7QZANwIUP+yf9StVx3ZqNbfhccfe8xqO28hI3au5nstd2ylQZROc9Cvv3atIJAGGJBQY03GdmHopaJJC4bjcTQzGIIYwwE5GQwjQ9NIi85hvJwYo4jFqLhUvRPy+kUJgzCjws8k8o/nt5eJfXieh60YvlWGcEIYiP0RSYXHICC2zMpBfSY1EkCdHLkMuQAMRaslBiExMsnbKWR9fT/P/ycWu7dbt/dNatXkwaWaebbIttsNc5rEmO2YnrMUEi9k9e2CP1p31ZD1bL5+jJWuys8F+wHr9AJ0wlg8=</latexit>

AS

<latexit sha1_base64="+RtRrbZbrza2qsnnPY8lbY7c8M0="></latexit>

Aphys

<latexit sha1_base64="r6C9BENsjbsTIJzOPfIQcef6Q9k=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBDEQ9gVXwiC4MVjBKNCNoTesY2Ds7PDTK8Y1v0HP8Gv8Konb+JVD/6LmxjBV52Kqm66qyKjpCPff/OGhkdGx8ZLE+XJqemZ2crc/LFLUiuwIRKV2NMIHCqpsUGSFJ4aixBHCk+iy/2ef3KF1slEH1HXYCuGjpbnUgAVUruyWm9nIeE1ZZRQnt+ExskvxVx0XZ6HFnRH4a7frlT9mt8H/0uCAamyAertynt4log0Rk1CgXPNwDfUysCSFArzcpg6NCAuoYPNgmqI0bWyfqacL6cOKOEGLZeK90X8vpFB7Fw3jorJGOjC/fZ64n9eM6Xz7VYmtUkJtegdIqmwf8gJK4uykJ9Ji0TQ+xy51FyABSK0koMQhZgW7ZWLPoLf6f+S47VasFnbOFyv7u0MmimxRbbEVljAttgeO2B11mCC3bJ79sAevTvvyXv2Xj5Hh7zBzgL7Ae/1A0EVpIc=</latexit>

Ptot| physi = 0

Entropy associated to local subalgebra (not entanglement entropy)  

<latexit sha1_base64="+K2SbLu3Ucgcj44QRuvb9hXpBI4="></latexit>

SvN(S) =
X

z

pzSvN(⇢
z
S) + H({pz})

[Casini, Huerta, Rosabal ’13; 
Donnelly ’11, ’14; 
Van Acoleyen, Bultinck, 
Haegeman, Marien, Scholz, 
Verstraete ’15,…] 

classical Shannon

<latexit sha1_base64="Rkc6NCOyFmos/yEZCJd5iNlpR4o="></latexit>

AS _AS̄ =
M

z

Az
S ⌦Az

S̄ ⇢ Aphys

<latexit sha1_base64="gYxhKd+i342H5iIEvDB5IJtkVOY="></latexit>

AS 3 p1 + · · ·+ pN = �pN+1 � · · ·� pN+M 2 AS̄



RELATIONAL vs CENTER CONSTRUCTION

N+M particles in 1D with translation invariance    
<latexit sha1_base64="+QG29Pk/wo9TMk+ZK00vMPhCY3A=">AAACBHicbVDLSgNBEJyNrxhfqx69DAYhooRd8YUgBDzoMYp5QBLC7KQTh8w+mOkNhCVXv8KrnryJV//Dg//i7roHTaxTUdVNV5cTSKHRsj6N3Nz8wuJSfrmwsrq2vmFubtW1HyoONe5LXzUdpkEKD2ooUEIzUMBcR0LDGV4lfmMESgvfu8dxAB2XDTzRF5xhLHVN8/qy1HYZPjgOvTukB/tds2iVrRR0ltgZKZIM1a751e75PHTBQy6Z1i3bCrATMYWCS5gU2qGGgPEhG0Arph5zQXeiNPmE7oWaoU8DUFRImorweyNirtZj14knk5B62kvE/7xWiP3zTiS8IETweHIIhYT0kOZKxJUA7QkFiCxJDlR4lDPFEEEJyjiPxTDuqBD3YU9/P0vqR2X7tHxye1ysXGTN5MkO2SUlYpMzUiE3pEpqhJMReSLP5MV4NF6NN+P9ZzRnZDvb5A+Mj2+mSZZa</latexit>

G = (R,+)
<latexit sha1_base64="3/UGfsCNYh++iM9+XCJ/joWNdck="></latexit>

Aphys = {q2 � q1, . . . , qN+M � q1, p2, . . . , pN+M}

Relational construction     

Assign “regional’’/internal gauge-inv. algebras to kinematical complements   

<latexit sha1_base64="p3zqd6pZxqpq2vV13ZpFn7GGTBQ=">AAACKHicbVC7TsNAEDzzJrwClDQnIiQKiOyIV4PEo6FCIAggxZG1PhY4cbYvd2skZOVH+AS+ghYqOkRBw5dgmwjxmmpuZld7M6FW0pLrvjp9/QODQ8Mjo5Wx8YnJqer0zIlNUiOwKRKVmLMQLCoZY5MkKTzTBiEKFZ6G17uFf3qDxsokPqZbje0ILmN5IQVQLgXVFT8CuhKg+HZwtOlnnaCx3Am8Jf88IbvUCfbLl/5SdLDvd4Nqza27Jfhf4vVIjfVwEFTf8m2RRhiTUGBty3M1tTMwJIXCbsVPLWoQ13CJrZzGEKFtZ2W6Ll9ILVDCNRouFS9F/L6RQWTtbRTmk0UW+9srxP+8VkoXG+1MxjoljEVxiKTC8pAVRua1IT+XBomg+DlyGXMBBojQSA5C5GKa91jJ+/B+p/9LThp1b62+erhS29rpNTPC5tg8W2QeW2dbbI8dsCYT7I49sEf25Nw7z86L8/o52uf0dmbZDzjvH0o4pRk=</latexit>

AS = {q2 � q1, . . . , qN � q1, p1, . . . , pN}
<latexit sha1_base64="+L6cx0XCfyShCh+MvlkjAHCazVw="></latexit>

AS̄ = (AS)
0 = {qN+2 � qN+1, . . . , qN+M � qN+M�1, pN+1, . . . , pN+M}

Non-trivial center   
<latexit sha1_base64="n7rPE4mrF1h4tlLxS+g3BDL4YUU="></latexit>

ZS = AS \ (AS)
0 6= C1

<latexit sha1_base64="FyJl4UbrdJA4/lvn78rpvtTwhR0=">AAAB/nicdVDLSgNBEJyN7/iKevQyGARPy67GbPAU8eJR0RghCaF3bOOQ2QczvUJYAn6FVz15E6/+igf/xd01gorWqajqpqvLj5U05DhvVmlqemZ2bn6hvLi0vLJaWVu/MFGiBbZEpCJ96YNBJUNskSSFl7FGCHyFbX94lPvtW9RGRuE5jWLsBTAI5bUUQJnU7QZANwIUP+yf9StVx3ZqNbfhccfe8xqO28hI3au5nstd2ylQZROc9Cvv3atIJAGGJBQY03GdmHopaJJC4bjcTQzGIIYwwE5GQwjQ9NIi85hvJwYo4jFqLhUvRPy+kUJgzCjws8k8o/nt5eJfXieh60YvlWGcEIYiP0RSYXHICC2zMpBfSY1EkCdHLkMuQAMRaslBiExMsnbKWR9fT/P/ycWu7dbt/dNatXkwaWaebbIttsNc5rEmO2YnrMUEi9k9e2CP1p31ZD1bL5+jJWuys8F+wHr9AJ0wlg8=</latexit>

AS

<latexit sha1_base64="r6C9BENsjbsTIJzOPfIQcef6Q9k=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBDEQ9gVXwiC4MVjBKNCNoTesY2Ds7PDTK8Y1v0HP8Gv8Konb+JVD/6LmxjBV52Kqm66qyKjpCPff/OGhkdGx8ZLE+XJqemZ2crc/LFLUiuwIRKV2NMIHCqpsUGSFJ4aixBHCk+iy/2ef3KF1slEH1HXYCuGjpbnUgAVUruyWm9nIeE1ZZRQnt+ExskvxVx0XZ6HFnRH4a7frlT9mt8H/0uCAamyAertynt4log0Rk1CgXPNwDfUysCSFArzcpg6NCAuoYPNgmqI0bWyfqacL6cOKOEGLZeK90X8vpFB7Fw3jorJGOjC/fZ64n9eM6Xz7VYmtUkJtegdIqmwf8gJK4uykJ9Ji0TQ+xy51FyABSK0koMQhZgW7ZWLPoLf6f+S47VasFnbOFyv7u0MmimxRbbEVljAttgeO2B11mCC3bJ79sAevTvvyXv2Xj5Hh7zBzgL7Ae/1A0EVpIc=</latexit>

Ptot| physi = 0

<latexit sha1_base64="+K2SbLu3Ucgcj44QRuvb9hXpBI4="></latexit>

SvN(S) =
X

z

pzSvN(⇢
z
S) + H({pz})

[Casini, Huerta, Rosabal ’13; 
Donnelly ’11, ’14; 
Van Acoleyen, Bultinck, 
Haegeman, Marien, Scholz, 
Verstraete ’15,…] 

Assign gauge-inv. algebras via complements relative to R  

No gauge-invariant data missing

Proper entanglement entropy

Locality defined relationally (non-local combinations of        kinematical DoFs)

generically frame dependent

<latexit sha1_base64="Jz2CEYx+PtQwCVfU0VOwZKnYAHw="></latexit>

Aphys
S|R = {q1 � qR, . . . , qN � qR, p1, . . . , pN}

<latexit sha1_base64="B0uDfPLc6YZd29N4uFArVT7iBME=">AAAB+XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBIQ8psaL1ZRNOOT90t0aKrHwELVR0iJavoeBfsI0LSJhqNLOrnR0vUtKQbX9aS8srq2vrpY3y5tb2zm5lb79twlgLbIlQhbrrgUElA2yRJIXdSCP4nsKON7nJ/M4jaiPD4J6mEbo+jAM5kgIolTrNvgeaNweVql2zc/BF4hSkygo0BpWv/jAUsY8BCQXG9Bw7IjcBTVIonJX7scEIxATG2EtpAD4aN8njzvhxbIBCHqHmUvFcxN8bCfjGTH0vnfSBHsy8l4n/eb2YRlduIoMoJgxEdoikwvyQEVqmPSAfSo1EkCVHLgMuQAMRaslBiFSM02LKaR/O/PeLpH1acy5q53dn1fp10UyJHbIjdsIcdsnq7JY1WIsJNmFP7Jm9WIn1ar1Z7z+jS1axc8D+wPr4BliHk6I=</latexit>

SS̄

<latexit sha1_base64="iUnjcZUDm+peZdMlJ4HQECNml/w="></latexit>

Aphys
S|R _Aphys

S̄|R = Aphys

<latexit sha1_base64="viO6Erbnf4UAprj9RTb4qUJJoUY="></latexit>

Aphys
S̄|R = {qN+2 � qR, . . . , qN+M � qR, pN+2, . . . , pN+M}

classical Shannon

<latexit sha1_base64="D3h77FivUfABzbGN8MaBJusCRMI="></latexit>

SvN(⇢S|1) = �Tr(⇢S|1 log ⇢S|1)

Bigger subalgebras associated with subsystems

“regional”/internal algebras appear as the frame-indep. data 
<latexit sha1_base64="/T+yKpihASU8dBN8pKXW2tV2hOk="></latexit>

