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Quantum reference frames

internalize frames 'H"' N\

ty, :
I reference frames always physical systems

X

- bttt

spacetime

© no background structure

< universality of QT (ext. of Heisenberg cut) = RF subject to QM itself

“RFs In relative superposition”



Why dynamical frames?

E.g., gravity: tension between usual notion of bulk locality (in terms of fixed event labeling) and gauge-invariance

- scalar field @(x) under diffeos:

x € oM, as 1 (x) =x

fep(x) = p(f~'(x)) = @(x) only gauge-inv. if {
or ¢ = const .

= notion of locality that fails is one based on fixed, non-dynamical — and hence unphysical — reference frames



Why dynamical frames?

E.g., gravity: tension between usual notion of bulk locality (in terms of fixed event labeling) and gauge-invariance

- scalar field @(x) under diffeos:

x € oM, as 1 (x) =x

fep(x) = p(f~'(x)) = @(x) only gauge-inv. if {
or ¢ = const .

= notion of locality that fails is one based on fixed, non-dynamical — and hence unphysical — reference frames

= instead, want dynamical (field-dep.) coordinatization x[¢] of spacetime s.t. for bulk diffeos: x[ @] = f(x[p])

= px[@)) = p(f ' o fx[@)) = frp(x[ feh])

iIs gauge-inv. & local rel. to dynamically defined event



The story In pictures
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RFS and symmetries

external frame

quantum information/foundations:

Premise: ° ® o 'ab frame
System S subject to symmetry group e gauge theories/gravity:
G, s.t. statespand g - p are ® o o fictitious or edge modes (boundaries)
Indistinguishable for all g € G when o

S considered in isolation

pair ( G, S) could be, e.q.: distinguishable rel. to external frame

“space of externally distinguishable states”

® spatial symmetry + group of particles
® gauge group + gauge field in some region

® diffeos + all dynamical fields in spacetime
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= “gauge inv.” = external frame indep.
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System S subject to symmetry group

G, s.t. statespand g - p are ° internally indistinguishable

Indistinguishable for all g € G when o
S considered in isolation

quantum information/foundations:
change of ext. frame

gauge theories/gravity:
gauge transf./diffeos
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gauge theories/gravity:
gauge transf./diffeos



RFS and symmetries

(G-transformations = ext. frame transf. = “gauge transformations”

= “gauge inv.” = external frame indep.

Premise:

System S subject to symmetry group
internally indistinguishable

G, s.t. statespand g - p are
Indistinguishable for all g € G when o
S considered in isolation

quantum information/foundations: Describe S relative to internal
change of ext. frame reference subsystem R

gauge theories/gravity:
gauge transf./diffeos

should transform “nicely” (covariantly) under G



RFS and symmetries

Premise:

System S subject to symmetry group
internally indistinguishable

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

Describe S relative to internal
reference subsystem R

should transform “nicely” (covariantly) under G

p and g - p members of same relational equivalence class of states,
different descriptions of same relational state




RFS and symmetries

ENRE)
System S subject to symmetry group

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

Describe S relative to internal
reference subsystem R

Interested in internally
distinguishable (relational) states/
observables



RFS and symmetries

internally distinguishable
(relations changed)

o
,m ° = internal frame reorientation
System S subject to symmetry group R (“symmetry”)
G, s.t. statespand g - p are o o
Indistinguishable for all g € G when .
O

S considered in isolation

Describe S relative to internal
reference subsystem R

Interested in internally
distinguishable (relational) states/
observables



RFS and symmetries

internally distinguishable
(relations changed)

o
lPremlse. o = internal frame reorientation
System S subject to symmetry group R (“symmetry”)
G, s.t. statespand g - p are o o | |
Indistinguishable for all ¢ € G when . gauge theories/gravity:
® e.g. corner symmetries

S considered in isolation

Describe S relative to internal
reference subsystem R

Interested in internally
distinguishable (relational) states/
observables



2 ways of “jlumping Into a RF perspective”

®
Premise:
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®
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Describe S relative to internal

_ reference subsystem R
1. relational observables relative to R (gauge inv.)



2 ways of “jumping Into a RF perspective”

ENRE)
System S subject to symmetry group

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

Describe S relative to internal

. . _ reference subsystem R
1. relational observables relative to R (gauge inv.)

