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The problem: relational definition of subsystems

Tensor Product Structure (TPS)

product of local unitaries               and permutations
of subsystem factors with equal dimension

A TPS       on        is an equivalence class of isomorphisms (unitaries)
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H
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T : H !

nO

↵=1

H↵ such that

Operationally, subsystems are defined via sets of simultaneously measurable (commuting) subalgebras of observables
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⌦↵U↵ same notion 
of locality

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



The problem: relational definition of subsystems

Use internal RFs
(physical systems, ultimately quantum)

Quantum Reference Frames (QRFs)

(e.g. gauge theory, cosmology, quantum gravity kinematical notion of subsystem not physical) 

define gauge-inv. subsystems 
via relational observables

[Brukner, Giacomini, Höhn, Müller, Krumm, Smith, Lock, 
Loveridge, de la Hamette, Galley, Castro-Ruiz, …]

Different frames identify inequivalent physical notions of subsystems

QRF dependence of physical properties like correlations and (thermo)dynamics 

when would two frames agree, or not, on the physical description 
of a subsystem and its interaction with the remaining DoFs ?

?

Tensor Product Structure (TPS)

product of local unitaries               and permutations
of subsystem factors with equal dimension

A TPS       on        is an equivalence class of isomorphisms (unitaries)
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T : H !
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H↵ such that

Operationally, subsystems are defined via sets of simultaneously measurable (commuting) subalgebras of observables
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⌦↵U↵ same notion 
of locality

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

How do we define subsystems when external relata are unavailable and there is no preferred factorization (TPS)?     



Setup Krumm, Höhn, Müller ’20, ’21; 
Ahmad, Galley, Höhn, Lock, Smith ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21

Total system in isolation subject to (finite abelian) gauge group     

indistinguishable     <latexit sha1_base64="bHM4C9C6ONYgGvs4iDBdWWHIDNs="></latexit>⇢ , g · ⇢ <latexit sha1_base64="jrSccPrXjHEJkoVmRdtQIEdkOaI="></latexit>

8 g 2 G

particles with spatial translation symm. 
gauge field in some region 
dynamical fields subject to spacetime diffeos

frames     system     

e.g.

Kinematical Hilbert space     
externally distinguishable states
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G -frames  

Set of              configuration DoFs    
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|giii |gjij frame orientations

-action on frame config.  
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g ⌦ j ⌦ S
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i ⌦ U (j)
g ⌦ S

,   

,   frame reorientations

Quantum version of group-valued RF (cfr. edge modes as RFs 
[Carrozza, Höhn, ’21; Carrozza, Eccles, Höhn, ’22 ]                                    
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S

(two matter ref. fields, disconnected boundaries, 
multiple subregions,…)kinematical subsystems not independent     

<latexit sha1_base64="q/yPFWa4I5raAhnsc/skLVXe9wI="></latexit>

Hphys =
n
| iphys s.t. | iphys = U (i)

g ⌦ U (j)
g ⌦ U (S)

g | iphys
o

gauge redundancy  

relational observables    
<latexit sha1_base64="Vl5jBXOdITY6NUv2DOi0qWfbQMc=">AAACMXicbVDLSgNBEJz1GeMr6tHLYBDiJeyKqBfBxyXHCOYBSQi9k04cnH0w0yuGJV/jJ/gVXvWUgyBe/Ql3Y1CTWKeiqpruLjdU0pBtD625+YXFpeXMSnZ1bX1jM7e1XTVBpAVWRKACXXfBoJI+VkiSwnqoETxXYc29u0r92j1qIwP/hvohtjzo+bIrBVAitXNnTQ/oVoDiF+24SfhAcXjbN4PBr3FZ+KGlycxBO5e3i/YIfJY4Y5JnY5TbubdmJxCRhz4JBcY0HDukVgyapFA4yDYjgyGIO+hhI6E+eGha8ejNAd+PDFDAQ9RcKj4S8e9EDJ4xfc9NkunBZtpLxf+8RkTd01Ys/TAi9EW6iKTC0SIjtEz6Q96RGokgvRy59LkADUSoJQchEjFKCs0mfTjT38+S6mHROS4610f58+NxMxm2y/ZYgTnshJ2zEiuzChPskT2zF/ZqPVlD6936+I7OWeOZHTYB6/ML0DerTw==</latexit>

Aphys = B(Hphys)

<latexit sha1_base64="irpwHptbfbzNdwyv5gj3uBanwjo="></latexit>

Hkin = HR1 ⌦HR2 ⌦HS

<latexit sha1_base64="cZwv7RnpcMluwPAEjdEVNhKRxqw=">AAACG3icbVC7TsNAEDyHVwgvAyXNiQhBFdkoAspINJThkYeUONb5sgmnnB+6WyNFVj6BT+AraKGiQ7QUFPwLjnFBEqYazexqdseLpNBoWV9GYWl5ZXWtuF7a2Nza3jF395o6jBWHBg9lqNoe0yBFAA0UKKEdKWC+J6HljS6nfusBlBZhcIfjCByfDQMxEJxhKrnmccNNblx70ht2QxQ+aJoJpzPCbW/ommWrYmWgi8TOSZnkqLvmd7cf8tiHALlkWndsK0InYQoFlzApdWMNEeMjNoROSgOWRjlJ9tCEHsWaYUgjUFRImonwdyNhvtZj30snfYb3et6biv95nRgHF04igihGCPg0CIWELEhzJdKmgPaFAkQ2vRyoCChniiGCEpRxnopxWl0p7cOe/36RNE8r9lnFvq6Wa9W8mSI5IIfkhNjknNTIFamTBuHkkTyTF/JqPBlvxrvx8TtaMPKdfTID4/MHi9ShOw==</latexit>

Ug
R1

⌦ Ug
R2

⌦ Ug
S

<latexit sha1_base64="4fMrlH8J6iyYmgQPK9wwHHn5McE=">AAACDHicbVC7TsNAEDzzDOEVoEGiOREhUUU2ioAyEg0dAZGHlARrfdmEU84P3a2RImM+ga+ghYoO0fIPFPwLTkgBCVONZna1s+NFShqy7U9rbn5hcWk5t5JfXVvf2CxsbddNGGuBNRGqUDc9MKhkgDWSpLAZaQTfU9jwBmcjv3GH2sgwuKZhhB0f+oHsSQGUSW5h98JNem7S9kBzmd5fuU56k/RdmbqFol2yx+CzxJmQIpug6ha+2t1QxD4GJBQY03LsiDoJaJJCYZpvxwYjEAPoYyujAfhoOsn4g5QfxAYo5BFmKRQfi/h7IwHfmKHvZZM+0K2Z9kbif14rpt5pJ5FBFBMGYnSIpMLxISO0zKpB3pUaiWCUHLkMuAANRKglByEyMc66ymd9ONPfz5L6Uck5LjmX5WKlPGkmx/bYPjtkDjthFXbOqqzGBHtgT+yZvViP1qv1Zr3/jM5Zk50d9gfWxzeesZt4</latexit>

O
gi
fī|R1

<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1

<latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2

<latexit sha1_base64="cZwv7RnpcMluwPAEjdEVNhKRxqw=">AAACG3icbVC7TsNAEDyHVwgvAyXNiQhBFdkoAspINJThkYeUONb5sgmnnB+6WyNFVj6BT+AraKGiQ7QUFPwLjnFBEqYazexqdseLpNBoWV9GYWl5ZXWtuF7a2Nza3jF395o6jBWHBg9lqNoe0yBFAA0UKKEdKWC+J6HljS6nfusBlBZhcIfjCByfDQMxEJxhKrnmccNNblx70ht2QxQ+aJoJpzPCbW/ommWrYmWgi8TOSZnkqLvmd7cf8tiHALlkWndsK0InYQoFlzApdWMNEeMjNoROSgOWRjlJ9tCEHsWaYUgjUFRImonwdyNhvtZj30snfYb3et6biv95nRgHF04igihGCPg0CIWELEhzJdKmgPaFAkQ2vRyoCChniiGCEpRxnopxWl0p7cOe/36RNE8r9lnFvq6Wa9W8mSI5IIfkhNjknNTIFamTBuHkkTyTF/JqPBlvxrvx8TtaMPKdfTID4/MHi9ShOw==</latexit>

Ug
R1

⌦ Ug
R2

⌦ Ug
S

<latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2
<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1
<latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2

<latexit sha1_base64="CgjzbT/qPJcUfqRSunndjADk2CA=">AAAB83icbVA9TwJBEN3DL8Qv1NJmIzGxIneGqCWJjSUkgiRwIXPLgBv2PrI7a0IIv8BWKztj6w+y8L94d16h4Kte3pvJvHlBoqQh1/10SmvrG5tb5e3Kzu7e/kH18KhrYqsFdkSsYt0LwKCSEXZIksJeohHCQOF9ML3J/PtH1EbG0R3NEvRDmERyLAVQKrUnw2rNrbs5+CrxClJjBVrD6tdgFAsbYkRCgTF9z03In4MmKRQuKgNrMAExhQn2UxpBiMaf50EX/MwaoJgnqLlUPBfx98YcQmNmYZBOhkAPZtnLxP+8vqXxtT+XUWIJI5EdIqkwP2SElmkDyEdSIxFkyZHLiAvQQIRachAiFW1aSSXtw1v+fpV0L+reZd1rN2rNRtFMmZ2wU3bOPHbFmuyWtViHCYbsiT2zF8c6r86b8/4zWnKKnWP2B87HN2nMkWg=</latexit>g