Aphys
S|R1

\Aphys
S|R2

= AS

Entropy associated to local subalgebra (not entanglement entropy)  

Center construction     

<latexit sha1_base64="Rkc6NCOyFmos/yEZCJd5iNlpR4o="></latexit>

AS _AS̄ =
M

z

Az
S ⌦Az

S̄ ⇢ Aphys

Algebra generated by         and its commutant is a strict subalgebra of 
<latexit sha1_base64="+RtRrbZbrza2qsnnPY8lbY7c8M0="></latexit>

Aphys



Part IV

Subregion relativity in gauge theories



LOCAL SUBSYSTEMS IN GAUGE THEORIES

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M



LOCAL SUBSYSTEMS IN GAUGE THEORIES

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

Kinematical (non gauge-inv.) DoFs different from gauge-invariant DoFs 

non-local 
(e.g. Wilson loops)



LOCAL SUBSYSTEMS IN GAUGE THEORIES

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

Kinematical (non gauge-inv.) DoFs different from gauge-invariant DoFs 

non-local 
(e.g. Wilson loops)

In presence of (finite) boundaries, subtleties arise for the assignment 
of gauge-invariant DoFs to a subregion 

gauge-invariance of cross-boundary DoFs would be spoiled



LOCAL SUBSYSTEMS IN GAUGE THEORIES

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

Kinematical (non gauge-inv.) DoFs different from gauge-invariant DoFs 

non-local 
(e.g. Wilson loops)

edge modes appear at finite boundaries to restore gauge-invariance 

on-shell invariance of subregional presymplectic structure under bulk and boundary gauge transf. 

unravel boundary symmetries generated by non-vanishing charges

[Donnelly, Freidel, Francois, Geiller, Gomes, Pranzetti, Riello, 
Speranza, Speziale, Wieland, Carrozza, Eccles, Höhn,…]  

In presence of (finite) boundaries, subtleties arise for the assignment 
of gauge-invariant DoFs to a subregion 

gauge-invariance of cross-boundary DoFs would be spoiled



EDGE MODES AS DYNAMICAL FRAMES & DRESSED OBSERVABLES 
[Carrozza, Höhn ’21; Carrozza, Eccles, Höhn ’22]  

Edge modes can be understood as group-valued “internalised” external frames 
via e.g. Wilson lines originating in the complement  

not new DoFs to be postulated, but understood from the global theory

describe how subregion relates to its complement

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>!

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>! <latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M
<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="5DdSoKLwGDmPl9e96QttrHns7l0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6WyNFJj9BCxUdouVnKPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpU7vVo586Dv9StWu2Tn4PHEKUmUFGv3KV28QitjHgIQCY7qOHZGbgCYpFE7LvdhgBGIMI+ymNAAfjZvkeaf8MDZAIY9Qc6l4LuLvjQR8Yya+l076QPdm1svE/7xuTMMLN5FBFBMGIjtEUmF+yAgt0yKQD6RGIsiSI5cBF6CBCLXkIEQqxmkz5bQPZ/b7edI6rjlntdObk2r9smimxPbZATtiDjtndXbNGqzJBFPsiT2zF+vRerXerPef0QWr2Nljf2B9fANRhZQy</latexit>

⌃1
<latexit sha1_base64="4T6zp20A5Zdmdn2QTEzzlIfzQRQ=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQjXhWKREMZBHlIcRStL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9gBxeQMNVoZke7O16kpCHb/rQKS8srq2vF9dLG5tb2Tnl3r2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgjiYR9nwYBXIoBVAq9csVN0ztLJ24t3Lkw7Tv9MtVu2bPwBeJk5Mqy9Hol7/cQShiHwMSCozpOnZEvQQ0SaFwWnJjgxGIMYywm9IAfDS9ZHb8lB/GBijkEWouFZ+J+DuRgG/MxPfSSR/o3sx7mfif141peNFLZBDFhIHIFpFUOFtkhJbp28gHUiMRZJcjlwEXoIEIteQgRCrGaU2ltA9n/vtF0jquOWe105uTav0yb6bI9tkBO2IOO2d1ds0arMkEm7An9sxerEfr1Xqz3n9GC1aeqbA/sD6+AfmzmYk=</latexit>

⌃1

<latexit sha1_base64="lwFGLwDV5F9yAnrSOcxSHmRzhPE=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWRHvCoUiYYyCPKQYitaXzbhlPNDd2ukyMoH8BW0UNEhWj6Dgn/BDikgMNVoZke7O36spCHb/rAKS8srq2vF9dLG5tb2Tnl3r22iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsz9zj1qI6PwliYxegGMQjmUAiiT+uWKG2V2nk7dGzkKYNqv98tVu2bPwP8SZ06qbI5mv/zpDiKRBBiSUGBMz7Fj8lLQJIXCaclNDMYgxjDCXkZDCNB46ez4KT9MDFDEY9RcKj4T8WcihcCYSeBnkwHQnVn0cvE/r5fQ8NxLZRgnhKHIF5FUOFtkhJbZ28gHUiMR5JcjlyEXoIEIteQgRCYmWU2lrA9n8fu/pF2vOae1k+vjauNi3kyR7bMDdsQcdsYa7Io1WYsJNmGP7Ik9Ww/Wi/VqvX2PFqx5psJ+wXr/AvtCmYo=</latexit>

⌃2

<latexit sha1_base64="UBVVecRNmc8F4qNsThPTN3WsRMo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIjXhWKREMZBHlIiRWtL5twyvmhuzVSZPITtFDRIVp+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXHA4NKBtgkSQo7kUbwPYVtb3w189sPqI0MgzuaROj6MArkUAqgVOr0buXIh36tX67YVTsDXyROTiosR6Nf/uoNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTLO+UH8UGKOQRai4Vz0T8vZGAb8zE99JJH+jezHsz8T+vG9Pwwk1kEMWEgZgdIqkwO2SElmkRyAdSIxHMkiOXAReggQi15CBEKsZpM6W0D2f++0XSqlWds+rpzUmlfpk3U2QH7JAdM4edszq7Zg3WZIIp9sSe2Yv1aL1ab9b7z2jBynf22R9YH99TFJQz</latexit>

⌃2

<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�
<latexit sha1_base64="0jsU5xLkP0T5XbQQX4CGmAdYmzk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJSJRB5SYkXnyyaccj5bd3uIyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6ns7S8srq2Xtoob25t7+xW9vbbJrKaQ4tHMtLdgBmQQkELBUroxhpYGEjoBJObzO88gDYiUnc4jcEP2ViJkeAMU6n5OKhU3Zqbgy4SryBVUqAxqHz1hxG3ISjkkhnT89wY/YRpFFzCrNy3BmLGJ2wMvZQqFoLxkzzojB5bwzCiMWgqJM1F+L2RsNCYaRikkyHDezPvZeJ/Xs/i6MpPhIotguLZIRQS8kOGa5E2AHQoNCCyLDlQoShnmiGCFpRxnoo2raSc9uHNf79I2qc176J23jyr1q+LZkrkkByRE+KRS1Int6RBWoQTIE/kmbw41nl13pz3n9Elp9g5IH/gfHwDiJWRhw==</latexit>x

<latexit sha1_base64="QtLVI83kNGlrEkVqDOduM9ldMJU=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqFMJPKQEis6XzbhlPPZuttDiqx8AS1UdIiWD6LgX7CNC0iYajSzq52dIJbCoOt+OqWV1bX1jfJmZWt7Z3evun/QMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt2bBac+tuDrpMvILUSIHmsPo1GEXchqCQS2ZM33Nj9BOmUXAJ88rAGogZn7IJ9FOqWAjGT/Kgc3piDcOIxqCpkDQX4fdGwkJjZmGQToYMH8yil4n/eX2L42s/ESq2CIpnh1BIyA8ZrkXaANCR0IDIsuRAhaKcaYYIWlDGeSratJJK2oe3+P0y6ZzVvcv6Reu81rgpmimTI3JMTolHrkiD3JEmaRNOgDyRZ/LiWOfVeXPef0ZLTrFzSP7A+fgGiiSRiA==</latexit>y

<latexit sha1_base64="YwzpTbWyixWEV9olHXhc3LpJex0=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpVvTn/QrVbtm5+DzxClIlRVo9CtfvUEoYh8DEgqM6Tp2RG4CmqRQOC33YoMRiDGMsJvSAHw0bpJHnfLD2ACFPELNpeK5iL83EvCNmfheOukD3ZtZLxP/87oxDS/cRAZRTBiI7BBJhfkhI7RMO0A+kBqJIEuOXAZcgAYi1JKDEKkYp6WU0z6c2e/nSeu45pzVTm9OqvXLopkS22cH7Ig57JzV2TVrsCYTbMSe2DN7sR6tV+vNev8ZXbCKnT32B9bHNxy1km4=</latexit>sy

<latexit sha1_base64="dRvfctOmXWhzspgum66MqqTYOoM=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMgjykxIrWl0045fzQ3RqIrHwCLVR0iJbvoeBfsE0KSJhqNLOrnR0vUtKQbX9ahYXFpeWV4mppbX1jc6u8vdM0YawFNkSoQt32wKCSATZIksJ2pBF8T2HLG11mfusetZFhcEvjCF0fhoEcSAGUSjem99grV+yqnYPPE2dKKmyKeq/81e2HIvYxIKHAmI5jR+QmoEkKhZNSNzYYgRjBEDspDcBH4yZ51Ak/iA1QyCPUXCqei/h7IwHfmLHvpZM+0J2Z9TLxP68T0+DcTWQQxYSByA6RVJgfMkLLtAPkfamRCLLkyGXABWggQi05CJGKcVpKKe3Dmf1+njSPqs5p9eT6uFK7mDZTZHtsnx0yh52xGrtiddZggg3ZE3tmL9aD9Wq9We8/owVrurPL/sD6+AYbJpJt</latexit>sx

<latexit sha1_base64="HJPE/jpygsX0xi6Ap8vL2CB3KvQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfJ0k4sVjBPOAzRJ6J504ZPbBTK8QQsCv8Konb+LVX/Hgv7hZ96DROhVV3XR1+bGShmz7wyosLC4trxRXS2vrG5tb5e2dlokSLbApIhXpjg8GlQyxSZIUdmKNEPgK2/7oaua371EbGYW3NI7RC2AYyoEUQKnUbbpdHzS/9Krjw165YtfsDPwvcXJSYTkavfJntx+JJMCQhAJjXMeOyZuAJikUTkvdxGAMYgRDdFMaQoDGm2SZp/wgMUARj1FzqXgm4s+NCQTGjAM/nQyA7sy8NxP/89yEBufeRIZxQhiK2SGSCrNDRmiZloG8LzUSwSw5chlyARqIUEsOQqRikrZTSvtw5r//S1pHNee0dnJzXKlf5M0U2R7bZ1XmsDNWZ9eswZpMsJg9sif2bD1YL9ar9fY9WrDynV32C9b7F2FIlUY=</latexit>

U [Ā](y)

<latexit sha1_base64="SDj45NShEY1ELwbdj0weAfe2Ev8=">AAAB/nicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vk4G48UjJi6QwIb0Dg1OmH1kptdICIlf4VVP3oxXf8WD/+KyclCwTpWq7nR1+bGShmz708otLC4tr+RXC2vrG5tbxe2duokSLdAVkYp00weDSobokiSFzVgjBL7Chj+4mviNe9RGRuEtDWP0AuiHsicFUCq13VbbB80vvfLDYadYsit2Bj5PnCkpsSlqneJXuxuJJMCQhAJjWo4dkzcCTVIoHBfaicEYxAD62EppCAEab5RlHvODxABFPEbNpeKZiL83RhAYMwz8dDIAujOz3kT8z2sl1Dv3RjKME8JQTA6RVJgdMkLLtAzkXamRCCbJkcuQC9BAhFpyECIVk7SdQtqHM/v9PKkfVZzTysnNcal6MW0mz/bYPiszh52xKrtmNeYywWL2xJ7Zi/VovVpv1vvPaM6a7uyyP7A+vgFfuJVF</latexit>