2. put R into “origin” (gauge fix)



1he multiple choice problem

which frame to choose?
Premise:

System S subject to symmetry group

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

Describe S relative to internal
reference subsystem R



1he multiple choice problem

. which frame to choose?
Premise: ?
System S subject to symmetry group

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

Describe S relative to internal
reference subsystem R’
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2 ways of changing Rr

Premise: o R o
System S subject to symmetry group | S =TT S @ .

G, s.t. statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

1. relation-conditional gauge transf.



2 ways of changing Rr

O @
o
Premise: . R/O -
System S subject to symmetry group Re o ®
G, s.t. states pand g - p are o

Indistinguishable for all g € G when
S considered in isolation

1. relation-conditional gauge transf.

2. relation-conditional reorientation



KiInematical vs. relational subsystems

green balls: subsystem §’
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System S subject to symmetry group Re , ®
G, s.t. statespand g - p are .

Indistinguishable for all g € G when
S considered in isolation
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1. kinematical and relational (gauge inv.) notion of subsystem distinct



KiInematical vs. relational subsystems

green balls: subsystem §’

Premise: P R e
System S subject to symmetry group R'e \
G, s.t. statespand g - p are

Indistinguishable for all g € G when
S considered in isolation

1. kinematical and relational (gauge inv.) notion of subsystem distinct



KiInematical vs. relational subsystems

green balls: subsystem §’

O ®
®
ENRE) ® ¢
System S subject to symmetry group Re , ®
G, s.t. states p and g - p are . =

Indistinguishable for all g € G when
S considered in isolation

leaves description of S’ rel. to external frame invariant,

but changes description relative to frame R

1. kinematical and relational (gauge inv.) notion of subsystem distinct
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KiInematical vs. relational subsystems

but changes it relative to R’ o ©
: ® ®
Premise: o
System S subject to symmetry group . ®
G, s.t. states p and g - p are . =

Indistinguishable for all g € G when

S considered in isolation m , .
leaves description of 8’ rel. to external frame invariant,

but changes description relative to frame R

1. kinematical and relational (gauge inv.) notion of subsystem distinct

2. gauge Inv. notion of subsystem depends on choice of RF

= gauge inv. correlations, thermal properties, ... are RF dependent

gauge theories/gravity:
e.g. S’ subregion, R, R’ edge mode frames



The story Iin equations



What’s a dynamical reference frame”/

Dynamical frame R always associated with (gauge) symmetry group G

R configurations: orientations o of the frame

le.g. orientation of a tetrad, reading of a clock, ...]

restrict here (for now) to:

< 7

e complete (group valued) frames: space of frame orientations ~ GG

® gauge covariant frames: o(g'g) =g - 0(g)

[can also treat more general situations: Carrozza, PH ’21; de la Hamette, Galley, PH, Loveridge, Muller '21; Goeller, PH, Kirklin ’22]

use orientations to parametrize/gauge-fix G-orbits



Unifying picture of dynamical frame covariance

Special relativity Quantum relativity Gauge relativity General relativity

frame orientations
(group valued frame)

.....................................................................................................................................................................................................................................................................................................................................................................................................................................................................................

gauge transf./
gauge covariance

*Nframe reorientations/

“symmetries”
(act only on the frame)

relational observables

Orr(g)  “what’s value of F
when RF is in orientation g7~

“jumping into RF
perspective”
(gauge fixing)

actions

.......................................................................................................................................................................................................................................................................................................................................................................................
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.......................................................................................................................................................................................................................................................................................................................................................................................

.......................................................................................................................................................................................................................................................................................................................................................................................

.......................................................................................................................................................................................................................................................................................................................................................................................

RF change 1
(rel. cond. gauge transf.)

RF change 2

(rel. cond. symmetry)
(1st frame relative to 2nd)

.......................................................................................................................................................................................................................................................................................................................................................................................




Unifying picture of dynamical frame covariance
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Quantum relativity Gauge relativity General relativity
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frame orientations
(group valued frame) ||

.................................................................................................................................................................................................................................................................................................................................................................................................................................................................................

gauge transf./ | "
gauge covariance | {

actions
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“symmetries” l ||
(act only on the frame)

.................................................................................................
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OF,R(g) “what’s value of F |
when RF is in orientation g?” |

..........................................................................................................................................................................................

“jumping into RF k
perspective” .
(gauge fixing) ! ! |

...............................................................................................................................................................................................................................................................................................................................................................................................................................................................................