<latexit sha1_base64="OquM9/cMGBr49YRRTVO+qIY83lg=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgRJCwG4IKIghePCoYDWSX0Dtp45DZ2WWmVwgxfoJf4VVP3sSr/+DBf3ETc9BonYqqbrqrwkRJS6774eSmpmdm5/LzhYXFpeWV4urapY1TI7AuYhWbRggWldRYJ0kKG4lBiEKFV2H3ZOhf3aKxMtYX1EswiKCj5bUUQJnUKm7cdVrSN6A7CjNy6O+W5ZG3W91pFUtuxR2B/yXemJTYGGet4qffjkUaoSahwNqm5yYU9MGQFAoHBT+1mIDoQgebGdUQoQ36owQDvp1aoJgnaLhUfCTiz40+RNb2ojCbjIBu7KQ3FP/zmildHwR9qZOUUIvhIZIKR4esMDKrBnlbGiSC4efIpeYCDBChkRyEyMQ066qQ9eFNpv9LLqsVb6/inddKx7VxM3m2ybZYmXlsnx2zU3bG6kywe/bIntiz8+C8OK/O2/dozhnvrLNfcN6/AFsmmgU=</latexit>

|giii (i = 1, 2)

Internally distinguishable
(change relations, 
physical transf.)

physical Hilbert space    internally distinguishable 
gauge-inv. states

<latexit sha1_base64="Yn5sUEXWadnwlw9zm8tYFSjxl8s=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgKgiUUAZJPIQiRWtL5twyvls3a2RIit8BS1UdIiWf6HgX7BDCkiYajSzq52dIFbSkut+OguLS8srq4W14vrG5tZ2aWe3YaPECKyLSEWmFYBFJTXWSZLCVmwQwkBhMxhe5n7zAY2Vkb6lUYx+CAMt+1IAZdJdJwS6F6D4VbdUdivuBHyeeFNSZlPUuqWvTi8SSYiahAJr254bk5+CISkUjoudxGIMYggDbGdUQ4jWTyeJx/wwsUARj9FwqfhExN8bKYTWjsIgm8wT2lkvF//z2gn1z/1U6jgh1CI/RFLh5JAVRmZVIO9Jg0SQJ0cuNRdggAiN5CBEJiZZN8WsD2/2+3nSOK54pxXv5qRcvZg2U2D77IAdMY+dsSq7ZjVWZ4Jp9sSe2Yvz6Lw6b877z+iCM93ZY3/gfHwDy3+U/g==</latexit>

G

value of       when       is in orientation   
<latexit sha1_base64="35E8h0Qe2izb2nQO8ZZhzwUEDlw=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDRB4isaL1ZRNOOZ+tuzVSZIWvoIWKDtHyLxT8C3ZIAQlTjWZ2NbsTxEpact1Pp7Cyura+UdwsbW3v7O6V9w9aNkqMwKaIVGQ6AVhUUmOTJCnsxAYhDBS2g/FV7rcf0FgZ6VuaxOiHMNJyKAVQJt0N+2kvAMPltF+uuFV3Br5MvDmpsDka/fJXbxCJJERNQoG1Xc+NyU/BkBQKp6VeYjEGMYYRdjOqIUTrp7OLp/wksUARjzGLVnwm4u+NFEJrJ2GQTYZA93bRy8X/vG5Cw0s/lTpOCLXIg0gqnAVZYWRWBfKBNEgE+eXIpeYCDBChkRyEyMQk66aU9eEtfr9MWmdV77zq3dQq9dq8mSI7YsfslHnsgtXZNWuwJhNMsyf2zF6cR+fVeXPef0YLznznkP2B8/ENI/SVMg==</latexit>

fī
<latexit sha1_base64="P252MREdOfH1QyS5TgZf9NrPdYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NQA6qNbtu5+CLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOKv0Y4MRiAmMsZfSAHw0bpJHnfGj2ACFPELNpeK5iL83EvCNmfpeOukD3Zt5LxP/83oxjS7cRAZRTBiI7BBJhfkhI7RMO0A+lBqJIEuOXAZcgAYi1JKDEKkYp6VU0j6c+e8XSfuk7pzVnevTWuO0aKbMDtghO2YOO2cNdsWarMUEG7Mn9sxerEfr1Xqz3n9GS1axs8/+wPr4Bsu7ki8=</latexit>

Ri
<latexit sha1_base64="/eW10cS1mT293boQepSpAGicHvA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJUA6rNbtu5+DLxClIjRVoDatfg1EoYh8DEgqM6Tt2RG4CmqRQOK8MYoMRiClMsJ/SAHw0bpJHnfOT2ACFPELNpeK5iL83EvCNmfleOukD3ZtFLxP/8/oxjS/dRAZRTBiI7BBJhfkhI7RMO0A+khqJIEuOXAZcgAYi1JKDEKkYp6VU0j6cxe+XSees7pzXnZtGrdkomimzI3bMTpnDLliTXbMWazPBJuyJPbMX69F6td6s95/RklXsHLI/sD6+AeygkkQ=</latexit>gi

<latexit sha1_base64="WMYTPSmTaZibTdWSEXfXpSu5ItU=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8piaL1ZRNOOZ+tuzUoivIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SElLrvvpFFZW19Y3ipulre2d3b3y/kHLhrER2BShCk3HB4tKamySJIWdyCAEvsK2P7lK/fYDGitDfUfTCPsBjLUcSQGUSLc9LQflilt1M/Bl4uWkwnI0BuWv3jAUcYCahAJru54bUX8GhqRQOC/1YosRiAmMsZtQDQHa/iyLOucnsQUKeYSGS8UzEX9vzCCwdhr4yWQAdG8XvVT8z+vGNLrsz6SOYkIt0kMkFWaHrDAy6QD5UBokgjQ5cqm5AANEaCQHIRIxTkopJX14i98vk9ZZ1Tuveje1Sr2WN1NkR+yYnTKPXbA6u2YN1mSCjdkTe2YvzqPz6rw57z+jBSffOWR/4Hx8A/LVkkg=</latexit>3

gauge-inv. relational info (e.g. relative distances)     



Jumping into internal perspective and QRF transformations

How to describe S + “other frame”
relative to one of the internal frames ?     

How to switch between
internal frame perspectives ?     

<latexit sha1_base64="dq9Xaf7YxIKUPLqx8DGNhQ/9WrY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd177LutRu1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtKoJFU</latexit>

S
<latexit sha1_base64="dq9Xaf7YxIKUPLqx8DGNhQ/9WrY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd177LutRu1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtKoJFU</latexit>

S

<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1

<latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2
<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1 <latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2

Idea:    identify redundant DoFs with those of the frame    

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

<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

<latexit sha1_base64="/eW10cS1mT293boQepSpAGicHvA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJUA6rNbtu5+DLxClIjRVoDatfg1EoYh8DEgqM6Tt2RG4CmqRQOK8MYoMRiClMsJ/SAHw0bpJHnfOT2ACFPELNpeK5iL83EvCNmfleOukD3ZtFLxP/8/oxjS/dRAZRTBiI7BBJhfkhI7RMO0A+khqJIEuOXAZcgAYi1JKDEKkYp6VU0j6cxe+XSees7pzXnZtGrdkomimzI3bMTpnDLliTXbMWazPBJuyJPbMX69F6td6s95/RklXsHLI/sD6+AeygkkQ=</latexit>gi

<latexit sha1_base64="+ME9Rk20POtPMg3xygBDrTNYc5k=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDhJNIiRWdL5twyvls3a2RIivfQAsVHaLlcyj4F87GBSRMNZrZ0e5OmEhh0HU/ncra+sbmVnW7trO7t39QPzzqmjjVHHwey1j3Q2ZACgU+CpTQTzSwKJTQC2c3ud97BG1ErO5xnkAQsakSE8EZWskfjmM0o3rDbboF6CrxStIgJTqj+pfN8TQChVwyYwaem2CQMY2CS1jUhqmBhPEZm8LAUsUiMEFWHLugZ6lhGNMENBWSFiL8TmQsMmYehXYyYvhglr1c/M8bpDi5DjKhkhRB8XwRCgnFIsO1sC0AHQsNiCy/HKhQlDPNEEELyji3Ymprqdk+vOXvV0n3ouldNr27VqPdKpupkhNySs6JR65Im9ySDvEJJ4I8kWfy4sydV+fNef8ZrThl5pj8gfPxDaFwkz8=</latexit>. . .
<latexit sha1_base64="SjtyiwdCCiRWjoY4VogXdhmULbM=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXgnoMePEYwTwgWULvpJMMmX0w0yuEJR/hVU/exKtf48F/cXfdgybWqajqpqvLi5Q0ZNufVmltfWNzq7xd2dnd2z+oHh51TBhrgW0RqlD3PDCoZIBtkqSwF2kE31PY9Wa3md99RG1kGDzQPELXh0kgx1IApVJ3MpQX06EzrNbsup2DrxKnIDVWoDWsfg1GoYh9DEgoMKbv2BG5CWiSQuGiMogNRiBmMMF+SgPw0bhJHnfBz2IDFPIINZeK5yL+3kjAN2bue+mkDzQ1y14m/uf1YxrfuIkMopgwENkhkgrzQ0ZomfaAfCQ1EkGWHLkMuAANRKglByFSMU6LqaR9OMvfr5LOZd25qjv3jVqzUTRTZifslJ0zh12zJrtjLdZmgs3YE3tmL1ZivVpv1vvPaMkqdo7ZH1gf30yek48=</latexit>