U [Ā](x)

<latexit sha1_base64="ocwRYrvDW8p0xfAw7Hvd2XrFgXE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFIFFAGiTykxIrWl0045c627tZIUchP0EJFh2j5GQr+BTu4gISpRjO72tkJYiUtue6ns7C4tLyyWlgrrm9sbm2XdnYbNkqMwLqIVGRaAVhUMsQ6SVLYig2CDhQ2g+FV5jcf0FgZhXc0itHXMAhlXwqgVGp1rkFr6LrdUtmtuFPweeLlpMxy1Lqlr04vEonGkIQCa9ueG5M/BkNSKJwUO4nFGMQQBthOaQgarT+e5p3ww8QCRTxGw6XiUxF/b4xBWzvSQTqpge7trJeJ/3nthPoX/liGcUIYiuwQSYXTQ1YYmRaBvCcNEkGWHLkMuQADRGgkByFSMUmbKaZ9eLPfz5PGccU7q5zenpSrl3kzBbbPDtgR89g5q7IbVmN1JphiT+yZvTiPzqvz5rz/jC44+c4e+wPn4xs5zJQj</latexit>

�0



EDGE MODES AS DYNAMICAL FRAMES & DRESSED OBSERVABLES 
[Carrozza, Höhn ’21; Carrozza, Eccles, Höhn ’22]  

Edge modes can be understood as group-valued “internalised” external frames 
via e.g. Wilson lines originating in the complement  

not new DoFs to be postulated, but understood from the global theory

describe how subregion relates to its complement

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>!

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>! <latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M
<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="5DdSoKLwGDmPl9e96QttrHns7l0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6WyNFJj9BCxUdouVnKPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpU7vVo586Dv9StWu2Tn4PHEKUmUFGv3KV28QitjHgIQCY7qOHZGbgCYpFE7LvdhgBGIMI+ymNAAfjZvkeaf8MDZAIY9Qc6l4LuLvjQR8Yya+l076QPdm1svE/7xuTMMLN5FBFBMGIjtEUmF+yAgt0yKQD6RGIsiSI5cBF6CBCLXkIEQqxmkz5bQPZ/b7edI6rjlntdObk2r9smimxPbZATtiDjtndXbNGqzJBFPsiT2zF+vRerXerPef0QWr2Nljf2B9fANRhZQy</latexit>

⌃1
<latexit sha1_base64="4T6zp20A5Zdmdn2QTEzzlIfzQRQ=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQjXhWKREMZBHlIcRStL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9gBxeQMNVoZke7O16kpCHb/rQKS8srq2vF9dLG5tb2Tnl3r2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgjiYR9nwYBXIoBVAq9csVN0ztLJ24t3Lkw7Tv9MtVu2bPwBeJk5Mqy9Hol7/cQShiHwMSCozpOnZEvQQ0SaFwWnJjgxGIMYywm9IAfDS9ZHb8lB/GBijkEWouFZ+J+DuRgG/MxPfSSR/o3sx7mfif141peNFLZBDFhIHIFpFUOFtkhJbp28gHUiMRZJcjlwEXoIEIteQgRCrGaU2ltA9n/vtF0jquOWe105uTav0yb6bI9tkBO2IOO2d1ds0arMkEm7An9sxerEfr1Xqz3n9GC1aeqbA/sD6+AfmzmYk=</latexit>

⌃1

<latexit sha1_base64="lwFGLwDV5F9yAnrSOcxSHmRzhPE=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWRHvCoUiYYyCPKQYitaXzbhlPNDd2ukyMoH8BW0UNEhWj6Dgn/BDikgMNVoZke7O36spCHb/rAKS8srq2vF9dLG5tb2Tnl3r22iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsz9zj1qI6PwliYxegGMQjmUAiiT+uWKG2V2nk7dGzkKYNqv98tVu2bPwP8SZ06qbI5mv/zpDiKRBBiSUGBMz7Fj8lLQJIXCaclNDMYgxjDCXkZDCNB46ez4KT9MDFDEY9RcKj4T8WcihcCYSeBnkwHQnVn0cvE/r5fQ8NxLZRgnhKHIF5FUOFtkhJbZ28gHUiMR5JcjlyEXoIEIteQgRCYmWU2lrA9n8fu/pF2vOae1k+vjauNi3kyR7bMDdsQcdsYa7Io1WYsJNmGP7Ik9Ww/Wi/VqvX2PFqx5psJ+wXr/AvtCmYo=</latexit>

⌃2

<latexit sha1_base64="UBVVecRNmc8F4qNsThPTN3WsRMo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIjXhWKREMZBHlIiRWtL5twyvmhuzVSZPITtFDRIVp+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXHA4NKBtgkSQo7kUbwPYVtb3w189sPqI0MgzuaROj6MArkUAqgVOr0buXIh36tX67YVTsDXyROTiosR6Nf/uoNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTLO+UH8UGKOQRai4Vz0T8vZGAb8zE99JJH+jezHsz8T+vG9Pwwk1kEMWEgZgdIqkwO2SElmkRyAdSIxHMkiOXAReggQi15CBEKsZpM6W0D2f++0XSqlWds+rpzUmlfpk3U2QH7JAdM4edszq7Zg3WZIIp9sSe2Yv1aL1ab9b7z2jBynf22R9YH99TFJQz</latexit>

⌃2

<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�
<latexit sha1_base64="0jsU5xLkP0T5XbQQX4CGmAdYmzk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJSJRB5SYkXnyyaccj5bd3uIyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6ns7S8srq2Xtoob25t7+xW9vbbJrKaQ4tHMtLdgBmQQkELBUroxhpYGEjoBJObzO88gDYiUnc4jcEP2ViJkeAMU6n5OKhU3Zqbgy4SryBVUqAxqHz1hxG3ISjkkhnT89wY/YRpFFzCrNy3BmLGJ2wMvZQqFoLxkzzojB5bwzCiMWgqJM1F+L2RsNCYaRikkyHDezPvZeJ/Xs/i6MpPhIotguLZIRQS8kOGa5E2AHQoNCCyLDlQoShnmiGCFpRxnoo2raSc9uHNf79I2qc176J23jyr1q+LZkrkkByRE+KRS1Int6RBWoQTIE/kmbw41nl13pz3n9Elp9g5IH/gfHwDiJWRhw==</latexit>x

<latexit sha1_base64="QtLVI83kNGlrEkVqDOduM9ldMJU=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqFMJPKQEis6XzbhlPPZuttDiqx8AS1UdIiWD6LgX7CNC0iYajSzq52dIJbCoOt+OqWV1bX1jfJmZWt7Z3evun/QMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt2bBac+tuDrpMvILUSIHmsPo1GEXchqCQS2ZM33Nj9BOmUXAJ88rAGogZn7IJ9FOqWAjGT/Kgc3piDcOIxqCpkDQX4fdGwkJjZmGQToYMH8yil4n/eX2L42s/ESq2CIpnh1BIyA8ZrkXaANCR0IDIsuRAhaKcaYYIWlDGeSratJJK2oe3+P0y6ZzVvcv6Reu81rgpmimTI3JMTolHrkiD3JEmaRNOgDyRZ/LiWOfVeXPef0ZLTrFzSP7A+fgGiiSRiA==</latexit>y

<latexit sha1_base64="YwzpTbWyixWEV9olHXhc3LpJex0=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpVvTn/QrVbtm5+DzxClIlRVo9CtfvUEoYh8DEgqM6Tp2RG4CmqRQOC33YoMRiDGMsJvSAHw0bpJHnfLD2ACFPELNpeK5iL83EvCNmfheOukD3ZtZLxP/87oxDS/cRAZRTBiI7BBJhfkhI7RMO0A+kBqJIEuOXAZcgAYi1JKDEKkYp6WU0z6c2e/nSeu45pzVTm9OqvXLopkS22cH7Ig57JzV2TVrsCYTbMSe2DN7sR6tV+vNev8ZXbCKnT32B9bHNxy1km4=</latexit>sy

<latexit sha1_base64="dRvfctOmXWhzspgum66MqqTYOoM=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMgjykxIrWl0045fzQ3RqIrHwCLVR0iJbvoeBfsE0KSJhqNLOrnR0vUtKQbX9ahYXFpeWV4mppbX1jc6u8vdM0YawFNkSoQt32wKCSATZIksJ2pBF8T2HLG11mfusetZFhcEvjCF0fhoEcSAGUSjem99grV+yqnYPPE2dKKmyKeq/81e2HIvYxIKHAmI5jR+QmoEkKhZNSNzYYgRjBEDspDcBH4yZ51Ak/iA1QyCPUXCqei/h7IwHfmLHvpZM+0J2Z9TLxP68T0+DcTWQQxYSByA6RVJgfMkLLtAPkfamRCLLkyGXABWggQi05CJGKcVpKKe3Dmf1+njSPqs5p9eT6uFK7mDZTZHtsnx0yh52xGrtiddZggg3ZE3tmL9aD9Wq9We8/owVrurPL/sD6+AYbJpJt</latexit>sx

<latexit sha1_base64="HJPE/jpygsX0xi6Ap8vL2CB3KvQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfJ0k4sVjBPOAzRJ6J504ZPbBTK8QQsCv8Konb+LVX/Hgv7hZ96DROhVV3XR1+bGShmz7wyosLC4trxRXS2vrG5tb5e2dlokSLbApIhXpjg8GlQyxSZIUdmKNEPgK2/7oaua371EbGYW3NI7RC2AYyoEUQKnUbbpdHzS/9Krjw165YtfsDPwvcXJSYTkavfJntx+JJMCQhAJjXMeOyZuAJikUTkvdxGAMYgRDdFMaQoDGm2SZp/wgMUARj1FzqXgm4s+NCQTGjAM/nQyA7sy8NxP/89yEBufeRIZxQhiK2SGSCrNDRmiZloG8LzUSwSw5chlyARqIUEsOQqRikrZTSvtw5r//S1pHNee0dnJzXKlf5M0U2R7bZ1XmsDNWZ9eswZpMsJg9sif2bD1YL9ar9fY9WrDynV32C9b7F2FIlUY=</latexit>

U [Ā](y)

<latexit sha1_base64="SDj45NShEY1ELwbdj0weAfe2Ev8=">AAAB/nicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vk4G48UjJi6QwIb0Dg1OmH1kptdICIlf4VVP3oxXf8WD/+KyclCwTpWq7nR1+bGShmz708otLC4tr+RXC2vrG5tbxe2duokSLdAVkYp00weDSobokiSFzVgjBL7Chj+4mviNe9RGRuEtDWP0AuiHsicFUCq13VbbB80vvfLDYadYsit2Bj5PnCkpsSlqneJXuxuJJMCQhAJjWo4dkzcCTVIoHBfaicEYxAD62EppCAEab5RlHvODxABFPEbNpeKZiL83RhAYMwz8dDIAujOz3kT8z2sl1Dv3RjKME8JQTA6RVJgdMkLLtAzkXamRCCbJkcuQC9BAhFpyECIVk7SdQtqHM/v9PKkfVZzTysnNcal6MW0mz/bYPiszh52xKrtmNeYywWL2xJ7Zi/VovVpv1vvPaM6a7uyyP7A+vgFfuJVF</latexit>

U [Ā](x)