"""""""""""" e | B
relational observables 41
| | 5

RF change 1 | “ | ;
(rel. cond. gauge transf.} %‘

1 |
RF change 2 ll |
(rel. cond. symmetry)

(1st frame relative to 2nd)



Warmup: Special relativity with internal frames

YN V

y v AF VY A € SO,(3,1), internally indistinguishable

X

fictitious/external coord. frame



Warmup: Special relativity with internal frames

fictitious/external coord. frame

v = A VY A € S0_(3,1),

introduce internal frame (tetrad)

e’ u==t2x7Yy,Z spacetimeindex,

frame orientations

internally indistinguishable

a=0,1,273

frame index



Warmup: Special relativity with internal frames
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€ introduce internal frame (tetrad)
e’ u=t=x7y,z spacetimeindex, a=0,1,23 frame index
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© “symmetries” (frame reorientations): Aab e’ Aab e S0,(3,1)
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only acts on frame




Warmup: Special relativity with internal frames

< a v
€0
y Vi = AF VY A € S0_(3,1), internally indistinguishable
€ introduce internal frame (tetrad)
e’ u=t=x7y,z spacetimeindex, a=0,1,23 frame index
e A
fictitious/external coord. frame frame orientations 2 indices, 2 commuting group actions:
- “gauge transformations”: N el A, € SO,(3,1)
© “symmetries” (frame reorientations): AL et Aab e S0,(3,1)

a p
only acts on frame

= group acts on itself since Nab = €4 €p My = e/’ € SO,(3,1) group valued frame orientations




Warmup: Special relativity with internal frames

< 4 V
€0
y Vi = AF VY A € S0_(3,1), internally indistinguishable
€ introduce internal frame (tetrad)
e’ u=t=x7y,z spacetimeindex, a=0,1,23 frame index
€1 A
fictitious/external coord. frame frame orientations N TFNagy, commuting group actions:
- “gauge transformations”: N el A, € SO,(3,1)
© “symmetries” (frame reorientations): Aab eg Aab e S0,(3,1)
only acts on frame

= group acts on itself since Nab = €4 €p My = e/’ € SO,(3,1) group valued frame orientations

= “gauge-invariant” description of v: v, = (v, e,) =mn,v'e, “relational/frame dressed observables”

(describes v relative to frame)



Special relativity with internal frames

/

introduce second internal frame e

LM U — 1,/ a v __ a’
v, =vin, e, =ve, e, e, =v, N

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




Warmup: Special relativity with internal frames

0 V
€ f
e, introduce second internal frame e
€ ) U — M a U _ a’
v, =V, e, =Vvie e e, = v, AN
, relational observable rel. to e relational observable rel. to e’
e
€ 1

symmetry induced RF transformation:
N, =¢e/e, € SO,(3.1)
IS relational observable describing 1st rel. to 2nd frame

_ JTNY
Vg = el



Warmup: Special relativity with internal frames

0 " 1%

e
! e, introduce second internal frame e
€ _ v / a v a’
v, =vin,, e, =" €0 €y €q = v, A
, relational observable rel. to e relational observable rel. to e’
e €l
symmetry induced RF transformation: gauge induced RF transformation:
A = eﬂa e/, € SO, (3,1) A”'ﬂ € SO, (3,1) looks the same as A“'a
Is relational observable describing 1st rel. to 2nd frame coordinate change via gauge fixings
v vy = M




Unifying picture of dynamical frame covariance

Special relativity Quantum relativity Gauge relativity General relativity

frame orientations tetrad
(group valued frame) e/’ € SO,(3,1)
gauge transf./ spacetime Lorentz tr.

actions

gauge covariance A el A e SO+(3,1)§

*Jframe reorientations/ frame Lorentz tr
“symmetries”

(act only on the frame) Aab e,f Aab = SO+(391)§

relational observables
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Orr(g) “what’s value of F F  elA. %o 1...
when RF is in orientation g?” poe-matth (&™)
“jumping into RF
perspective” el = A (g)
____________________________ QUGS I e
RF change 1 y N AE o kA
(rel. cond. gauge transf.) Nfe, ) = MAg)ec €,\,7(8)
'~ RFchange2 | - P
/
(rel. cond. symmetry) AN (e, e’) = eﬂa eg‘

(1st frame relative to 2nd)