gi + h1

<latexit sha1_base64="RVZPWXMfHLVKt+m2npUl/Jy550c=">AAAB+XicbVDLSgNBEOz1GeMr6tHLYBAEIeyGoB4DXjxGMA9IlmV20kmGzD6Y6RXCko/wqidv4tWv8eC/uFn3oIl1Kqq66eryYyUN2fantba+sbm1Xdop7+7tHxxWjo47Jkq0wLaIVKR7PjeoZIhtkqSwF2vkga+w609vF373EbWRUfhAsxjdgI9DOZKCUyZ1x568nHh1r1K1a3YOtkqcglShQMurfA2GkUgCDEkobkzfsWNyU65JCoXz8iAxGHMx5WPsZzTkARo3zePO2XliOEUsRs2kYrmIvzdSHhgzC/xsMuA0McveQvzP6yc0unFTGcYJYSgWh0gqzA8ZoWXWA7Kh1EjEF8mRyZAJrjkRasm4EJmYZMWUsz6c5e9XSadec65qzn2j2mwUzZTgFM7gAhy4hibcQQvaIGAKT/AML1ZqvVpv1vvP6JpV7JzAH1gf304tk5A=</latexit>

gi + h2
no redundancy

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

Rg1
1 = hg1|1 ⌦ 2 ⌦ S

<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

<latexit sha1_base64="LlGhfr9Jb9hsUunVbKnH1AQcNKg=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJ0BlWa3bdzsGXiVOQGivQGla/BqNQxD4GJBQY03fsiNwENEmhcF4ZxAYjEFOYYD+lAfho3CSPOucnsQEKeYSaS8VzEX9vJOAbM/O9dNIHujeLXib+5/VjGl+6iQyimDAQ2SGSCvNDRmiZdoB8JDUSQZYcuQy4AA1EqCUHIVIxTkuppH04i98vk85Z3TmvOzeNWrNRNFNmR+yYnTKHXbAmu2Yt1maCTdgTe2Yv1qP1ar1Z7z+jJavYOWR/YH18A5VYkgw=</latexit>g1
<latexit sha1_base64="LlGhfr9Jb9hsUunVbKnH1AQcNKg=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJ0BlWa3bdzsGXiVOQGivQGla/BqNQxD4GJBQY03fsiNwENEmhcF4ZxAYjEFOYYD+lAfho3CSPOucnsQEKeYSaS8VzEX9vJOAbM/O9dNIHujeLXib+5/VjGl+6iQyimDAQ2SGSCvNDRmiZdoB8JDUSQZYcuQy4AA1EqCUHIVIxTkuppH04i98vk85Z3TmvOzeNWrNRNFNmR+yYnTKHXbAmu2Yt1maCTdgTe2Yv1qP1ar1Z7z+jJavYOWR/YH18A5VYkgw=</latexit>g1

<latexit sha1_base64="LlGhfr9Jb9hsUunVbKnH1AQcNKg=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJ0BlWa3bdzsGXiVOQGivQGla/BqNQxD4GJBQY03fsiNwENEmhcF4ZxAYjEFOYYD+lAfho3CSPOucnsQEKeYSaS8VzEX9vJOAbM/O9dNIHujeLXib+5/VjGl+6iQyimDAQ2SGSCvNDRmiZdoB8JDUSQZYcuQy4AA1EqCUHIVIxTkuppH04i98vk85Z3TmvOzeNWrNRNFNmR+yYnTKHXbAmu2Yt1maCTdgTe2Yv1qP1ar1Z7z+jJavYOWR/YH18A5VYkgw=</latexit>g1

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

Gauge-inv./relational
states 



Jumping into internal perspective and QRF transformations

How to describe S + “other frame”
relative to one of the internal frames ?     

How to switch between
internal frame perspectives ?     

<latexit sha1_base64="dq9Xaf7YxIKUPLqx8DGNhQ/9WrY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd177LutRu1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtKoJFU</latexit>

S
<latexit sha1_base64="dq9Xaf7YxIKUPLqx8DGNhQ/9WrY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCgTQR5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUvc4j8EP2VSJieAMU6l9N6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5NpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd177LutRu1ZqNopkxOyCk5Jx65Ik1yS1qkQzgB8kSeyYtjnVfnzXn/GS05xc4x+QPn4xtKoJFU</latexit>

S

<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1

<latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2
<latexit sha1_base64="2dVRr3oE6hPVtRTWqx30WfBcdvY=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJThkYeUWNH6sgmnnB+6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8eLlDRk259WaWl5ZXWtvF7Z2Nza3qnu7rVNGGuBLRGqUHc9MKhkgC2SpLAbaQTfU9jxJpeZ33lAbWQY3NE0QteHcSBHUgCl0u3NwBlUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CSPOuNHsQEKeYSaS8VzEX9vJOAbM/W9dNIHujfzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZdoB8KDUSQZYcuQy4AA1EqCUHIVIxTkuppH04898vkvZJ3TmrO9entcZp0UyZHbBDdswcds4a7Io1WYsJNmZP7Jm9WI/Wq/Vmvf+MlqxiZ5/9gfXxDXRzkfc=</latexit>

R1 <latexit sha1_base64="iIa9zE6bdrBl0a7Q0kf6TF17DoQ=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrKjCCgj0VCGRx5SEkXnyyaccn7obg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR03VNKQbX9ahZXVtfWN4mZpa3tnd6+8f9A2QaQFtkSgAt11uUElfWyRJIXdUCP3XIUdd3qZ+p0H1EYG/h3NQhx4fOLLsRScEun2Zlgblit21c7AlomTkwrkaA7LX/1RICIPfRKKG9Nz7JAGMdckhcJ5qR8ZDLmY8gn2EupzD80gzqLO2UlkOAUsRM2kYpmIvzdi7hkz89xk0uN0bxa9VPzP60U0vhjE0g8jQl+kh0gqzA4ZoWXSAbKR1EjE0+TIpM8E15wItWRciESMklJKSR/O4vfLpF2rOmdV57peadTzZopwBMdwCg6cQwOuoAktEDCBJ3iGF+vRerXerPef0YKV7xzCH1gf33YCkfg=</latexit>

R2

Idea:    identify redundant DoFs with those of the frame    

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

Hphys

reduction to R2 perspective

relative states to internal 
frame R1

reduction to R1 perspective  

relative states to internal 
frame R2 

perspective-neutral

different frame perspectives linked through 
perspective-neutral stage   

QRF transf. (non-local unitary) 

Different ways of fixing the redundancy

All encoded in physical Hilbert space     

Different factorizations (TPSs) into physical subsystems relative to the two frames

Commuting local observables relative to R1 are mapped into non-local commuting observables relative to R2  

<latexit sha1_base64="1NpKo3rN28UslI7CqWZnWR+Jn8I="></latexit>

Rg2
2 = 1 ⌦ hg2|2 ⌦ S

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

Rg1
1 = hg1|1 ⌦ 2 ⌦ S

<latexit sha1_base64="yUKUQSbPaTbkKucVGRwABmAGbbs=">AAACIXicbVC7TsNAEDyHVwivACXNiQiJhsiOIqBEokkZAgGkJLLWxyaccn7obo2ETL6CT+AraKGiQ3QI8S/YxkV4TDWa2dXsjhcpaci2363SzOzc/EJ5sbK0vLK6Vl3fODdhrAV2RahCfemBQSUD7JIkhZeRRvA9hRfe+DjzL25QGxkGZ3Qb4cCHUSCHUgClklvd6/tA1wIUb7lJx3XuOm5j0g9J+mimrdPccKs1u27n4H+JU5AaK9B2q5/9q1DEPgYkFBjTc+yIBglokkLhpNKPDUYgxjDCXkoDSGMHSf7WhO/EBijkEWouFc9FnN5IwDfm1vfSyexS89vLxP+8XkzDw0EigygmDEQWRFJhHmSElmlfyK+kRiLILkcuAy5AAxFqyUGIVIzTAitpH87v7/+S80bd2a87J83aUbNopsy22DbbZQ47YEesxdqsywS7Z4/siT1bD9aL9Wq9fY+WrGJnk/2A9fEFRKqjtA==</latexit>

HR1|R2
⌦HS|R2

<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

<latexit sha1_base64="xoD+tjResNhqAXo72pQiv/2NkaI="></latexit>

V g1!g2
1!2 = Rg2

2 � (Rg1
1 )�1

<latexit sha1_base64="tJFzeNsbDjCa08NGL21HZj3b3uU=">AAAB/XicdVDLSgNBEJyN7/iKevQyGARPy+waTbwJXjyqGA0ki/RO2jhk9sFMrxKC+BVe9eRNvPotHvwXd2MEFa1TUdVNV1eYamVJiDenNDE5NT0zO1eeX1hcWq6srJ7ZJDMSmzLRiWmFYFGrGJukSGMrNQhRqPE87B8U/vk1GquS+JQGKQYR9GJ1qSRQLrU7J6p3RWBMcnNRqQq35gtPNLhwfV9sCz8nO/W9ml/nnitGqLIxji4q751uIrMIY5IarG17IqVgCIaU1Hhb7mQWU5B96GE7pzFEaIPhKPIt38wsUMJTNFxpPhLx+8YQImsHUZhPRkBX9rdXiH957YwuG8FQxWlGGMviECmNo0NWGpV3gbyrDBJBkRy5irkEA0RoFAcpczHLyynnfXw9zf8nZ77r7breca26Xxs3M8vW2QbbYh6rs312yI5Yk0mWsHv2wB6dO+fJeXZePkdLznhnjf2A8/oBse2WJA==</latexit>