<latexit sha1_base64="ocwRYrvDW8p0xfAw7Hvd2XrFgXE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFIFFAGiTykxIrWl0045c627tZIUchP0EJFh2j5GQr+BTu4gISpRjO72tkJYiUtue6ns7C4tLyyWlgrrm9sbm2XdnYbNkqMwLqIVGRaAVhUMsQ6SVLYig2CDhQ2g+FV5jcf0FgZhXc0itHXMAhlXwqgVGp1rkFr6LrdUtmtuFPweeLlpMxy1Lqlr04vEonGkIQCa9ueG5M/BkNSKJwUO4nFGMQQBthOaQgarT+e5p3ww8QCRTxGw6XiUxF/b4xBWzvSQTqpge7trJeJ/3nthPoX/liGcUIYiuwQSYXTQ1YYmRaBvCcNEkGWHLkMuQADRGgkByFSMUmbKaZ9eLPfz5PGccU7q5zenpSrl3kzBbbPDtgR89g5q7IbVmN1JphiT+yZvTiPzqvz5rz/jC44+c4e+wPn4xs5zJQj</latexit>

�0

Gauge transformation (from left):
<latexit sha1_base64="4iHdO5liQ3KpCJ+nk1BE09icrb0=">AAACDnicdZC/SgNBEMb3/G/8F7XTZjEIFhIumqgpFMHGUsFTIRfC3Dqei3t7x+6cIEHwEXwKW63sxNZXsPBd3IsRVPSrPn4zw8x8UaakJd9/8wYGh4ZHRsfGSxOTU9Mz5dm5Y5vmRmAgUpWa0wgsKqkxIEkKTzODkEQKT6LLvaJ+coXGylQf0XWG7QRiLc+lAHKoU16Iw9WQjAQdKzQyvqBwNeDbjgadcsWvNv3GZn2d+1W/p8I06s3mFq/1SYX1ddApv4dnqcgT1CQUWNuq+Rm1u2BICoU3pTC3mIG4hBhbzmpI0La7vR9u+HJugVKeoeFS8R7E7xNdSKy9TiLXmQBd2N+1Av5Va+V0vtXuSp3lhFoUi0gq7C2ywkgXDvIzaZAIisuRS80FGCByeXAQwsHcpVVyeXw9zf83x2vV2ka1cViv7O70kxlji2yJrbAa22S7bJ8dsIAJdsvu2QN79O68J+/Ze/lsHfD6M/Psh7zXDySMm7Y=</latexit>

g . U = g U

Symmetries = (asymptotic) frame reorientations

right action on frame
<latexit sha1_base64="UNTNGEwpbstHcAp33EYU04dScAQ=">AAACCnicdVDLSsNAFJ34tr6qghs3g0VwUUuirbYLpeDGZQWjQhPLZHqtQycPZm6EEvsHfoVbXbkTt/6EC//FpEZQ0bM6nHMv99zjRVJoNM03Y2x8YnJqema2MDe/sLhUXF4502GsONg8lKG68JgGKQKwUaCEi0gB8z0J517/KPPPb0BpEQanOIjA9VkvEFeCM0ylTnGt55SdsBuiU7bpge2Ue5fJtjXsFEtmpWHW9qu71KyYI2SkVm006tTKlRLJ0eoU351uyGMfAuSSad22zAjdhCkUXMKw4MQaIsb7rAftlAbMB+0mo/xDuhlrhiGNQFEh6UiE7xsJ87Ue+F466TO81r+9TPzLa8d4VXcTEUQxQsCzQygkjA5prkRaDNCuUIDIsuRARUA5UwwRlKCM81SM06YKaR9fT9P/ydlOxdqr1E6qpeZh3swMWScbZItYZJ80yTFpEZtwckvuyQN5NO6MJ+PZePkcHTPynVXyA8brBzTmmYQ=</latexit>

g � U = U g�1



frame-orientation 
conditional gauge transf.

EDGE MODES AS DYNAMICAL FRAMES & DRESSED OBSERVABLES 
[Carrozza, Höhn ’21; Carrozza, Eccles, Höhn ’22]  

Edge modes can be understood as group-valued “internalised” external frames 
via e.g. Wilson lines originating in the complement  

not new DoFs to be postulated, but understood from the global theory

describe how subregion relates to its complement

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>!

<latexit sha1_base64="h89EdclQIV2uiQ5HU1hFnzrNHYA=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZJS27iRghuXFe0D2lAm09s6dPJg5kYpoZ/gVlfuxK3f48J/MYkVVPSsDufcyz33eJEUGi3rzSgsLa+srhXXSxubW9s75d29jg5jxaHNQxmqnsc0SBFAGwVK6EUKmO9J6HrT88zv3oLSIgyucRaB67NJIMaCM0ylqwGGw3LFMp2qY9VPqWXaVceuNTJi122nQW3TylEhC7SG5ffBKOSxDwFyybTu21aEbsIUCi5hXhrEGiLGp2wC/ZQGzAftJnnUOT2KNcOQRqCokDQX4ftGwnytZ76XTvoMb/RvLxP/8voxjh03EUEUIwQ8O4RCQn5IcyXSDoCOhAJEliUHKgLKmWKIoARlnKdinJZSSvv4epr+TzpV066bJ5e1SvNs0UyRHJBDckxs0iBNckFapE04mZB78kAejTvjyXg2Xj5HC8ZiZ5/8gPH6AYFHkrI=</latexit>! <latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M
<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="5DdSoKLwGDmPl9e96QttrHns7l0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6WyNFJj9BCxUdouVnKPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpU7vVo586Dv9StWu2Tn4PHEKUmUFGv3KV28QitjHgIQCY7qOHZGbgCYpFE7LvdhgBGIMI+ymNAAfjZvkeaf8MDZAIY9Qc6l4LuLvjQR8Yya+l076QPdm1svE/7xuTMMLN5FBFBMGIjtEUmF+yAgt0yKQD6RGIsiSI5cBF6CBCLXkIEQqxmkz5bQPZ/b7edI6rjlntdObk2r9smimxPbZATtiDjtndXbNGqzJBFPsiT2zF+vRerXerPef0QWr2Nljf2B9fANRhZQy</latexit>

⌃1
<latexit sha1_base64="4T6zp20A5Zdmdn2QTEzzlIfzQRQ=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWQjXhWKREMZBHlIcRStL5twyvmhuzVSZOUD+ApaqOgQLZ9Bwb9gBxeQMNVoZke7O16kpCHb/rQKS8srq2vF9dLG5tb2Tnl3r2XCWAtsilCFuuOBQSUDbJIkhZ1II/iewrY3vsr89gNqI8PgjiYR9nwYBXIoBVAq9csVN0ztLJ24t3Lkw7Tv9MtVu2bPwBeJk5Mqy9Hol7/cQShiHwMSCozpOnZEvQQ0SaFwWnJjgxGIMYywm9IAfDS9ZHb8lB/GBijkEWouFZ+J+DuRgG/MxPfSSR/o3sx7mfif141peNFLZBDFhIHIFpFUOFtkhJbp28gHUiMRZJcjlwEXoIEIteQgRCrGaU2ltA9n/vtF0jquOWe105uTav0yb6bI9tkBO2IOO2d1ds0arMkEm7An9sxerEfr1Xqz3n9GC1aeqbA/sD6+AfmzmYk=</latexit>

⌃1

<latexit sha1_base64="lwFGLwDV5F9yAnrSOcxSHmRzhPE=">AAACB3icbVC7TsNAEDyHVwivQEqaExESVWRHvCoUiYYyCPKQYitaXzbhlPNDd2ukyMoH8BW0UNEhWj6Dgn/BDikgMNVoZke7O36spCHb/rAKS8srq2vF9dLG5tb2Tnl3r22iRAtsiUhFuuuDQSVDbJEkhd1YIwS+wo4/vsz9zj1qI6PwliYxegGMQjmUAiiT+uWKG2V2nk7dGzkKYNqv98tVu2bPwP8SZ06qbI5mv/zpDiKRBBiSUGBMz7Fj8lLQJIXCaclNDMYgxjDCXkZDCNB46ez4KT9MDFDEY9RcKj4T8WcihcCYSeBnkwHQnVn0cvE/r5fQ8NxLZRgnhKHIF5FUOFtkhJbZ28gHUiMR5JcjlyEXoIEIteQgRCYmWU2lrA9n8fu/pF2vOae1k+vjauNi3kyR7bMDdsQcdsYa7Io1WYsJNmGP7Ik9Ww/Wi/VqvX2PFqx5psJ+wXr/AvtCmYo=</latexit>

⌃2

<latexit sha1_base64="UBVVecRNmc8F4qNsThPTN3WsRMo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIjXhWKREMZBHlIiRWtL5twyvmhuzVSZPITtFDRIVp+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXHA4NKBtgkSQo7kUbwPYVtb3w189sPqI0MgzuaROj6MArkUAqgVOr0buXIh36tX67YVTsDXyROTiosR6Nf/uoNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTLO+UH8UGKOQRai4Vz0T8vZGAb8zE99JJH+jezHsz8T+vG9Pwwk1kEMWEgZgdIqkwO2SElmkRyAdSIxHMkiOXAReggQi15CBEKsZpM6W0D2f++0XSqlWds+rpzUmlfpk3U2QH7JAdM4edszq7Zg3WZIIp9sSe2Yv1aL1ab9b7z2jBynf22R9YH99TFJQz</latexit>

⌃2

<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�
<latexit sha1_base64="0jsU5xLkP0T5XbQQX4CGmAdYmzk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJSJRB5SYkXnyyaccj5bd3uIyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6ns7S8srq2Xtoob25t7+xW9vbbJrKaQ4tHMtLdgBmQQkELBUroxhpYGEjoBJObzO88gDYiUnc4jcEP2ViJkeAMU6n5OKhU3Zqbgy4SryBVUqAxqHz1hxG3ISjkkhnT89wY/YRpFFzCrNy3BmLGJ2wMvZQqFoLxkzzojB5bwzCiMWgqJM1F+L2RsNCYaRikkyHDezPvZeJ/Xs/i6MpPhIotguLZIRQS8kOGa5E2AHQoNCCyLDlQoShnmiGCFpRxnoo2raSc9uHNf79I2qc176J23jyr1q+LZkrkkByRE+KRS1Int6RBWoQTIE/kmbw41nl13pz3n9Elp9g5IH/gfHwDiJWRhw==</latexit>x

<latexit sha1_base64="QtLVI83kNGlrEkVqDOduM9ldMJU=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqFMJPKQEis6XzbhlPPZuttDiqx8AS1UdIiWD6LgX7CNC0iYajSzq52dIJbCoOt+OqWV1bX1jfJmZWt7Z3evun/QMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt2bBac+tuDrpMvILUSIHmsPo1GEXchqCQS2ZM33Nj9BOmUXAJ88rAGogZn7IJ9FOqWAjGT/Kgc3piDcOIxqCpkDQX4fdGwkJjZmGQToYMH8yil4n/eX2L42s/ESq2CIpnh1BIyA8ZrkXaANCR0IDIsuRAhaKcaYYIWlDGeSratJJK2oe3+P0y6ZzVvcv6Reu81rgpmimTI3JMTolHrkiD3JEmaRNOgDyRZ/LiWOfVeXPef0ZLTrFzSP7A+fgGiiSRiA==</latexit>y