Unifying picture of dynamical frame covariance

|

Special relativity »k Quantum relativity 1 Gauge relativity General relativity
frame orientations tetrad |
(group valued frame) e’ € SO, (3,1) ‘
> 2 gauge transf./ spacetime Lorentz tr. | ” |
'*é; -% gauge covariance A el A e SO +(3,1L§
S o P e SRR [ e —
S fran‘m‘z rren‘::"eet':f‘:;'f"S/ frame Lorentz tr. |
NS y ! b b 1 |
' actonyonthe frame) | Mg € A aESO+(31 _______________________________________________________________________________________________________________________________________________________________________________________
relational observables i I
Orr(g)  “what’s value of F F "N %Yo N... | i
when RF is in orientation g?” peematth (87) [ "
“jumping into RF k |
perspective” el = N (g) 1
____________________________ (Gauge fixing)
RF change 1 . Nk remoid KA by
(rel. cond. gauge transf.) | & €) = A%(8)e A, ( %‘
_______________________________________________________________________________________________________________________________________________________________________________________ N
RF change 2 | - i 1
(rel. cond. symmetry) AN (e, e) = e,fl 65
(1st frame relative to 2nd)



Quantum reference frames

... or frames In relative superposition



Quantum reference frames

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

setup relative to external (possibly fictitious) frame:

Hin=HpQ H space of externally distinguishable states

om o

unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrizations...):

Upi(g) = Up(g) @ Ui(g) g€l analog of A#, € SO, (3,1) in SR

frame orientations: coherent state system (gauge transf. from left/gauge cov.)

| P@))r > Ur(@) | () = | d(g'8))R analog of A¥ e/ with e# € SO_(3,1) in SR

T

e.g. clock reading, position of reference particle, ...



Quantum reference frames

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

setup relative to external (possibly fictitious) frame:

Hin=HpQ H space of externally distinguishable states

om o

unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrizations...):

Upi(g) = Up(g) @ Ui(g) g€l analog of A#, € SO, (3,1) in SR

frame orientations: coherent state system (gauge transf. from left/gauge cov.)

| P@))r > Ur(@) | () = | d(g'8))R analog of A¥ e/ with e# € SO_(3,1) in SR

furnish covariant POVM
J dg | ¢(g)){¢P(g) ] R= 1, = probabilistic interpretation
G

orientation states typically not orthogonal (Pp(2)| Pp(g)) ~ o(g, g") = encompasses imperfect QRFs



Quantum reference frames

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

setup relative to external (possibly fictitious) frame:

Hin=HpQ H space of externally distinguishable states

om o

unimodular Lie group as gauge transformations (e.g. Galilei, Poincaré, SU(2), reparametrizations...):

Upi(g) = Up(g) @ Ui(g) g€l analog of A#, € SO, (3,1) in SR

frame orientations: coherent state system (gauge transf. from left/gauge cov.)

| P@))r > Ur(@) | () = | d(g'8))R analog of A¥ e/ with e# € SO_(3,1) in SR

“symmetries/frame reorientations” (act from right):

V(@)1 4(@)r = | $(g8 ™)

= 2 commuting group actions, but V, doesn’t exist for all reps




Relational observables

recall relational observables from SR v, =Vv*n, e,



Relational observables

recall relational observables from SR v, = v¥7,

frame-orientation conditional gauge transformation



Relational observables

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

PH, Smith, Lock 1912.00033
recall relational observables from SR v, = V¥ nﬂ@

frame-orientation conditional gauge transformation

Relational observables for general groups through G-twirl:

FfS,R(g) — J dg URS(g)( | ¢(8)X¢(8) ‘R ®][S) U;S(g) “what’s the value of f¢ when R is in orientation g7?”
G



Relational observables

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

PH, Smith, Lock 1912.00033
recall relational observables from SR v, = V¥ nﬂ@

frame-orientation conditional gauge transformation

Relational observables for general groups through G-twirl:

FfS,R(g) — J dg URS(g)( | ¢(8)X¢(8) ‘R ®][S) U;S(g) “what’s the value of f¢ when R is in orientation g7?”
G

frame-orientation conditional gauge transformation (controlled unitary)



Relational observables

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

PH, Smith, Lock 1912.00033
recall relational observables from SR v, = V¥ nﬂ@

frame-orientation conditional gauge transformation

Relational observables for general groups through G-twirl:

FfS,R(g) — J dg URS(g)( | ¢(8)X¢(8) ‘R ®][S) U;S(g) “what’s the value of f¢ when R is in orientation g7?”
G

frame-orientation conditional gauge transformation (controlled unitary)

= gauge-inv. [F; g, Ups(8)] =0

relational observables in the sense of Rovelli, Dittrich, Thiemann, ....