)

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



Quantum frame relativity of subsystems

The associated relational observables 

Different gauge-invariant notions of subsystems 
relative to the two internal QRFs     

but     

<latexit sha1_base64="THXSIdeQ9gmQHTsrxLcoIqsYtNo=">AAACI3icbVC7TgMxEPTxDOEVoKSxiJCowh1CQAmioQyCAFISoj1nEyx8D9l7iMjcZ/AJfAUtVHSIhoJ/4e5IAQlTjWd2Nd7xYyUNue6nMzE5NT0zW5orzy8sLi1XVlYvTJRogQ0RqUhf+WBQyRAbJEnhVawRAl/hpX97nPuXd6iNjMJzGsTYDqAfyp4UQJnUqWy3AqAbAYofXdsW4T3Z+GZg0rRjzx6Kd5FhNXZTKzO5UnVrbgE+TrwhqbIh6p3KV6sbiSTAkIQCY5qeG1PbgiYpFKblVmIwBnELfWxmNIQATdsWoSnfTAxQxGPUXCpeiPh7w0JgzCDws8n8DDPq5eJ/XjOh3kHbyjBOCEORB5FUWAQZoWXWGPKu1EgE+c+Ry5AL0ECEWnIQIhOTrMJy1oc3ev04udipeXs173S3erg7bKbE1tkG22Ie22eH7ITVWYMJ9sie2Qt7dZ6cN+fd+fgZnXCGO2vsD5yvb3kTpsI=</latexit>

Aphys
S|i

<latexit sha1_base64="vAcL04sR04Tu/ILAWWfC/ZcCLyw=">AAACJHicbVC7TgMxEPTxJrwClDQWERJVdIcQUIJoKEEQEikJ0Z7ZJAbfQ/YeIjL3G3wCX0ELFR2ioIBv4e5IAYGpxjO7Gu/4sZKGXPfdGRufmJyanpktzc0vLC6Vl1fOTZRogTURqUg3fDCoZIg1kqSwEWuEwFdY968Pc79+g9rIKDyjQYztAHqh7EoBlEmdstsKgPoCFD+4sC3CW7Jxf2DStGNP74p3kWF9lWBqrzK9XHGrbgH+l3hDUmFDHHfKH63LSCQBhiQUGNP03JjaFjRJoTAttRKDMYhr6GEzoyEEaNq2SE35RmKAIh6j5lLxQsSfGxYCYwaBn03md5hRLxf/85oJdffaVoZxQhiKPIikwiLICC2zypBfSo1EkP8cuQy5AA1EqCUHITIxyTosZX14o9f/JedbVW+n6p1sV/a3h83MsDW2zjaZx3bZPjtix6zGBLtnj+yJPTsPzovz6rx9j445w51V9gvO5xddeac6</latexit>

Aphys
S|j

relational observables
of S relative to R2     

relational observables of 
S relative to R1    

<latexit sha1_base64="9u60P/LpvB5XZdVjhbf1Gsb+kGQ=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7ItFjxIvHCOYBSQi9k04yZPbBTK8YlvgJfoVXPXkTr/6DB//F3TUHTaxTUdVNV5cbKmnItj+t3NLyyupafr2wsbm1vVPc3WuYINIC6yJQgW65YFBJH+skSWEr1Aieq7Dpjq9Sv3mH2sjAv6VJiF0Phr4cSAGUSL3iQccDGglQ/LIXdwjvKQ5HEzOd9oolu2xn4IvEmZESm6HWK351+oGIPPRJKDCm7dghdWPQJIXCaaETGQxBjGGI7YT64KHpxtkHU34cGaCAh6i5VDwT8fdGDJ4xE89NJtO8Zt5Lxf+8dkSDi24s/TAi9EV6iKTC7JARWibVIO9LjUSQJkcufS5AAxFqyUGIRIySrgpJH87894ukcVp2KmXn5qxUrcyaybNDdsROmMPOWZVdsxqrM8Ee2BN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGRvOb5Q==</latexit>

Aphys

?

“different observers have different decompositions of 
relational length observables into space and time”  

when would two frames agree, or not, on 
the physical description of a subsystem?

t t’

x

x’

y

Ahmad, Galley, Höhn, Lock, Smith ’21; 
de la Hamette, Galley, Höhn, Loveridge, Müller ’21 
Kotecha, FM, Höhn to appear

<latexit sha1_base64="vnmCTfAvjpLek9Z074Nh64vUWHQ="></latexit>

Aphys ' Aphys
R2|R1

�Aphys
S|R1

' Aphys
R1|R2

�Aphys
S|R2

<latexit sha1_base64="D+Wz4cCPEH4FkfKfmdMiV2upzKc="></latexit>

Aphys
S|R1

6= Aphys
S|R2

<latexit sha1_base64="ylH43lPNkOFjtrWmrHr5SjXltq4=">AAACJXicbVC7TgMxEPTxJrwClDQWERJVdIcQUAbRUPIKREpCtOcsiYXvIXsPEZn7Dj6Br6CFig4hUSB+hbsjBRCmGs/sarzjx0oact13Z2x8YnJqema2NDe/sLhUXl45N1GiBdZFpCLd8MGgkiHWSZLCRqwRAl/hhX99kPsXN6iNjMIzGsTYDqAXyispgDKpU/ZaAVBfgOL7l7ZFeEs27g9Mmnbs6V3xLjKsxm5qTzpeZpQrbtUtwEeJNyQVNsRRp/zR6kYiCTAkocCYpufG1LagSQqFaamVGIxBXEMPmxkNIUDTtkVsyjcSAxTxGDWXihci/tywEBgzCPxsMj/E/PVy8T+vmdDVXtvKME4IQ5EHkVRYBBmhZdYZ8q7USAT5z5HLkAvQQIRachAiE5OsxFLWh/f3+lFyvlX1dqre8XaltjVsZoatsXW2yTy2y2rskB2xOhPsnj2yJ/bsPDgvzqvz9j065gx3VtkvOJ9fpqynTQ==</latexit>

Aphys
S|R1

<latexit sha1_base64="fQ3IzJT8fLBt+2K1oJ+tXBSngVk=">AAACJnicbVC7TgMxEPTxJrwClDQWERJVdBchoAyioeQViJSEaM9sgoXvIXsPEZn7Dz6Br6CFig4hCiQ+hbsjBRCmGs/sarzjx0oact13Z2x8YnJqema2NDe/sLhUXl45M1GiBTZEpCLd9MGgkiE2SJLCZqwRAl/huX+9n/vnN6iNjMJTGsTYCaAfyp4UQJnULdfaAdCVAMX3Lmyb8JZsfDUwadq1J3fFu8iwvkowtcfdWuaUK27VLcBHiTckFTbEYbf80b6MRBJgSEKBMS3PjaljQZMUCtNSOzEYg7iGPrYyGkKApmOL3JRvJAYo4jFqLhUvRPy5YSEwZhD42WR+ifnr5eJ/Xiuh3m7HyjBOCEORB5FUWAQZoWVWGvJLqZEI8p8jlyEXoIEIteQgRCYmWYulrA/v7/Wj5KxW9bar3tFWpV4bNjPD1tg622Qe22F1dsAOWYMJds8e2RN7dh6cF+fVefseHXOGO6vsF5zPL4vwp8U=</latexit>

Aphys
S|R2

<latexit sha1_base64="Hfs5p8SkdNVQD2IR0aR2LcTqM8s=">AAACFXicbVC7TsNAEDyHVwivACXNQYREgSIbRYCUJhINHeGRhxQH63zZhCPnh+7WSJFJzSfwFbRQ0SFaagr+BTukgISpRjO7mt1xQyk0muankZmZnZtfyC7mlpZXVtfy6xt1HUSKQ40HMlBNl2mQwocaCpTQDBUwz5XQcPsnqd+4A6VF4F/hIIS2x3q+6ArOMJGc/PbZddxzxNCJ7bK9b5edWztA4YGmXefy/iJ18gWzaI5Ap4k1JgUyRtXJf9mdgEce+Mgl07plmSG2Y6ZQcAnDnB1pCBnvsx60EuqzJK0dj14Z0t1IMwxoCIoKSUci/N6Imaf1wHOTSY/hjZ70UvE/rxVh97gdCz+MEHyeBqGQMArSXImkI6AdoQCRpZcDFT7lTDFEUIIyzhMxSkrLJX1Yk99Pk/pB0TosWuelQqU0biZLtsgO2SMWOSIVckqqpEY4eSBP5Jm8GI/Gq/FmvP+MZozxzib5A+PjG/46ntc=</latexit>

O
gi

j⌦fS |Ri

<latexit sha1_base64="GfrGSWudts5CHCMSZ2u84d/XwNQ=">AAACFHicbVC7TsNAEDyHVwgvAyXNiQiJAkU2igApTSQaOsIjDykO1vmyCUfOD92tkSKTlk/gK2ihokO09BT8C3ZIAYGpRjO7mt3xIik0WtaHkZuZnZtfyC8WlpZXVtfM9Y2GDmPFoc5DGaqWxzRIEUAdBUpoRQqY70loeoPjzG/egtIiDC5xGEHHZ/1A9ARnmEquSU+vkr4rRm7Sc2+cEIUP2qk4e07Fvbg7zwyzaJWsMehfYk9IkUxQc81Ppxvy2IcAuWRat20rwk7CFAouYVRwYg0R4wPWh3ZKA5YmdpLxJyO6E2uGIY1AUSHpWISfGwnztR76XjrpM7zW014m/ue1Y+wddRIRRDFCwLMgFBLGQZorkVYEtCsUILLscqAioJwphghKUMZ5KsZpZ4W0D3v6+7+ksV+yD0r2WblYLU+ayZMtsk12iU0OSZWckBqpE07uySN5Is/Gg/FivBpv36M5Y7KzSX7BeP8CpGCerQ==</latexit>