<latexit sha1_base64="YwzpTbWyixWEV9olHXhc3LpJex0=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpVvTn/QrVbtm5+DzxClIlRVo9CtfvUEoYh8DEgqM6Tp2RG4CmqRQOC33YoMRiDGMsJvSAHw0bpJHnfLD2ACFPELNpeK5iL83EvCNmfheOukD3ZtZLxP/87oxDS/cRAZRTBiI7BBJhfkhI7RMO0A+kBqJIEuOXAZcgAYi1JKDEKkYp6WU0z6c2e/nSeu45pzVTm9OqvXLopkS22cH7Ig57JzV2TVrsCYTbMSe2DN7sR6tV+vNev8ZXbCKnT32B9bHNxy1km4=</latexit>sy

<latexit sha1_base64="dRvfctOmXWhzspgum66MqqTYOoM=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMgjykxIrWl0045fzQ3RqIrHwCLVR0iJbvoeBfsE0KSJhqNLOrnR0vUtKQbX9ahYXFpeWV4mppbX1jc6u8vdM0YawFNkSoQt32wKCSATZIksJ2pBF8T2HLG11mfusetZFhcEvjCF0fhoEcSAGUSjem99grV+yqnYPPE2dKKmyKeq/81e2HIvYxIKHAmI5jR+QmoEkKhZNSNzYYgRjBEDspDcBH4yZ51Ak/iA1QyCPUXCqei/h7IwHfmLHvpZM+0J2Z9TLxP68T0+DcTWQQxYSByA6RVJgfMkLLtAPkfamRCLLkyGXABWggQi05CJGKcVpKKe3Dmf1+njSPqs5p9eT6uFK7mDZTZHtsnx0yh52xGrtiddZggg3ZE3tmL9aD9Wq9We8/owVrurPL/sD6+AYbJpJt</latexit>sx

<latexit sha1_base64="HJPE/jpygsX0xi6Ap8vL2CB3KvQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfJ0k4sVjBPOAzRJ6J504ZPbBTK8QQsCv8Konb+LVX/Hgv7hZ96DROhVV3XR1+bGShmz7wyosLC4trxRXS2vrG5tb5e2dlokSLbApIhXpjg8GlQyxSZIUdmKNEPgK2/7oaua371EbGYW3NI7RC2AYyoEUQKnUbbpdHzS/9Krjw165YtfsDPwvcXJSYTkavfJntx+JJMCQhAJjXMeOyZuAJikUTkvdxGAMYgRDdFMaQoDGm2SZp/wgMUARj1FzqXgm4s+NCQTGjAM/nQyA7sy8NxP/89yEBufeRIZxQhiK2SGSCrNDRmiZloG8LzUSwSw5chlyARqIUEsOQqRikrZTSvtw5r//S1pHNee0dnJzXKlf5M0U2R7bZ1XmsDNWZ9eswZpMsJg9sif2bD1YL9ar9fY9WrDynV32C9b7F2FIlUY=</latexit>

U [Ā](y)

<latexit sha1_base64="SDj45NShEY1ELwbdj0weAfe2Ev8=">AAAB/nicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vk4G48UjJi6QwIb0Dg1OmH1kptdICIlf4VVP3oxXf8WD/+KyclCwTpWq7nR1+bGShmz708otLC4tr+RXC2vrG5tbxe2duokSLdAVkYp00weDSobokiSFzVgjBL7Chj+4mviNe9RGRuEtDWP0AuiHsicFUCq13VbbB80vvfLDYadYsit2Bj5PnCkpsSlqneJXuxuJJMCQhAJjWo4dkzcCTVIoHBfaicEYxAD62EppCAEab5RlHvODxABFPEbNpeKZiL83RhAYMwz8dDIAujOz3kT8z2sl1Dv3RjKME8JQTA6RVJgdMkLLtAzkXamRCCbJkcuQC9BAhFpyECIVk7SdQtqHM/v9PKkfVZzTysnNcal6MW0mz/bYPiszh52xKrtmNeYywWL2xJ7Zi/VovVpv1vvPaM6a7uyyP7A+vgFfuJVF</latexit>

U [Ā](x)

<latexit sha1_base64="ocwRYrvDW8p0xfAw7Hvd2XrFgXE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFIFFAGiTykxIrWl0045c627tZIUchP0EJFh2j5GQr+BTu4gISpRjO72tkJYiUtue6ns7C4tLyyWlgrrm9sbm2XdnYbNkqMwLqIVGRaAVhUMsQ6SVLYig2CDhQ2g+FV5jcf0FgZhXc0itHXMAhlXwqgVGp1rkFr6LrdUtmtuFPweeLlpMxy1Lqlr04vEonGkIQCa9ueG5M/BkNSKJwUO4nFGMQQBthOaQgarT+e5p3ww8QCRTxGw6XiUxF/b4xBWzvSQTqpge7trJeJ/3nthPoX/liGcUIYiuwQSYXTQ1YYmRaBvCcNEkGWHLkMuQADRGgkByFSMUmbKaZ9eLPfz5PGccU7q5zenpSrl3kzBbbPDtgR89g5q7IbVmN1JphiT+yZvTiPzqvz5rz/jC44+c4e+wPn4xs5zJQj</latexit>

�0

Gauge transformation (from left):
<latexit sha1_base64="4iHdO5liQ3KpCJ+nk1BE09icrb0=">AAACDnicdZC/SgNBEMb3/G/8F7XTZjEIFhIumqgpFMHGUsFTIRfC3Dqei3t7x+6cIEHwEXwKW63sxNZXsPBd3IsRVPSrPn4zw8x8UaakJd9/8wYGh4ZHRsfGSxOTU9Mz5dm5Y5vmRmAgUpWa0wgsKqkxIEkKTzODkEQKT6LLvaJ+coXGylQf0XWG7QRiLc+lAHKoU16Iw9WQjAQdKzQyvqBwNeDbjgadcsWvNv3GZn2d+1W/p8I06s3mFq/1SYX1ddApv4dnqcgT1CQUWNuq+Rm1u2BICoU3pTC3mIG4hBhbzmpI0La7vR9u+HJugVKeoeFS8R7E7xNdSKy9TiLXmQBd2N+1Av5Va+V0vtXuSp3lhFoUi0gq7C2ywkgXDvIzaZAIisuRS80FGCByeXAQwsHcpVVyeXw9zf83x2vV2ka1cViv7O70kxlji2yJrbAa22S7bJ8dsIAJdsvu2QN79O68J+/Ze/lsHfD6M/Psh7zXDySMm7Y=</latexit>

g . U = g U

Symmetries = (asymptotic) frame reorientations

right action on frame
<latexit sha1_base64="UNTNGEwpbstHcAp33EYU04dScAQ=">AAACCnicdVDLSsNAFJ34tr6qghs3g0VwUUuirbYLpeDGZQWjQhPLZHqtQycPZm6EEvsHfoVbXbkTt/6EC//FpEZQ0bM6nHMv99zjRVJoNM03Y2x8YnJqema2MDe/sLhUXF4502GsONg8lKG68JgGKQKwUaCEi0gB8z0J517/KPPPb0BpEQanOIjA9VkvEFeCM0ylTnGt55SdsBuiU7bpge2Ue5fJtjXsFEtmpWHW9qu71KyYI2SkVm006tTKlRLJ0eoU351uyGMfAuSSad22zAjdhCkUXMKw4MQaIsb7rAftlAbMB+0mo/xDuhlrhiGNQFEh6UiE7xsJ87Ue+F466TO81r+9TPzLa8d4VXcTEUQxQsCzQygkjA5prkRaDNCuUIDIsuRARUA5UwwRlKCM81SM06YKaR9fT9P/ydlOxdqr1E6qpeZh3swMWScbZItYZJ80yTFpEZtwckvuyQN5NO6MJ+PZePkcHTPynVXyA8brBzTmmYQ=</latexit>

g � U = U g�1

<latexit sha1_base64="tbIsqfCPmZ76YnQ/DfFq/nVStZQ=">AAACHXicbVC7TsNAEDzzJrwClDQnIqSkILIRrwaEREMHSBiQkhCtj4055Xy27tZIyOQb+AS+ghYqOkSLKPgXHJOC1xSr0cyudneCRElLrvvuDA2PjI6NT0yWpqZnZufK8wunNk6NQF/EKjbnAVhUUqNPkhSeJwYhChSeBd39vn92jcbKWJ/QTYKtCEItO1IA5VK7XDtsZ51bv1cNaztVP7zIVr1erahNMhJ0qNDI8Ip4p12uuHW3AP9LvAGpsAGO2uWP5mUs0gg1CQXWNjw3oVYGhqRQ2Cs1U4sJiC6E2MiphghtKyte6vGV1ALFPEHDpeKFiN8nMoisvYmCvDMCurK/vb74n9dIqbPdyqROUkIt+otIKiwWWWFknhXyS2mQCPqXI5eaCzBAlAfBQYhcTPPwSnke3u/v/5LTtbq3Wd84Xq/s7Q6SmWBLbJlVmce22B47YEfMZ4LdsQf2yJ6ce+fZeXFev1qHnMHMIvsB5+0T+iChbQ==</latexit>

Of |U (g) = (Ug
�1)�1

. f

Frame dressed observables = relational observables

(Non-inv.) functional 
of fields in 

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M(non-locally supported on both       and       ) 
<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

frame reorientations

gauge transf. of f compensated 
by gauge action on U

<latexit sha1_base64="GYV/Qh9GMn4ffZfiTx62VcY4+dY=">AAAB/HicbVC7TsNAEDyHVwivACXNiQgpNJGNeFUoEg0dQcJJRGJF58smnHI+W3drpMiEr6CFig7R8i8U/Au2SQGBqUYzu9rZ8SMpDNr2h1WYm19YXCoul1ZW19Y3yptbTRPGmoPLQxnqts8MSKHARYES2pEGFvgSWv7oPPNbd6CNCNU1jiPwAjZUYiA4w1S6uewlg3t3Uh3u98oVu2bnoH+JMyUVMkWjV/7s9kMeB6CQS2ZMx7Ej9BKmUXAJk1I3NhAxPmJD6KRUsQCMl+SJJ3QvNgxDGoGmQtJchJ8bCQuMGQd+OhkwvDWzXib+53ViHJx6iVBRjKB4dgiFhPyQ4VqkVQDtCw2ILEsOVCjKmWaIoAVlnKdinHZTSvtwZr//S5oHNee4dnR1WKmfTZspkh2yS6rEISekTi5Ig7iEE0UeyRN5th6sF+vVevseLVjTnW3yC9b7F8E/lP4=</latexit>

Of |U (g)
<latexit sha1_base64="AdLwLKTdJ8qqQBVdfzu6jAhmW7o=">AAACBXicbVC7TsNAEDyHVwgvB0qaExFSaCIb8apQJBo6goSTSEkUnS+bcMr5obs1KDKp+QpaqOgQLd9Bwb9gGxeQMNVoZlc7O24ohUbL+jQKC4tLyyvF1dLa+sbmllnebuogUhwcHshAtV2mQQofHBQooR0qYJ4roeWOL1K/dQdKi8C/wUkIPY+NfDEUnGEi9c3yVT8ePjjTaheFHAAdHfTNilWzMtB5YuekQnI0+uZXdxDwyAMfuWRad2wrxF7MFAouYVrqRhpCxsdsBJ2E+swD3Yuz6FO6H2mGAQ1BUSFpJsLvjZh5Wk88N5n0GN7qWS8V//M6EQ7PerHwwwjB5+mh5EHIDmmuRNIJ0IFQgMjS5ECFTzlTDBGUoIzzRIySkkpJH/bs9/OkeVizT2rH10eV+nneTJHskj1SJTY5JXVySRrEIZzckyfyTF6MR+PVeDPef0YLRr6zQ/7A+PgGXCSYAw==</latexit>