Relational observables

de la Hamette, Galley, PH, Loveridge, Muller 271710. 13824

PH, Smith, Lock 1912.00033
recall relational observables from SR v, = V¥ nﬂ@

frame-orientation conditional gauge transformation

Relational observables for general groups through G-twirl:

FfS,R(g) — J dg URS(g)( | ¢(8)X¢(8) ‘R ®][S) U;S(g) “what’s the value of f¢ when R is in orientation g7?”
G

frame-orientation conditional gauge transformation (controlled unitary)

= gauge-inv. [F; g, Ups(8)] =0

relational observables in the sense of Rovelli, Dittrich, Thiemann, ....

= preserves algebraic properties of f¢ (*~-homomorphism) only on gauge-inv. Hilbert space # phys: | l//)phys = Up(g) | l//>phys



Perspective-neutral formulation of QRF covariance

introduce 2nd frame %kin — R, X H R, X S q (orientations again via coherent states)

gm =m mm

gauge transformations Ug, st(g) = URl(g) & URz(g) & Uq(g) (factors could carry different reps.)




Perspective-neutral formulation of QRF covariance

introduce 2nd frame %kin = IR, A R, A q (orientations again via coherent states)
gauge transformations Ug, st(g) = URl(g) XU Rz(g) & Uq(g) (factors could carry different reps.)
gauge-inv. (external frame-indep.) physical Hilbert space H phys with \l//>phys =U RleS(g) h/f>phys

Is space of relational equivalence classes of states

= many different ways in describing same invariant | l//phys)

— associate with different internal QRF choices: redundant = reference DoFs

H

phys IS a perspective-neutral space: description of physics prior to having chosen internal

reference system relative to which remaining DoFs are described



gauge-induced QRF changes: quantum coordinate

M changes
/eso (31)\\

v, =AY Wy

recall: “jJumping into frame perspective” through gauge-fixing



gauge-induced QRF changes: quantum coordinate
Changes de la Hamette, Galley, PH, Loveridge, MUller 2170.13824

v, = 1,,e,V" PH Smith, Lock 1912.00033

/ S so+(31)\\

v—Av

recall: “jJumping into frame perspective” through gauge-fixing

PR, (81) = (P8 [ ® 1ps



gauge-induced QRF changes: quantum coordinate
Changes de la Hamette, Galley, PH, Loveridge, MUller 2170.13824

v, = 1,,e,V" PH. Smith, Lock 1912.00033

recall: “jJumping into frame perspective” through gauge-fixing

PR, (81) = (P8 [ ® 1ps

generalized Page-Wootters
construction:

| WR25(81)> = §0R1(81) | V/>phys

Ug (&) | g s(81)) = |wr s(881))



gauge-induced QRF changes: quantum coordinate
Changes de la Hamette, Galley, PH, Loveridge, MUller 2170.13824

v, = 1,,e,V" PH. Smith, Lock 1912.00033

redundancy

recall: “jJumping into frame perspective” through gauge-fixing

fix/condition on

orientation of R, §0R1(g1) — <¢(g1) ‘Rl X leS

invertible for perspective-neutral (not kinematical) states!

generalized Page-Wootters
construction:

| WR25(8 D) = §0R1(81) | V/>phys

U st(g) | WR25(8 D) =1 WR25(88 1))



gauge-induced QRF changes: quantum coordinate
Changes de la Hamette, Galley, PH, Loveridge, MUller 2170.13824

v, = 1,,e,V" PH Smith, Lock 1912.00033

/ S so+(31)\\

v—Av

recall: “jJumping into frame perspective” through gauge-fixing

Pr,(8D) = (D8 | ® g Pr,(82) = (P(8) [, ® I s

get unitary QRF changes!



gauge-induced QRF changes: quantum coordinate
Changes de la Hamette, Galley, PH, Loveridge, MUller 2170.13824

v, = 1,,e,V" PH Smith, Lock 1912.00033

/ S so+(31)\\

v—Av

recall: “jJumping into frame perspective” through gauge-fixing

Pr,(8D) = (D8 | ® g Pr,(82) = (P(8) [, ® I s

@r (81 F fRZS,Rl(g 1) (ﬂ§11 (&) =Jrs



Symmetry-induced QRF changes

de la Hamette, Galley, PH, Loveridge, Muller 27170. 13824

=punt,

changes of relational observables, recall:

relational observable rel. to e

T

relational observable rel. to e’