O
gi
fj⌦ S |Ri identify inequivalent tensor factorizations of    ,

<latexit sha1_base64="LC2gcwGuQDTqBwwWcFaF0SGPyZQ=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7EtRjwEuOEcwDkhB6J51kyOyDmV4xLPET/AqvevImXv0HD/6Lu2sOmlinoqqbri43VNKQbX9auZXVtfWN/GZha3tnd6+4f9A0QaQFNkSgAt12waCSPjZIksJ2qBE8V2HLnVynfusOtZGBf0vTEHsejHw5lAIokfrFo64HNBageK0fdwnvKQ7HUzOb9Yslu2xn4MvEmZMSm6PeL351B4GIPPRJKDCm49gh9WLQJIXCWaEbGQxBTGCEnYT64KHpxdkHM34aGaCAh6i5VDwT8fdGDJ4xU89NJtO8ZtFLxf+8TkTDq14s/TAi9EV6iKTC7JARWibVIB9IjUSQJkcufS5AAxFqyUGIRIySrgpJH87i98ukeV52LsrOTaVUrcybybNjdsLOmMMuWZXVWJ01mGAP7Ik9sxfr0Xq13qz3n9GcNd85ZH9gfXwDUaSb6g==</latexit>

Hphys



same degree of locality

U-inv. observables probe 
equivalent gauge-inv. descriptions

Kotecha, FM, Höhn to appear

<latexit sha1_base64="03CN/EvNZ5wp9qWWB8Oqzy4klYA=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7IppjxIvHCOYBSQi9k04yZPbBTK8YlvgJfoVXPXkTr/6DB//F3TUHTaxTUdVNV5cbKmnItj+t3NLyyupafr2wsbm1vVPc3WuYINIC6yJQgW65YFBJH+skSWEr1Aieq7Dpjq9Sv3mH2sjAv6VJiF0Phr4cSAGUSL3iQccDGglQ/LIXdwjvKQ5HEzOd9oolu2xn4IvEmZESm6HWK351+oGIPPRJKDCm7dghdWPQJIXCaaETGQxBjGGI7YT64KHpxtkHU34cGaCAh6i5VDwT8fdGDJ4xE89NJtO8Zt5Lxf+8dkSDSjeWfhgR+iI9RFJhdsgILZNqkPelRiJIkyOXPheggQi15CBEIkZJV4WkD2f++0XSOC0752Xn5qxUrcyaybNDdsROmMMuWJVdsxqrM8Ee2BN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGR42b5w==</latexit>

Aphys

<latexit sha1_base64="F4bNdoKdneM1ggG0s4VCThwHeSo=">AAACGXicbVC5TsNAEF1zhnAFKGlWRJGoIhshQFRBNJRBIoeUhGi8mYRV1od2x0iR5S/gE/gKWqjoEC0VBf+CbVJAwlRP77053rihkoZs+9NaWFxaXlktrBXXNza3tks7u00TRFpgQwQq0G0XDCrpY4MkKWyHGsFzFbbc8WWmt+5RGxn4NzQJsefByJdDKYBSql+qdD2gOwGKX/TjbpBas0mxTJLbOJfcIW8k/VLZrtp58XngTEGZTaveL311B4GIPPRJKDCm49gh9WLQJIXCpNiNDIYgxjDCTgp98ND04jxOwiuRAQp4iJpLxXMSf3fE4Bkz8dzUmV1oZrWM/E/rRDQ868XSDyNCX2SLSCrMFxmhZRoe+UBqJILscuTS5wI0EKGWHIRIySh9XDH9hzObfh40j6rOSdW5Pi7XzqefKbB9dsAOmcNOWY1dsTprMMEe2BN7Zi/Wo/VqvVnvP9YFa9qzx/6U9fENXWyhSA==</latexit>

AU
i

operators  in the two perspectives differ only 
by frame exchange and local unitaries

<latexit sha1_base64="3T1eoJpItSc+kHONusd8MDlZv64=">AAACGXicbVC7TsNAEDzzDOEVoKQ5EUWiimyEgBJEQxkk8pCSEK0vm+SU80N3a0Rk+Qv4BL6CFio6REtFwb9gmxSQMNVoZlc7O26opCHb/rQWFpeWV1YLa8X1jc2t7dLObsMEkRZYF4EKdMsFg0r6WCdJCluhRvBchU13fJn5zTvURgb+DU1C7How9OVACqBU6pUqHQ9oJEDxi17cIbynOBxNTJLcxrnjDuJ6kvRKZbtq5+DzxJmSMpui1it9dfqBiDz0SSgwpu3YIXVj0CSFwqTYiQyGIMYwxHZKffDQdOP8nYRXIgMU8BA1l4rnIv7eiMEzZuK56WQW0cx6mfif145ocNaNpR9GhL7IDpFUmB8yQsu0J+R9qZEIsuTIpc8FaCBCLTkIkYpRWlwx7cOZ/X6eNI6qzknVuT4un59NmymwfXbADpnDTtk5u2I1VmeCPbAn9sxerEfr1Xqz3n9GF6zpzh77A+vjG0ckodo=</latexit>

AU
phys

<latexit sha1_base64="4nA7bzxfYVdkQw9Dhge9E/tBpLg=">AAACGXicbVC7TsNAEDzzDOEVoKQ5EUWiimyEAFGBaCiDhJNIiYnWxwYOzg/drZGQ5S/gE/gKWqjoEC0VBf+CbVJAwlajmdnHrB8raci2P62p6ZnZufnKQnVxaXlltba23jZRogW6IlKR7vpgUMkQXZKksBtrhMBX2PFvTwq9c4fayCg8p/sYvQCuQjmUAiinBrVGPwC6FqD48SDtR7m1mJTeZNlFWkr+kLvZoFa3m3ZZfBI4I1Bno2oNal/9y0gkAYYkFBjTc+yYvBQ0SaEwq/YTgzGIW7jCXg5DCNB4aRkn443EAEU8Rs2l4iWJvztSCIy5D/zcWVxoxrWC/E/rJTQ88FIZxglhKIpFJBWWi4zQMg+P/FJqJILicuQy5AI0EKGWHITIySR/XDX/hzOefhK0d5rOXtM5260fHY4+U2GbbIttM4ftsyN2ylrMZYI9sCf2zF6sR+vVerPef6xT1qhng/0p6+MbXwmhSQ==</latexit>

AU
j

same structure of interactions/correlations

Subalgebras of QRF-invariant operators

<latexit sha1_base64="r8VeG0PPQsEEbB8DJMts1MP6Bz4="></latexit>

A
U Y j ! Z S
øi =

!
f øi ! A R j |R i " A S|R i | öU (f øi ) = ( öYj " öZS)( f øi )

"

relational observables
of S relative to frame 2     

relational observables 
of S relative to frame 1    

<latexit sha1_base64="9u60P/LpvB5XZdVjhbf1Gsb+kGQ=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7ItFjxIvHCOYBSQi9k04yZPbBTK8YlvgJfoVXPXkTr/6DB//F3TUHTaxTUdVNV5cbKmnItj+t3NLyyupafr2wsbm1vVPc3WuYINIC6yJQgW65YFBJH+skSWEr1Aieq7Dpjq9Sv3mH2sjAv6VJiF0Phr4cSAGUSL3iQccDGglQ/LIXdwjvKQ5HEzOd9oolu2xn4IvEmZESm6HWK351+oGIPPRJKDCm7dghdWPQJIXCaaETGQxBjGGI7YT64KHpxtkHU34cGaCAh6i5VDwT8fdGDJ4xE89NJtO8Zt5Lxf+8dkSDi24s/TAi9EV6iKTC7JARWibVIO9LjUSQJkcufS5AAxFqyUGIRIySrgpJH87894ukcVp2KmXn5qxUrcyaybNDdsROmMPOWZVdsxqrM8Ee2BN7Zi/Wo/VqvVnvP6M5a7azz/7A+vgGRvOb5Q==</latexit>

A phys

<latexit sha1_base64="MG2AwNGg7CSOIui1eF38Z1zhTgo=">AAACI3icbVC7TgMxEPTxDOEVoKSxiJCowh1CQAmioQyCAFISoj1nEyx8D9l7iMjcZ/AJfAUtVHSIhoJ/4e5IAQlTjWd2Nd7xYyUNue6nMzE5NT0zW5orzy8sLi1XVlYvTJRogQ0RqUhf+WBQyRAbJEnhVawRAl/hpX97nPuXd6iNjMJzGsTYDqAfyp4UQJnUqWy3AqAbAYofXdsW4T3Z+GZg0rRjzx6Kd5FhNXZT62VyperW3AJ8nHhDUmVD1DuVr1Y3EkmAIQkFxjQ9N6a2BU1SKEzLrcRgDOIW+tjMaAgBmrYtQlO+mRigiMeouVS8EPH3hoXAmEHgZ5P5GWbUy8X/vGZCvYO2lWGcEIYiDyKpsAgyQsusMeRdqZEI8p8jlyEXoIEIteQgRCYmWYXlrA9v9PpxcrFT8/Zq3ulu9XBv2EyJrbMNtsU8ts8O2QmrswYT7JE9sxf26jw5b8678/EzOuEMd9bYHzhf3yH1pow=</latexit>