Of |U (g̃)
<latexit sha1_base64="l/olmwEXvEDC+vWztNckbxDY/Tc=">AAACCXicbVC7TsNAEDzzDOFlQFQ0JyKkUBDZiFeFItFQBok8pDhE5/PGnHJ+6G6NFFn5Ar6CFio6RMtXUPAv2CYFJEw1mtnVzo4bS6HRsj6NufmFxaXl0kp5dW19Y9Pc2m7pKFEcmjySkeq4TIMUITRRoIROrIAFroS2O7zK/fYDKC2i8BZHMfQC5odiIDjDTOqbu1UHhfSA+nfpkT32D53Ii7BvVqyaVYDOEntCKmSCRt/8cryIJwGEyCXTumtbMfZSplBwCeOyk2iIGR8yH7oZDVkAupcW8cf0INEMIxqDokLSQoTfGykLtB4FbjYZMLzX014u/ud1Exxc9FIRxglCyPND2a9QHNJciawXoJ5QgMjy5EBFSDlTDBGUoIzzTEyyospZH/b097OkdVyzz2qnNyeV+uWkmRLZI/ukSmxyTurkmjRIk3CSkifyTF6MR+PVeDPef0bnjMnODvkD4+MbEM2Zew==</latexit>

(g̃�1g)�



SUBSYSTEM RELATIVITY IN GAUGE THEORY
[Carrozza, Höhn, Kirklin, FMM, to appear]  

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="5DdSoKLwGDmPl9e96QttrHns7l0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6WyNFJj9BCxUdouVnKPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpU7vVo586Dv9StWu2Tn4PHEKUmUFGv3KV28QitjHgIQCY7qOHZGbgCYpFE7LvdhgBGIMI+ymNAAfjZvkeaf8MDZAIY9Qc6l4LuLvjQR8Yya+l076QPdm1svE/7xuTMMLN5FBFBMGIjtEUmF+yAgt0yKQD6RGIsiSI5cBF6CBCLXkIEQqxmkz5bQPZ/b7edI6rjlntdObk2r9smimxPbZATtiDjtndXbNGqzJBFPsiT2zF+vRerXerPef0QWr2Nljf2B9fANRhZQy</latexit>

⌃1

<latexit sha1_base64="UBVVecRNmc8F4qNsThPTN3WsRMo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIjXhWKREMZBHlIiRWtL5twyvmhuzVSZPITtFDRIVp+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXHA4NKBtgkSQo7kUbwPYVtb3w189sPqI0MgzuaROj6MArkUAqgVOr0buXIh36tX67YVTsDXyROTiosR6Nf/uoNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTLO+UH8UGKOQRai4Vz0T8vZGAb8zE99JJH+jezHsz8T+vG9Pwwk1kEMWEgZgdIqkwO2SElmkRyAdSIxHMkiOXAReggQi15CBEKsZpM6W0D2f++0XSqlWds+rpzUmlfpk3U2QH7JAdM4edszq7Zg3WZIIp9sSe2Yv1aL1ab9b7z2jBynf22R9YH99TFJQz</latexit>

⌃2

<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�
<latexit sha1_base64="0jsU5xLkP0T5XbQQX4CGmAdYmzk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJSJRB5SYkXnyyaccj5bd3uIyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6ns7S8srq2Xtoob25t7+xW9vbbJrKaQ4tHMtLdgBmQQkELBUroxhpYGEjoBJObzO88gDYiUnc4jcEP2ViJkeAMU6n5OKhU3Zqbgy4SryBVUqAxqHz1hxG3ISjkkhnT89wY/YRpFFzCrNy3BmLGJ2wMvZQqFoLxkzzojB5bwzCiMWgqJM1F+L2RsNCYaRikkyHDezPvZeJ/Xs/i6MpPhIotguLZIRQS8kOGa5E2AHQoNCCyLDlQoShnmiGCFpRxnoo2raSc9uHNf79I2qc176J23jyr1q+LZkrkkByRE+KRS1Int6RBWoQTIE/kmbw41nl13pz3n9Elp9g5IH/gfHwDiJWRhw==</latexit>x

<latexit sha1_base64="QtLVI83kNGlrEkVqDOduM9ldMJU=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqFMJPKQEis6XzbhlPPZuttDiqx8AS1UdIiWD6LgX7CNC0iYajSzq52dIJbCoOt+OqWV1bX1jfJmZWt7Z3evun/QMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt2bBac+tuDrpMvILUSIHmsPo1GEXchqCQS2ZM33Nj9BOmUXAJ88rAGogZn7IJ9FOqWAjGT/Kgc3piDcOIxqCpkDQX4fdGwkJjZmGQToYMH8yil4n/eX2L42s/ESq2CIpnh1BIyA8ZrkXaANCR0IDIsuRAhaKcaYYIWlDGeSratJJK2oe3+P0y6ZzVvcv6Reu81rgpmimTI3JMTolHrkiD3JEmaRNOgDyRZ/LiWOfVeXPef0ZLTrFzSP7A+fgGiiSRiA==</latexit>y
<latexit sha1_base64="B5cqNI8lddOlY8CjseT0eEx7dGI=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2aX18LFkHjxiImABpDMDg1OmH1kptdINnyFVz15M179GA/+iwtiokbrVKnqTleXG0qh0bLejNTS8srqWno9s7G5tb2T3d1r6SBSHJo8kIG6dJkGKXxookAJl6EC5rkS2u74dOa3b0FpEfgXOAmh57GRL4aCM0ykK92/u47z9vG0n81ZplWyC+UKtcyi7VSKtYRUizXHsaltWnPkyAKNfva9Owh45IGPXDKtO7YVYi9mCgWXMM10Iw0h42M2gk5CfeaB7sXzwFN6FGmGAQ1BUSHpXITvGzHztJ54bjLpMbzRv72Z+JfXiXBY7cXCDyMEn88OoZAwP6S5EkkTQAdCASKbJQcqfMqZYoigBGWcJ2KUVJNJ+vh6mv5PWgXTrpjl81KufrJoJk0OyCHJE5s4pE7OSIM0CSceuScP5NGYGk/Gs/HyOZoyFjv75AeM1w9e35TT</latexit>

s(1)x
<latexit sha1_base64="1OCM1iCTuymaX8AV0MVIS6Ow1Wk=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2aX18LFkHjxiIk8DCCZHRqcMPvITK8J2fAVXvXkzXj1Yzz4Ly6IiRqtU6WqO11dbiiFRst6M1Irq2vrG+nNzNb2zu5edv+gpYNIcWjyQAaq4zINUvjQRIESOqEC5rkS2u7kfO6370BpEfhXOA2h77GxL0aCM0ykaz2Y3sR5+3Q2yOYs0yrZhXKFWmbRdirFWkKqxZrj2NQ2rQVyZInGIPveGwY88sBHLpnWXdsKsR8zhYJLmGV6kYaQ8QkbQzehPvNA9+NF4Bk9iTTDgIagqJB0IcL3jZh5Wk89N5n0GN7q395c/MvrRjiq9mPhhxGCz+eHUEhYHNJciaQJoEOhAJHNkwMVPuVMMURQgjLOEzFKqskkfXw9Tf8nrYJpV8zyZSlXP1s2kyZH5JjkiU0cUicXpEGahBOP3JMH8mjMjCfj2Xj5HE0Zy51D8gPG6wdgdJTU</latexit>

s(1)y

<latexit sha1_base64="IT5wAoAnP3P1csIwbKR9ThL8OBc=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2ZYVOBiSLx4xEQeBpDMDg1OnH1kpteEbPgKr3ryZrz6MR78F3cREzVap0pVd7q63FBJg4y9WZmFxaXllexqbm19Y3Mrv73TMkGkBTRFoALdcbkBJX1ookQFnVAD91wFbff2LPXbd6CNDPxLnITQ9/jYlyMpOCbSlRlMruOiczgd5AvMrpYrNVajzGbVY8dhKamUnVqZlmw2Q4HM0Rjk33vDQEQe+CgUN6ZbYiH2Y65RCgXTXC8yEHJxy8fQTajPPTD9eBZ4Sg8iwzGgIWgqFZ2J8H0j5p4xE89NJj2ON+a3l4p/ed0IR9V+LP0wQvBFegilgtkhI7RMmgA6lBoQeZocqPSp4JojgpaUC5GIUVJNLunj62n6P2k5dunEPr44KtRP581kyR7ZJ0VSIhVSJ+ekQZpEEI/ckwfyaE2tJ+vZevkczVjznV3yA9brB1uulNA=</latexit>

s(2)y

<latexit sha1_base64="nAe7O8Hhws8zRhWNUUpjeFzsN3U=">AAAB+3icdVC7TsNAEDyHd3gFKGlOREjQWBeHkKRBSDSUIJEEFEx0vmzCKeeH7tYIZPkraKGiQ7R8DAX/gh2CBAimGs3samfHi5Q0yNibVZianpmdm18oLi4tr6yW1tbbJoy1gJYIVajPPW5AyQBaKFHBeaSB+56Cjjc6yv3ODWgjw+AM7yJwfT4M5EAKjpl0YXq3V8mOs5v2SmVmN6r1JmtSZrNGzXFYTupVp1mlFZuNUSYTnPRK75f9UMQ+BCgUN6ZbYRG6CdcohYK0eBkbiLgY8SF0MxpwH4ybjAOndDs2HEMagaZS0bEI3zcS7htz53vZpM/x2vz2cvEvrxvjoOEmMohihEDkh1AqGB8yQsusCaB9qQGR58mByoAKrjkiaEm5EJkYZ9UUsz6+nqb/k7ZjV/bt2ule+fBg0sw82SRbZIdUSJ0ckmNyQlpEEJ/ckwfyaKXWk/VsvXyOFqzJzgb5Aev1A1oZlM8=</latexit>

s(2)x<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="ocwRYrvDW8p0xfAw7Hvd2XrFgXE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFIFFAGiTykxIrWl0045c627tZIUchP0EJFh2j5GQr+BTu4gISpRjO72tkJYiUtue6ns7C4tLyyWlgrrm9sbm2XdnYbNkqMwLqIVGRaAVhUMsQ6SVLYig2CDhQ2g+FV5jcf0FgZhXc0itHXMAhlXwqgVGp1rkFr6LrdUtmtuFPweeLlpMxy1Lqlr04vEonGkIQCa9ueG5M/BkNSKJwUO4nFGMQQBthOaQgarT+e5p3ww8QCRTxGw6XiUxF/b4xBWzvSQTqpge7trJeJ/3nthPoX/liGcUIYiuwQSYXTQ1YYmRaBvCcNEkGWHLkMuQADRGgkByFSMUmbKaZ9eLPfz5PGccU7q5zenpSrl3kzBbbPDtgR89g5q7IbVmN1JphiT+yZvTiPzqvz5rz/jC44+c4e+wPn4xs5zJQj</latexit>

�0

Non unique edge mode frame fields (e.g. different systems of Wilson lines)

Change of relational observables relative to frames U1 and U2: 

<latexit sha1_base64="vmHKEU/cbQde7iBwrrgsg7LtM98=">AAACJnicbVDLSsNAFJ3UV62vqks3g0Wom5KIr5UU3Lizgn1AG8JkeluHTh7M3Igl5j/8BL/Cra7cibgQ/BTTmIW2ntXhnHvn3DluKIVG0/wwCnPzC4tLxeXSyura+kZ5c6ulg0hxaPJABqrjMg1S+NBEgRI6oQLmuRLa7uh84rdvQWkR+Nc4DsH22NAXA8EZppJTPrh04sF9D+EOs8diV0aQxE3HSpLqjDxM5X2nXDFrZgY6S6ycVEiOhlP+7PUDHnngI5dM665lhmjHTKHgEpJSL9IQMj5iQ+im1GceaDvOchO6F2mGAQ1BUSFpJsLvjZh5Wo89N530GN7oaW8i/ud1Ixyc2rHwwwjB55MgFBKyIM2VSEsD2hcKENnkcqDCp5wphghKUMZ5KkZpi6W0D2v697OkdVCzjmtHV4eV+lneTJHskF1SJRY5IXVyQRqkSTh5IE/kmbwYj8ar8Wa8/4wWjHxnm/yB8fUNLL+njw==</latexit>