A phys
S|1

<latexit sha1_base64="jrmQ2kI8uW9lrjGsiALvrSyLr7o=">AAACJHicbVC7TgMxEPTxJrwClDQWERJVdIdQoATRUAZBAlISoj2zJBa+h+w9RGTuN/gEvoIWKjpEQQHfwt2RAhKmGs/sarzjx0oact0PZ2Jyanpmdm6+tLC4tLxSXl1rmijRAhsiUpG+8MGgkiE2SJLCi1gjBL7Cc//mKPfPb1EbGYVnNIixE0AvlNdSAGVSt+y2A6C+AMUPL22b8I5s3B+YNO3a0/viXWRYXyWY2p1ML1fcqluAjxNvSCpsiHq3/Nm+ikQSYEhCgTEtz42pY0GTFArTUjsxGIO4gR62MhpCgKZji9SUbyUGKOIxai4VL0T8vWEhMGYQ+NlkfocZ9XLxP6+V0PV+x8owTghDkQeRVFgEGaFlVhnyK6mRCPKfI5chF6CBCLXkIEQmJlmHpawPb/T6cdLcqXq1qneyWzmoDZuZYxtsk20zj+2xA3bM6qzBBHtgT+yZvTiPzqvz5rz/jE44w5119gfO1zcGW6cE</latexit>

A phys
S|2

<latexit sha1_base64="pbQANbNaxOCYJleQZraOu8TjiM4=">AAACG3icbVC7TsNAEDzzJrwClDQnIgQNkY0QICoQDSUIQpDiEK2PTXLi/NDdGhFZ/gQ+ga+ghYoO0VJQ8C/YxgUEphrN7Gpnx4uUNGTbH9bI6Nj4xOTUdGVmdm5+obq4dGHCWAtsiFCF+tIDg0oG2CBJCi8jjeB7CpvezVHuN29RGxkG5zSIsO1DL5BdKYAyqVNdd32gvgDFDzvJmUt4R8lm1B+YNL1KCs/rJo007VRrdt0uwP8SpyQ1VuKkU/10r0MR+xiQUGBMy7EjaiegSQqFacWNDUYgbqCHrYwG4KNpJ8VDKV+LDVDII9RcKl6I+HMjAd+Yge9lk3lEM+zl4n9eK6buXjuRQRQTBiI/RFJhccgILbOmkF9LjUSQJ0cuAy5AAxFqyUGITIyz6ipZH87w93/JxVbd2ak7p9u1g/2ymSm2wlbZBnPYLjtgx+yENZhg9+yRPbFn68F6sV6tt+/REavcWWa/YL1/AXE+onA=</latexit>

A U
S-phys

2|1 1|2S|1 S|2

QRF-relativity of subsystem locality, correlations, 
and interactions resides in breaking U-invariance

<latexit sha1_base64="ylH43lPNkOFjtrWmrHr5SjXltq4=">AAACJXicbVC7TgMxEPTxJrwClDQWERJVdIcQUAbRUPIKREpCtOcsiYXvIXsPEZn7Dj6Br6CFig4hUSB+hbsjBRCmGs/sarzjx0oact13Z2x8YnJqema2NDe/sLhUXl45N1GiBdZFpCLd8MGgkiHWSZLCRqwRAl/hhX99kPsXN6iNjMIzGsTYDqAXyispgDKpU/ZaAVBfgOL7l7ZFeEs27g9Mmnbs6V3xLjKsxm5qTzpeZpQrbtUtwEeJNyQVNsRRp/zR6kYiCTAkocCYpufG1LagSQqFaamVGIxBXEMPmxkNIUDTtkVsyjcSAxTxGDWXihci/tywEBgzCPxsMj/E/PVy8T+vmdDVXtvKME4IQ5EHkVRYBBmhZdYZ8q7USAT5z5HLkAvQQIRachAiE5OsxFLWh/f3+lFyvlX1dqre8XaltjVsZoatsXW2yTy2y2rskB2xOhPsnj2yJ/bsPDgvzqvz9j065gx3VtkvOJ9fpqynTQ==</latexit>

Aphys
S|R1

<latexit sha1_base64="fQ3IzJT8fLBt+2K1oJ+tXBSngVk=">AAACJnicbVC7TgMxEPTxJrwClDQWERJVdBchoAyioeQViJSEaM9sgoXvIXsPEZn7Dz6Br6CFig4hCiQ+hbsjBRCmGs/sarzjx0oact13Z2x8YnJqema2NDe/sLhUXl45M1GiBTZEpCLd9MGgkiE2SJLCZqwRAl/huX+9n/vnN6iNjMJTGsTYCaAfyp4UQJnULdfaAdCVAMX3Lmyb8JZsfDUwadq1J3fFu8iwvkowtcfdWuaUK27VLcBHiTckFTbEYbf80b6MRBJgSEKBMS3PjaljQZMUCtNSOzEYg7iGPrYyGkKApmOL3JRvJAYo4jFqLhUvRPy5YSEwZhD42WR+ifnr5eJ/Xiuh3m7HyjBOCEORB5FUWAQZoWVWGvJLqZEI8p8jlyEXoIEIteQgRCYmWYulrA/v7/Wj5KxW9bar3tFWpV4bNjPD1tg622Qe22F1dsAOWYMJds8e2RN7dh6cF+fVefseHXOGO6vsF5zPL4vwp8U=</latexit>

Aphys
S|R2

Example:   local S observables

R2 perspectiveR1 perspective  

“Bulk” gauge-invariant observables 
commute with “boundary” frame 
reorientations

commuting with 
reorientations of 
both frames

Same notion of subsystem locality

-inv. S
observables

<latexit sha1_base64="Yn5sUEXWadnwlw9zm8tYFSjxl8s=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgKgiUUAZJPIQiRWtL5twyvls3a2RIit8BS1UdIiWf6HgX7BDCkiYajSzq52dIFbSkut+OguLS8srq4W14vrG5tZ2aWe3YaPECKyLSEWmFYBFJTXWSZLCVmwQwkBhMxhe5n7zAY2Vkb6lUYx+CAMt+1IAZdJdJwS6F6D4VbdUdivuBHyeeFNSZlPUuqWvTi8SSYiahAJr254bk5+CISkUjoudxGIMYggDbGdUQ4jWTyeJx/wwsUARj9FwqfhExN8bKYTWjsIgm8wT2lkvF//z2gn1z/1U6jgh1CI/RFLh5JAVRmZVIO9Jg0SQJ0cuNRdggAiN5CBEJiZZN8WsD2/2+3nSOK54pxXv5qRcvZg2U2D77IAdMY+dsSq7ZjVWZ4Jp9sSe2Yvz6Lw6b877z+iCM93ZY3/gfHwDy3+U/g==</latexit>

G

<latexit sha1_base64="Amqum0ETQMNvgcl53AU93dJDGKs=">AAACGnicbVC7SgNBFJ2NrxhfUUubwaBYSNgNQYU0ARvL+MgDsssyO7mJQ2YfzNwVwpI/8BP8Clut7MTWxsJ/cZOsoNFTHc65l3Pv8SIpNJrmh5FbWFxaXsmvFtbWNza3its7LR3GikOThzJUHY9pkCKAJgqU0IkUMN+T0PaG5xO/fQdKizC4wVEEjs8GgegLzjCV3OKhXXOTK9ca2yEKH7Rds49nUuVbon332i2WzLI5Bf1LrIyUSIaGW/y0eyGPfQiQS6Z11zIjdBKmUHAJ44Ida4gYH7IBdFMasDTISab/jOlBrBmGNAJFhaRTEX5uJMzXeuR76aTP8FbPexPxP68bY//MSUQQxQgBnwShkDAN0lyJtCigPaEAkU0uByoCypliiKAEZZynYpw2V0j7sOa//0talbJ1UrYuq6V6NWsmT/bIPjkiFjkldXJBGqRJOLknj+SJPBsPxovxarzNRnNGtrNLfsF4/wIsPqB2</latexit>

R 1 ! R 2 ! f S

<latexit sha1_base64="ZSX888O/zANlPPVV55WahlmRja0=">AAACBHicbVC7TgJBFJ3FF+Jr1dJmIjGxIruEqCWJjSUm8kjYDbk7XGDC7CMzd0nIhtavsNXKztj6Hxb+iwtSKHiqk3Puzbn3BImShhzn0ypsbG5t7xR3S3v7B4dH9vFJy8SpFtgUsYp1JwCDSkbYJEkKO4lGCAOF7WB8O/fbE9RGxtEDTRP0QxhGciAFUC71bNsbAWWtWS9zPYp5ddazy07FWYCvE3dJymyJRs/+8vqxSEOMSCgwpus6CfkZaJJC4azkpQYTEGMYYjenEYRo/Gxx+YxfpAby2AQ1l4ovRPy9kUFozDQM8skQaGRWvbn4n9dNaXDjZzJKUsJIzINIKlwEGaFlXgnyvtRIBPPLkcuIC9BAhFpyECIX07yjUt6Hu/r9OmlVK+5Vxb2vleu1ZTNFdsbO2SVz2TWrszvWYE0m2IQ9sWf2Yj1ar9ab9f4zWrCWO6fsD6yPb/c1l8g=</latexit>

öV1! 2
<latexit sha1_base64="GKSmRxfWuTgwsU/I6xdOidmfsrU="></latexit>

U =
!

g! G

|gg1!" gj g" 1|2 # Ug
S

Inverse of QRF-transformation             within a single perspective

Restores locality altered by the QRF-transformation

<latexit sha1_base64="ZSX888O/zANlPPVV55WahlmRja0=">AAACBHicbVC7TgJBFJ3FF+Jr1dJmIjGxIruEqCWJjSUm8kjYDbk7XGDC7CMzd0nIhtavsNXKztj6Hxb+iwtSKHiqk3Puzbn3BImShhzn0ypsbG5t7xR3S3v7B4dH9vFJy8SpFtgUsYp1JwCDSkbYJEkKO4lGCAOF7WB8O/fbE9RGxtEDTRP0QxhGciAFUC71bNsbAWWtWS9zPYp5ddazy07FWYCvE3dJymyJRs/+8vqxSEOMSCgwpus6CfkZaJJC4azkpQYTEGMYYjenEYRo/Gxx+YxfpAby2AQ1l4ovRPy9kUFozDQM8skQaGRWvbn4n9dNaXDjZzJKUsJIzINIKlwEGaFlXgnyvtRIBPPLkcuIC9BAhFpyECIX07yjUt6Hu/r9OmlVK+5Vxb2vleu1ZTNFdsbO2SVz2TWrszvWYE0m2IQ9sWf2Yj1ar9ab9f4zWrCWO6fsD6yPb/c1l8g=</latexit>

öV1! 2

<latexit sha1_base64="tJFzeNsbDjCa08NGL21HZj3b3uU=">AAAB/XicdVDLSgNBEJyN7/iKevQyGARPy+waTbwJXjyqGA0ki/RO2jhk9sFMrxKC+BVe9eRNvPotHvwXd2MEFa1TUdVNV1eYamVJiDenNDE5NT0zO1eeX1hcWq6srJ7ZJDMSmzLRiWmFYFGrGJukSGMrNQhRqPE87B8U/vk1GquS+JQGKQYR9GJ1qSRQLrU7J6p3RWBMcnNRqQq35gtPNLhwfV9sCz8nO/W9ml/nnitGqLIxji4q751uIrMIY5IarG17IqVgCIaU1Hhb7mQWU5B96GE7pzFEaIPhKPIt38wsUMJTNFxpPhLx+8YQImsHUZhPRkBX9rdXiH957YwuG8FQxWlGGMviECmNo0NWGpV3gbyrDBJBkRy5irkEA0RoFAcpczHLyynnfXw9zf8nZ77r7breca26Xxs3M8vW2QbbYh6rs312yI5Yk0mWsHv2wB6dO+fJeXZePkdLznhnjf2A8/oBse2WJA==</latexit>

)

<latexit sha1_base64="tJFzeNsbDjCa08NGL21HZj3b3uU=">AAAB/XicdVDLSgNBEJyN7/iKevQyGARPy+waTbwJXjyqGA0ki/RO2jhk9sFMrxKC+BVe9eRNvPotHvwXd2MEFa1TUdVNV1eYamVJiDenNDE5NT0zO1eeX1hcWq6srJ7ZJDMSmzLRiWmFYFGrGJukSGMrNQhRqPE87B8U/vk1GquS+JQGKQYR9GJ1qSRQLrU7J6p3RWBMcnNRqQq35gtPNLhwfV9sCz8nO/W9ml/nnitGqLIxji4q751uIrMIY5IarG17IqVgCIaU1Hhb7mQWU5B96GE7pzFEaIPhKPIt38wsUMJTNFxpPhLx+8YQImsHUZhPRkBX9rdXiH957YwuG8FQxWlGGMviECmNo0NWGpV3gbyrDBJBkRy5irkEA0RoFAcpczHLyynnfXw9zf8nZ77r7breca26Xxs3M8vW2QbbYh6rs312yI5Yk0mWsHv2wB6dO+fJeXZePkdLznhnjf2A8/oBse2WJA==</latexit>

)

<latexit sha1_base64="/eW10cS1mT293boQepSpAGicHvA=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDIA8psaL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe55YFDJANskSWEv0gi+p7DrTa8yv/uA2sgwuKNZhK4Pk0COpQBKpdvJUA6rNbtu5+DLxClIjRVoDatfg1EoYh8DEgqM6Tt2RG4CmqRQOK8MYoMRiClMsJ/SAHw0bpJHnfOT2ACFPELNpeK5iL83EvCNmfleOukD3ZtFLxP/8/oxjS/dRAZRTBiI7BBJhfkhI7RMO0A+khqJIEuOXAZcgAYi1JKDEKkYp6VU0j6cxe+XSees7pzXnZtGrdkomimzI3bMTpnDLliTXbMWazPBJuyJPbMX69F6td6s95/RklXsHLI/sD6+AeygkkQ=</latexit>gi



Subsystem states: correlations and entropies Kotecha, FM, Höhn to appear

QRF-dependence of factorisation  Correlations/entanglement of S with its complement 
will in general differ in two perspectives

Subsystem states & (Rényi) Entropies

For same global physical state, reduced S-state and its correlations/entanglement with other DoFs will in general differ in 
two perspectives.

When two QRFs agree? 

<latexit sha1_base64="0LWHxaMMp+/nUI9dIAWMY8snVO4=">AAACAHicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDRBKkxETryyY55fzQ3RopstLwFbRQ0SFa/oSCf8E2LiBhqtHMrnZ2vEhJQ7b9aZVWVtfWN8qbla3tnd296v5Bx4SxFtgWoQr1nQcGlQywTZIU3kUawfcUdr3pVeZ3H1AbGQa3NIvQ9WEcyJEUQKl03x+FGpTifVDRBAbVml23c/Bl4hSkxgq0BtWv/jAUsY8BCQXG9Bw7IjcBTVIonFf6scEIxBTG2EtpAD4aN8lTz/lJbIBCHqHmUvFcxN8bCfjGzHwvnfSBJmbRy8T/vF5Mo0s3kUEUEwYiO0RSYX7ICC3TOpAPpUYiyJIjlwEXoIEIteQgRCrGaT+VtA9n8ftl0jmrO+d156ZRazaKZsrsiB2zU+awC9Zk16zF2kwwzZ7YM3uxHq1X6816/xktWcXOIfsD6+MbKyCW4Q==</latexit>

! !

<latexit sha1_base64="uRxeLerVZ5YMOZYm4U20D9fXXN0=">AAACB3icbVC5TsNAFFxzhnAZUtKsiJCoIhuhQBmJhjJI5JBiy1pvXpJV1od2n5Eiyx/AV9BCRYdo+QwK/gXbuICEqUbz5l3jx1JotKxPY219Y3Nru7ZT393bPzg0j477OkoUhx6PZKSGPtMgRQg9FChhGCtggS9h4M9vivrgAZQWUXiPixjcgE1DMRGcYS55ZsNRs8hLnSg3FTNSkWWe2bRaVgm6SuyKNEmFrmd+OeOIJwGEyCXTemRbMbopUyi4hKzuJBpixudsCqOchiwA7abl8Rk9SzTDiMagqJC0FOF3R8oCrReBnzsDhjO9XCvE/2qjBCfXbirCOEEIebEIhYRykeZK5A8DHQsFiKy4HKgIKWeKIYISlHGei0keUz3Pw17+fpX0L1p2u2XfXTY77SqZGjkhp+Sc2OSKdMgt6ZIe4WRBnsgzeTEejVfjzXj/sa4ZVU+D/IHx8Q3KpZoF</latexit>! i is U-invariant

<latexit sha1_base64="tJFzeNsbDjCa08NGL21HZj3b3uU=">AAAB/XicdVDLSgNBEJyN7/iKevQyGARPy+waTbwJXjyqGA0ki/RO2jhk9sFMrxKC+BVe9eRNvPotHvwXd2MEFa1TUdVNV1eYamVJiDenNDE5NT0zO1eeX1hcWq6srJ7ZJDMSmzLRiWmFYFGrGJukSGMrNQhRqPE87B8U/vk1GquS+JQGKQYR9GJ1qSRQLrU7J6p3RWBMcnNRqQq35gtPNLhwfV9sCz8nO/W9ml/nnitGqLIxji4q751uIrMIY5IarG17IqVgCIaU1Hhb7mQWU5B96GE7pzFEaIPhKPIt38wsUMJTNFxpPhLx+8YQImsHUZhPRkBX9rdXiH957YwuG8FQxWlGGMviECmNo0NWGpV3gbyrDBJBkRy5irkEA0RoFAcpczHLyynnfXw9zf8nZ77r7breca26Xxs3M8vW2QbbYh6rs312yI5Yk0mWsHv2wB6dO+fJeXZePkdLznhnjf2A8/oBse2WJA==</latexit>)

<latexit sha1_base64="RE1pWcKv2Z7DxBqv7L4OSaPUFAo="></latexit>

S(! S|R 1 ) != S(! S|R 2 )

<latexit sha1_base64="8KP1+CvLd6J5wdqt/CIEtIVeU+s="></latexit>

S(! S|R 1 ) = S(! S|R 2 )

<latexit sha1_base64="dTAxTlKJZYazAz+dcQFqxqcAPTo="></latexit>

S! (! S|R 1 ) = S! (! S|R 2 )