Of |U1
(g1)

<latexit sha1_base64="Zs3SaBzYYCMGa1eaVOEC2hYZE2w=">AAACJHicbVC7TsNAEDyHVwivACXNiQgpNJGNeFUoEg0dQcJJpCSyzpdNOOX80N0aERn/Bp/AV9BCRYcoKOBbcIwLSJhqNLN7szduKIVG0/wwCnPzC4tLxeXSyura+kZ5c6upg0hxsHkgA9V2mQYpfLBRoIR2qIB5roSWOzqf+K1bUFoE/jWOQ+h5bOiLgeAMU8kpm5dOPLjvItxh9lisoJ/EtnOQJNVpdZiq+065YtbMDHSWWDmpkBwNp/zZ7Qc88sBHLpnWHcsMsRczhYJLSErdSEPI+IgNoZNSn3mge3EWm9C9SDMMaAiKCkkzEX5vxMzTeuy56aTH8EZPexPxP68T4eC0Fws/jBB8PglCISEL0lyJtDKgfaEAkU0uByp8ypliiKAEZZynYpR2WEr7sKZ/P0uaBzXruHZ0dVipn+XNFMkO2SVVYpETUicXpEFswskDeSLP5MV4NF6NN+P9Z7Rg5Dvb5A+Mr29oo6aj</latexit>

Of |U2
(g2)

<latexit sha1_base64="2wxs1ChEC/EA3bmoyPIh2k3DCBQ="></latexit>�
g�1
1 g2 g21

��1�

relation-conditional frame reorientation 
<latexit sha1_base64="Ym555y5ZBOZVdjukahyhlUGkLos="></latexit>

g21 = U�1
2 U1



SUBSYSTEM RELATIVITY IN GAUGE THEORY
[Carrozza, Höhn, Kirklin, FMM, to appear]  

<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M

<latexit sha1_base64="5DdSoKLwGDmPl9e96QttrHns7l0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBkIeUWNH6sgmnnB+6WyNFJj9BCxUdouVnKPgXbOMCEqYazexqZ8eLlDRk25/WwuLS8spqaa28vrG5tV3Z2W2ZMNYCmyJUoe54YFDJAJskSWEn0gi+p7Dtja8yv/2A2sgwuKNJhK4Po0AOpQBKpU7vVo586Dv9StWu2Tn4PHEKUmUFGv3KV28QitjHgIQCY7qOHZGbgCYpFE7LvdhgBGIMI+ymNAAfjZvkeaf8MDZAIY9Qc6l4LuLvjQR8Yya+l076QPdm1svE/7xuTMMLN5FBFBMGIjtEUmF+yAgt0yKQD6RGIsiSI5cBF6CBCLXkIEQqxmkz5bQPZ/b7edI6rjlntdObk2r9smimxPbZATtiDjtndXbNGqzJBFPsiT2zF+vRerXerPef0QWr2Nljf2B9fANRhZQy</latexit>

⌃1

<latexit sha1_base64="UBVVecRNmc8F4qNsThPTN3WsRMo=">AAAB+nicbVC7TsNAEDyHVwivACXNiQiJKrIjXhWKREMZBHlIiRWtL5twyvmhuzVSZPITtFDRIVp+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7LhLEW2BShCnXHA4NKBtgkSQo7kUbwPYVtb3w189sPqI0MgzuaROj6MArkUAqgVOr0buXIh36tX67YVTsDXyROTiosR6Nf/uoNQhH7GJBQYEzXsSNyE9AkhcJpqRcbjECMYYTdlAbgo3GTLO+UH8UGKOQRai4Vz0T8vZGAb8zE99JJH+jezHsz8T+vG9Pwwk1kEMWEgZgdIqkwO2SElmkRyAdSIxHMkiOXAReggQi15CBEKsZpM6W0D2f++0XSqlWds+rpzUmlfpk3U2QH7JAdM4edszq7Zg3WZIIp9sSe2Yv1aL1ab9b7z2jBynf22R9YH99TFJQz</latexit>

⌃2

<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�
<latexit sha1_base64="0jsU5xLkP0T5XbQQX4CGmAdYmzk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJSJRB5SYkXnyyaccj5bd3uIyMoX0EJFh2j5IAr+Bdu4gISpRjO72tkJYikMuu6ns7S8srq2Xtoob25t7+xW9vbbJrKaQ4tHMtLdgBmQQkELBUroxhpYGEjoBJObzO88gDYiUnc4jcEP2ViJkeAMU6n5OKhU3Zqbgy4SryBVUqAxqHz1hxG3ISjkkhnT89wY/YRpFFzCrNy3BmLGJ2wMvZQqFoLxkzzojB5bwzCiMWgqJM1F+L2RsNCYaRikkyHDezPvZeJ/Xs/i6MpPhIotguLZIRQS8kOGa5E2AHQoNCCyLDlQoShnmiGCFpRxnoo2raSc9uHNf79I2qc176J23jyr1q+LZkrkkByRE+KRS1Int6RBWoQTIE/kmbw41nl13pz3n9Elp9g5IH/gfHwDiJWRhw==</latexit>x

<latexit sha1_base64="QtLVI83kNGlrEkVqDOduM9ldMJU=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqFMJPKQEis6XzbhlPPZuttDiqx8AS1UdIiWD6LgX7CNC0iYajSzq52dIJbCoOt+OqWV1bX1jfJmZWt7Z3evun/QMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt2bBac+tuDrpMvILUSIHmsPo1GEXchqCQS2ZM33Nj9BOmUXAJ88rAGogZn7IJ9FOqWAjGT/Kgc3piDcOIxqCpkDQX4fdGwkJjZmGQToYMH8yil4n/eX2L42s/ESq2CIpnh1BIyA8ZrkXaANCR0IDIsuRAhaKcaYYIWlDGeSratJJK2oe3+P0y6ZzVvcv6Reu81rgpmimTI3JMTolHrkiD3JEmaRNOgDyRZ/LiWOfVeXPef0ZLTrFzSP7A+fgGiiSRiA==</latexit>y
<latexit sha1_base64="B5cqNI8lddOlY8CjseT0eEx7dGI=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2aX18LFkHjxiImABpDMDg1OmH1kptdINnyFVz15M179GA/+iwtiokbrVKnqTleXG0qh0bLejNTS8srqWno9s7G5tb2T3d1r6SBSHJo8kIG6dJkGKXxookAJl6EC5rkS2u74dOa3b0FpEfgXOAmh57GRL4aCM0ykK92/u47z9vG0n81ZplWyC+UKtcyi7VSKtYRUizXHsaltWnPkyAKNfva9Owh45IGPXDKtO7YVYi9mCgWXMM10Iw0h42M2gk5CfeaB7sXzwFN6FGmGAQ1BUSHpXITvGzHztJ54bjLpMbzRv72Z+JfXiXBY7cXCDyMEn88OoZAwP6S5EkkTQAdCASKbJQcqfMqZYoigBGWcJ2KUVJNJ+vh6mv5PWgXTrpjl81KufrJoJk0OyCHJE5s4pE7OSIM0CSceuScP5NGYGk/Gs/HyOZoyFjv75AeM1w9e35TT</latexit>

s(1)x
<latexit sha1_base64="1OCM1iCTuymaX8AV0MVIS6Ow1Wk=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2aX18LFkHjxiIk8DCCZHRqcMPvITK8J2fAVXvXkzXj1Yzz4Ly6IiRqtU6WqO11dbiiFRst6M1Irq2vrG+nNzNb2zu5edv+gpYNIcWjyQAaq4zINUvjQRIESOqEC5rkS2u7kfO6370BpEfhXOA2h77GxL0aCM0ykaz2Y3sR5+3Q2yOYs0yrZhXKFWmbRdirFWkKqxZrj2NQ2rQVyZInGIPveGwY88sBHLpnWXdsKsR8zhYJLmGV6kYaQ8QkbQzehPvNA9+NF4Bk9iTTDgIagqJB0IcL3jZh5Wk89N5n0GN7q395c/MvrRjiq9mPhhxGCz+eHUEhYHNJciaQJoEOhAJHNkwMVPuVMMURQgjLOEzFKqskkfXw9Tf8nrYJpV8zyZSlXP1s2kyZH5JjkiU0cUicXpEGahBOP3JMH8mjMjCfj2Xj5HE0Zy51D8gPG6wdgdJTU</latexit>

s(1)y

<latexit sha1_base64="IT5wAoAnP3P1csIwbKR9ThL8OBc=">AAAB+3icdVDLTgJBEJzFF+IL9ehlIjHBy2ZYVOBiSLx4xEQeBpDMDg1OnH1kpteEbPgKr3ryZrz6MR78F3cREzVap0pVd7q63FBJg4y9WZmFxaXllexqbm19Y3Mrv73TMkGkBTRFoALdcbkBJX1ookQFnVAD91wFbff2LPXbd6CNDPxLnITQ9/jYlyMpOCbSlRlMruOiczgd5AvMrpYrNVajzGbVY8dhKamUnVqZlmw2Q4HM0Rjk33vDQEQe+CgUN6ZbYiH2Y65RCgXTXC8yEHJxy8fQTajPPTD9eBZ4Sg8iwzGgIWgqFZ2J8H0j5p4xE89NJj2ON+a3l4p/ed0IR9V+LP0wQvBFegilgtkhI7RMmgA6lBoQeZocqPSp4JojgpaUC5GIUVJNLunj62n6P2k5dunEPr44KtRP581kyR7ZJ0VSIhVSJ+ekQZpEEI/ckwfyaE2tJ+vZevkczVjznV3yA9brB1uulNA=</latexit>

s(2)y

<latexit sha1_base64="nAe7O8Hhws8zRhWNUUpjeFzsN3U=">AAAB+3icdVC7TsNAEDyHd3gFKGlOREjQWBeHkKRBSDSUIJEEFEx0vmzCKeeH7tYIZPkraKGiQ7R8DAX/gh2CBAimGs3samfHi5Q0yNibVZianpmdm18oLi4tr6yW1tbbJoy1gJYIVajPPW5AyQBaKFHBeaSB+56Cjjc6yv3ODWgjw+AM7yJwfT4M5EAKjpl0YXq3V8mOs5v2SmVmN6r1JmtSZrNGzXFYTupVp1mlFZuNUSYTnPRK75f9UMQ+BCgUN6ZbYRG6CdcohYK0eBkbiLgY8SF0MxpwH4ybjAOndDs2HEMagaZS0bEI3zcS7htz53vZpM/x2vz2cvEvrxvjoOEmMohihEDkh1AqGB8yQsusCaB9qQGR58mByoAKrjkiaEm5EJkYZ9UUsz6+nqb/k7ZjV/bt2ule+fBg0sw82SRbZIdUSJ0ckmNyQlpEEJ/ckwfyaKXWk/VsvXyOFqzJzgb5Aev1A1oZlM8=</latexit>

s(2)x<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M

<latexit sha1_base64="ocwRYrvDW8p0xfAw7Hvd2XrFgXE=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFIFFAGiTykxIrWl0045c627tZIUchP0EJFh2j5GQr+BTu4gISpRjO72tkJYiUtue6ns7C4tLyyWlgrrm9sbm2XdnYbNkqMwLqIVGRaAVhUMsQ6SVLYig2CDhQ2g+FV5jcf0FgZhXc0itHXMAhlXwqgVGp1rkFr6LrdUtmtuFPweeLlpMxy1Lqlr04vEonGkIQCa9ueG5M/BkNSKJwUO4nFGMQQBthOaQgarT+e5p3ww8QCRTxGw6XiUxF/b4xBWzvSQTqpge7trJeJ/3nthPoX/liGcUIYiuwQSYXTQ1YYmRaBvCcNEkGWHLkMuQADRGgkByFSMUmbKaZ9eLPfz5PGccU7q5zenpSrl3kzBbbPDtgR89g5q7IbVmN1JphiT+yZvTiPzqvz5rz/jC44+c4e+wPn4xs5zJQj</latexit>