<latexit sha1_base64="fe35QnM2wVW+zQcRBMWQMaEA/1U=">AAACMHicbVC5TsNAFFxzhnAFKGlWREhUkR1FQAFSJBrKcOSQkshab16SVdaHdp8RkfHP8Al8BS1UUCBEy1dgmxSQZKrRzHs7b8cJpNBomu/GwuLS8spqbi2/vrG5tV3Y2W1oP1Qc6tyXvmo5TIMUHtRRoIRWoIC5joSmM7pI/eYdKC187xbHAXRdNvBEX3CGiWQXzjpq6NvRzUMH4R6z9yIFvTi6tq04Pp/jOjKE1C7HsV0omiUzA50l1oQUyQQ1u/DR6fk8dMFDLpnWbcsMsBsxhYJLiPOdUEPA+IgNoJ1Qj7mgu1GWG9PDUDP0aQCKCkkzEf5uRMzVeuw6yaTLcKinvVSc57VD7J92I+EFIYLH0yAUErIgzZVI6gPaEwoQWXo5UOFRzhRDBCUo4zwRw6TPfNKHNf37WdIol6zjknVVKVYrk2ZyZJ8ckCNikRNSJZekRuqEk0fyTF7Iq/FkvBmfxtfv6IIx2dkj/2B8/wB19Kxb</latexit>! S|R 1 = ! S|R 2

<latexit sha1_base64="N7NFvsEQ08KpKrdy46P9NM0Ixow="></latexit>

! S|R 2 = ZS ! S|R 1 Z  
S

Gauge-invariant entanglement entropy in general
for same global physical state

Unless (mixture of) U-invariant global states

(See also Giacomini, Castro-Ruiz, Brukner ’17; 
Ahmad, Galley, Höhn, Lock, Smith ’21; 
de la Hammette, Galley, Höhn, Loveridge, Müller ’21)



Subsystem dynamics and thermodynamics Kotecha, FM, Höhn to appear

For dynamical considerations, it is important whether both the initial states and the Hamiltonian are U-invariant or not  

closed/open 
dynamics    

<latexit sha1_base64="nM/q+oNogZnLcsgk6ihYkznC54o=">AAACC3icbVC5TsNAFFxzhnAZKChoVkRIVJEdRUAZiYYyHDmkxIrWm5ewyvrQ7jMiMv4EvoIWKjpEy0dQ8C/YxgUkTDWaeW/n7bihFBot69NYWFxaXlktrZXXNza3ts2d3bYOIsWhxQMZqK7LNEjhQwsFSuiGCpjnSui4k/PM79yB0iLwb3AaguOxsS9GgjNMpYG5f/3QR7jH/KXYlREk8dWglgzMilW1ctB5YhekQgo0B+ZXfxjwyAMfuWRa92wrRCdmCgWXkJT7kYaQ8QkbQy+lPvNAO3Eem9CjSDMMaAiKCklzEX5vxMzTeuq56aTH8FbPepn4n9eLcHTmxMIPIwSfZ0EoJORBmiuRNgN0KBQgsuxyoMKnnCmGCEpQxnkqRmlV5bQPe/b386Rdq9onVfuyXmnUi2ZK5IAckmNik1PSIBekSVqEk4Q8kWfyYjwar8ab8f4zumAUO3vkD4yPb7sWm5g=</latexit>

S|R2
<latexit sha1_base64="PoRsjyJ/vxLa5yzYVmtkEbfR5qQ=">AAACCnicbVC5TsNAFFyHK4TLgERDsyJCoopsFAFlJBrKcOSQEstab17CKutDu8+IyPEf8BW0UNEhWn6Cgn/BNikgMNVo5r2dt+NFUmi0rA+jtLC4tLxSXq2srW9sbpnbO20dxopDi4cyVF2PaZAigBYKlNCNFDDfk9Dxxue537kDpUUY3OAkAsdno0AMBWeYSa65dz3tI9xj8VKiYJAmV66dumbVqlkF6F9iz0iVzNB0zc/+IOSxDwFyybTu2VaETsIUCi4hrfRjDRHjYzaCXkYD5oN2kiI1pYexZhjSCBQVkhYi/NxImK/1xPeySZ/hrZ73cvE/rxfj8MxJRBDFCAHPg1BIKII0VyIrBuhAKEBk+eVARUA5UwwRlKCM80yMs6YqWR/2/O//kvZxzT6p2Zf1aqM+a6ZM9skBOSI2OSUNckGapEU4mZJH8kSejQfjxXg13r5HS8ZsZ5f8gvH+BeEamyA=</latexit>

S|R1

Different dynamics of S-reduced state
in two perspectives    

At least one between            and  

<latexit sha1_base64="ePFz92RbXlxiPQGc5zxyFKX4HQQ="></latexit>

! øi (0) , Høi ! A
U Y j ! Z S
øi

<latexit sha1_base64="pK5UxIcLU+wRGJvsP9ZGBsH4pBE="></latexit>

! øi (0) Høi !" A
U Y j ! Z S
øi

can map unitary dynamics/zero heat & work 
exchange into open dynamics/ non-zero 
heat & work exchange in other perspective 

Thermodynamically isolated or closed resp
in the “same” way

closed/open 
dynamics    

in the “same” way

<latexit sha1_base64="CUrQZKYWz6LrxoESecznAr9cUvw=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrJRBJSRaCiDRB5SEkXryyaccmdbd2ukyMpH0EJFh2j5Ggr+Bdu4gISpRjO72tnxIyUtue6nU1pb39jcKm9Xdnb39g+qh0cdG8ZGYFuEKjQ9HywqGWCbJCnsRQZB+wq7/uwm87uPaKwMg3uaRzjUMA3kRAqgVOoONESWwlG15tbdHHyVeAWpsQKtUfVrMA5FrDEgocDavudGNEzAkBQKF5VBbDECMYMp9lMagEY7TPK4C34WW6CQR2i4VDwX8fdGAtraufbTSQ30YJe9TPzP68c0uR4mMohiwkBkh0gqzA9ZYWTaA/KxNEgEWXLkMuACDBChkRyESMU4LaaS9uEtf79KOhd177Lu3TVqzUbRTJmdsFN2zjx2xZrslrVYmwk2Y0/smb04ifPqvDnvP6Mlp9g5Zn/gfHwDQ82ULQ==</latexit>!"

Total system in isolation (unitary dynamics) 

Subsystems can interact, exchange heat, work, & energy

U invariance

U breaking



Conclusion and outlook

Take-home message(s)

Perspective-neutral framework for relational/gauge-invariant description of subsystems and their 
correlations/interactions 

Frame-dependence or invariance  of local & non local observables, subsystem states, correlations, 
and (quantum) thermodynamics 

Different frames mean different physical DoFs when referring to a subsystem 

What next?
<latexit sha1_base64="Yn5sUEXWadnwlw9zm8tYFSjxl8s=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgKgiUUAZJPIQiRWtL5twyvls3a2RIit8BS1UdIiWf6HgX7BDCkiYajSzq52dIFbSkut+OguLS8srq4W14vrG5tZ2aWe3YaPECKyLSEWmFYBFJTXWSZLCVmwQwkBhMxhe5n7zAY2Vkb6lUYx+CAMt+1IAZdJdJwS6F6D4VbdUdivuBHyeeFNSZlPUuqWvTi8SSYiahAJr254bk5+CISkUjoudxGIMYggDbGdUQ4jWTyeJx/wwsUARj9FwqfhExN8bKYTWjsIgm8wT2lkvF//z2gn1z/1U6jgh1CI/RFLh5JAVRmZVIO9Jg0SQJ0cuNRdggAiN5CBEJiZZN8WsD2/2+3nSOK54pxXv5qRcvZg2U2D77IAdMY+dsSq7ZjVWZ4Jp9sSe2Yvz6Lw6b877z+iCM93ZY3/gfHwDy3+U/g==</latexit>

GGeneral groups     , spacetime RFs, field theory 

2nd quantized formulation 

RFs, entanglement, and thermodynamics 
for subsystems in gauge theories and gravity  

changing particle number, phase transitions



Conclusion and outlook

What next?
<latexit sha1_base64="Yn5sUEXWadnwlw9zm8tYFSjxl8s=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgKgiUUAZJPIQiRWtL5twyvls3a2RIit8BS1UdIiWf6HgX7BDCkiYajSzq52dIFbSkut+OguLS8srq4W14vrG5tZ2aWe3YaPECKyLSEWmFYBFJTXWSZLCVmwQwkBhMxhe5n7zAY2Vkb6lUYx+CAMt+1IAZdJdJwS6F6D4VbdUdivuBHyeeFNSZlPUuqWvTi8SSYiahAJr254bk5+CISkUjoudxGIMYggDbGdUQ4jWTyeJx/wwsUARj9FwqfhExN8bKYTWjsIgm8wT2lkvF//z2gn1z/1U6jgh1CI/RFLh5JAVRmZVIO9Jg0SQJ0cuNRdggAiN5CBEJiZZN8WsD2/2+3nSOK54pxXv5qRcvZg2U2D77IAdMY+dsSq7ZjVWZ4Jp9sSe2Yvz6Lw6b877z+iCM93ZY3/gfHwDy3+U/g==</latexit>

GGeneral groups     , spacetime RFs, field theory 

2nd quantized formulation changing particle number, phase transitions

RFs, entanglement, and thermodynamics 
for subsystems in gauge theories and gravity  

Thank you for 
your attention !

Take-home message(s)

Perspective-neutral framework for relational/gauge-invariant description of subsystems and their 
correlations/interactions 

Frame-dependence or invariance  of local & non local observables, subsystem states, correlations, 
and (quantum) thermodynamics 

Different frames mean different physical DoFs when referring to a subsystem 