�0

Non unique edge mode frame fields (e.g. different systems of Wilson lines)

Change of relational observables relative to frames U1 and U2: 

<latexit sha1_base64="vmHKEU/cbQde7iBwrrgsg7LtM98=">AAACJnicbVDLSsNAFJ3UV62vqks3g0Wom5KIr5UU3Lizgn1AG8JkeluHTh7M3Igl5j/8BL/Cra7cibgQ/BTTmIW2ntXhnHvn3DluKIVG0/wwCnPzC4tLxeXSyura+kZ5c6ulg0hxaPJABqrjMg1S+NBEgRI6oQLmuRLa7uh84rdvQWkR+Nc4DsH22NAXA8EZppJTPrh04sF9D+EOs8diV0aQxE3HSpLqjDxM5X2nXDFrZgY6S6ycVEiOhlP+7PUDHnngI5dM665lhmjHTKHgEpJSL9IQMj5iQ+im1GceaDvOchO6F2mGAQ1BUSFpJsLvjZh5Wo89N530GN7oaW8i/ud1Ixyc2rHwwwjB55MgFBKyIM2VSEsD2hcKENnkcqDCp5wphghKUMZ5KkZpi6W0D2v697OkdVCzjmtHV4eV+lneTJHskF1SJRY5IXVyQRqkSTh5IE/kmbwYj8ar8Wa8/4wWjHxnm/yB8fUNLL+njw==</latexit>

Of |U1
(g1)

<latexit sha1_base64="Zs3SaBzYYCMGa1eaVOEC2hYZE2w=">AAACJHicbVC7TsNAEDyHVwivACXNiQgpNJGNeFUoEg0dQcJJpCSyzpdNOOX80N0aERn/Bp/AV9BCRYcoKOBbcIwLSJhqNLN7szduKIVG0/wwCnPzC4tLxeXSyura+kZ5c6upg0hxsHkgA9V2mQYpfLBRoIR2qIB5roSWOzqf+K1bUFoE/jWOQ+h5bOiLgeAMU8kpm5dOPLjvItxh9lisoJ/EtnOQJNVpdZiq+065YtbMDHSWWDmpkBwNp/zZ7Qc88sBHLpnWHcsMsRczhYJLSErdSEPI+IgNoZNSn3mge3EWm9C9SDMMaAiKCkkzEX5vxMzTeuy56aTH8EZPexPxP68T4eC0Fws/jBB8PglCISEL0lyJtDKgfaEAkU0uByp8ypliiKAEZZynYpR2WEr7sKZ/P0uaBzXruHZ0dVipn+XNFMkO2SVVYpETUicXpEFswskDeSLP5MV4NF6NN+P9Z7Rg5Dvb5A+Mr29oo6aj</latexit>

Of |U2
(g2)

<latexit sha1_base64="2wxs1ChEC/EA3bmoyPIh2k3DCBQ="></latexit>�
g�1
1 g2 g21

��1�

relation-conditional frame reorientation 
<latexit sha1_base64="Ym555y5ZBOZVdjukahyhlUGkLos="></latexit>

g21 = U�1
2 U1

observables relative to U1 invariant under U2-reorientations, and viceversa

different gauge-invariant description of subregion

invariant under reorientations of both frames 
(also, relation-conditional ones)

<latexit sha1_base64="sv2hi9GL/a1YNg2dB5/HEK7Ck7o="></latexit>

Aphys
S|U1

\Aphys
S|U2

For independent frames:
<latexit sha1_base64="rzax45k5+oN1dq5fuxIu2gh700A=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHgRIpgHJiH0TjpxyOzsMtMrhCV+hVc9eROv/osH/8XdmIMm1qmo6qary4+UtOS6n05uYXFpeSW/Wlhb39jcKm7v1G0YG4E1EarQNH2wqKTGGklS2IwMQuArbPjDy8xvPKCxMtS3NIqwE8BAy74UQKl01w6A7gUoft0tltyyOwGfJ96UlNgU1W7xq90LRRygJqHA2pbnRtRJwJAUCseFdmwxAjGEAbZSqiFA20kmicf8ILZAIY/QcKn4RMTfGwkE1o4CP53MEtpZLxP/81ox9c87idRRTKhFdoikwskhK4xMq0DekwaJIEuOXGouwAARGslBiFSM024KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2BWrshoTTLMn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDddVlQw=</latexit>

M
<latexit sha1_base64="WlkKyHWAo0TgrHD3RSpYWrmz1WI=">AAACCXicbVDLSgNBEJyNrxhfq+LJy2AQPIVd8XWSgBcvQgTzgCSE3kknDpl9MNMrhCVf4Fd41ZM38epXePBf3F1z0MQ+FVVddHV5kZKGHOfTKiwsLi2vFFdLa+sbm1v29k7DhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3SV6c0H1EaGwR2NI+z6MAzkQAqglOrZe50wlTN30vGB7gUofjPp2WWn4uTD54E7BWU2nVrP/ur0QxH7GJBQYEzbdSLqJqBJCoWTUic2GIEYwRDbKQzAR9NN8vgTfhgboJBHqLlUPCfxtyMB35ix76WbWUQzq2Xkf1o7psFFN5FBFBMGIjtEUmF+yAgt08eR96VGIsiSI5cBF6CBCLXkIERKxmlRpbQPd/b7edA4rrhnldPbk3L1ctpMke2zA3bEXHbOquya1VidCZawJ/bMXqxH69V6s95/VgvW1LPL/oz18Q2Izppj</latexit>

M
<latexit sha1_base64="z7NDrfKfgmgT/rT3JkXwBsrd3iA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFooAySOQhJVa0vmzCkTvbulsjhSj/QAsVHaLlbyj4FxyTAhKmGs3samcniJW05LqfTm5hcWl5Jb9aWFvf2Nwqbu/UbZQYgTURqcg0A7CoZIg1kqSwGRsEHShsBIPLid94QGNlFN7SMEZfQz+UPSmAUqnevgKtoVMsuWU3A58n3pSU2BTVTvGr3Y1EojEkocDalufG5I/AkBQKx4V2YjEGMYA+tlIagkbrj7K0Y36QWKCIx2i4VDwT8ffGCLS1Qx2kkxrozs56E/E/r5VQ79wfyTBOCEMxOURSYXbICiPTGpB3pUEimCRHLkMuwAARGslBiFRM0l4KaR/e7PfzpH5U9k7LJzfHpcrFtJk822P77JB57IxV2DWrshoT7J49sWf24jw6r86b8/4zmnOmO7vsD5yPbwwLk4A=</latexit>

�

internal gauge-
inv. observables

<latexit sha1_base64="yE4QDMpky+X7RHAyHIDKFEH79+U="></latexit>

Aphys
S|U1

6= Aphys
S|U2



CONCLUSION

We discussed internal dynamical frames in finite-dim. (quantum) systems and (classical) gauge field theories (edge modes)

Gauge-invariant/relational notion of subsystems depend on the frame frame-relativity of (gauge-invariant) properties of subsystems 

Alternative proposal for entanglement entropy in constrained systems and gauge theories
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Gauge-invariant/relational notion of subsystems depend on the frame frame-relativity of (gauge-invariant) properties of subsystems 

Alternative proposal for entanglement entropy in constrained systems and gauge theories

Gravitational subregions

Quantum gravity: 

Diffeo-inv. & relationalism in full QG and gravitational entropy [ongoing work with M. Bruno, E. 
Colafranceschi, and C. Rovelli]  

minisuperspaces,… [with F. Sartini and P. A. Höhn]  

Subsystem relativity in gauge theory (quantum) 

<latexit sha1_base64="ZIccFFsW3DU3a8fznCinzpae6ls=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTbiVUbQUAZEHlJiRefLJpxyfuhuHSmy8ge0UNEhWv6Hgn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o7HDSoZYJMkKexEGrnvKWx745vMb09QGxkGDzSN0PX5KJBDKTil0n0v6Veqds3OwRaJU5AqFGj0K1+9QShiHwMSihvTdeyI3IRrkkLhrNyLDUZcjPkIuykNuI/GTfKkM3YcG04hi1AzqVgu4u+NhPvGTH0vnfQ5PZp5LxP/87oxDa/cRAZRTBiI7BBJhfkhI7RMK0A2kBqJeJYcmQyY4JoToZaMC5GKcdpJOe3Dmf9+kbROa85F7fzurFq/LpopwSEcwQk4cAl1uIUGNEHAEJ7gGV6sifVqvVnvP6NLVrFzAH9gfXwDQzSR9A==</latexit>

{[work in progress with S. Carrozza, P. A. Höhn, and J. Kirklin 

+ work in progress with P. A. Höhn, L. Marchetti, J. De Vuyst]  

Relational subsystems in spin networks, entanglement & quant. therm. in LQG 



OUTLOOK

CONCLUSION

We discussed internal dynamical frames in finite-dim. (quantum) systems and (classical) gauge field theories (edge modes)

Gauge-invariant/relational notion of subsystems depend on the frame frame-relativity of (gauge-invariant) properties of subsystems 

Alternative proposal for entanglement entropy in constrained systems and gauge theories

Gravitational subregions

Quantum gravity: 

Diffeo-inv. & relationalism in full QG and gravitational entropy [ongoing work with M. Bruno, E. 
Colafranceschi, and C. Rovelli]  

minisuperspaces,… [with F. Sartini and P. A. Höhn]  
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<latexit sha1_base64="ZIccFFsW3DU3a8fznCinzpae6ls=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTbiVUbQUAZEHlJiRefLJpxyfuhuHSmy8ge0UNEhWv6Hgn/BNi4gYarRzK52drxISUO2/WktLa+srq2XNsqbW9s7u5W9/ZYJYy2wKUIV6o7HDSoZYJMkKexEGrnvKWx745vMb09QGxkGDzSN0PX5KJBDKTil0n0v6Veqds3OwRaJU5AqFGj0K1+9QShiHwMSihvTdeyI3IRrkkLhrNyLDUZcjPkIuykNuI/GTfKkM3YcG04hi1AzqVgu4u+NhPvGTH0vnfQ5PZp5LxP/87oxDa/cRAZRTBiI7BBJhfkhI7RMK0A2kBqJeJYcmQyY4JoToZaMC5GKcdpJOe3Dmf9+kbROa85F7fzurFq/LpopwSEcwQk4cAl1uIUGNEHAEJ7gGV6sifVqvVnvP6NLVrFzAH9gfXwDQzSR9A==</latexit>

{[work in progress with S. Carrozza, P. A. Höhn, and J. Kirklin 

+ work in progress with P. A. Höhn, L. Marchetti, J. De Vuyst]  

Relational subsystems in spin networks, entanglement & quant. therm. in LQG 

THANK YOU FOR YOUR ATTENTION !