~ RF transformation between two frames is Aa’a = e/;“’eg e SO,(3,1)

relational observable describing 1st rel. to 2nd frame

relation-conditional frame reorientation



Symmetry-induced QRF changes

de la Hamette, Galley, PH, Loveridge, Muller 27170. 13824
can do analog in QT: G-twirl for symmetries Vj, (8) @ 1

relation-conditional frame reorientation

81782
(VRl — R2
;7 T~ NN
FfS/R](gl) I \\\ " Ffs,Rz(gZ) o RN phys 1
J — AN 4
VR (@) VR"(82 7 82)
\ \
\ \
S |
, ~ - - 7 / T~ ~ ’
relational observable rel. to R, e Vi —>ng <
J —_ N J
FfS 1R1 (gl : ’ § FfS /RZ (gZ)
Aphys

relational observable rel. to R,




Quantum relatiVity Of Su bsyStemS Ahmad, Galley, PH, Lock, Smith PRL '22;

de la Hamette, Galley, PH, Loveridge, Muller
2110.13824;

.. _ _ Kotecha, Mele, PH to appear
relativity of simultaneity:

different observers decompose space of (relational)
length observables in different ways into space and time




Quantum relativity of subSyStemMS ww s e i srnen 2

de la Hamette, Galley, PH, Loveridge, Mller
2110.13824;
Kotecha, Mele, PH to appear

relativity of simultaneity:
different observers decompose space of (relational)
length observables in different ways into space and time

relational observables of
S relative to R,

3 kinematical subsystems # i, = #r @ X p Q # g

observables on #
L s

relational observables of

relative to R



Recall: kinematical vs. relational subsystems

leaves description of S relative to R invariant, green balls: subsystem S’
but changes it relative to R’ o ©
® O
®
®
®
o R o
leaves description of S’ rel. to external frame invariant,
R @ but changes description relative to frame R

1. kinematical and relational (gauge inv.) notion of subsystem distinct

2. gauge Inv. notion of subsystem depends on choice of RF



Quantum relativity of subSyStemMS ww s e i srnen 2

de la Hamette, Galley, PH, Loveridge, Mller
2110.13824;
Kotecha, Mele, PH to appear

relativity of simultaneity:
different observers decompose space of (relational) all rel. observables describing S

that are inv. under both R- & R,-
reorientations = all internal S-relations

length observables in different ways into space and time

relational observables of
S relative to R,

3 kinematical subsystems # i, = #r @ X p Q # g

observables on Z ;.

relational observables of

relative to R



Quantum relativity of subSyStemMS ww s e i srnen 2

de la Hamette, Galley, PH, Loveridge, Mller
2110.13824;
Kotecha, Mele, PH to appear

relativity of simultaneity:
different observers decompose space of (relational) all rel. observables describing S

that are inv. under both R- & R,-
reorientations = all internal S-relations

length observables in different ways into space and time

relational observables of
S relative to R,

3 kinematical subsystems # i, = #r @ X p Q # g

= different relational (inv.) ways to refer to
a kinematical subsystem

= different relational observable subalgebras

Inside total invariant algebra

observables on Z ;.

= Induce different gauge-inv. tensor factorizations
(not in general factorization across R; | R; and S|R))

relational observables of $
= different appearance of same physics relative to R




Upshot: frame-dependent gauge-inv. properties

Ahmad, Galley, PH, Lock, Smith PRL '22;

“frames R, and R, mean different inv. DoFs when they refer to subsystem $” de la Hamette, Galley, PH, Loveridge, Mller
2110.13824

Kotecha, Mele, PH to appear
If factorizabllity in two frame perspectives, 1.e.

‘Q[phys = (Q[S|R1 & ‘Q[R2|R1 = ‘Q[S|R2 & ‘Q[R1|R2 but ‘Q[S|R2 7 ‘Q[S|R1

then correlations/entanglement of § with its complement will in general differ in two perspectives

(see also Giacomini, Castro-Ruiz, Brukner ’17; Castro-Ruiz, Oreshkov '21)

= gauge-inv. entanglement entropy in general S(pS| Rz) + S(pS| Rl) for same global physical state




Upshot: frame-dependent gauge-inv. properties

Ahmad, Galley, PH, Lock, Smith PRL '22;

“frames R, and R, mean different inv. DoFs when they refer to subsystem $” de la Hamette, Galley, PH, Loveridge, Mller
2110.13824

Kotecha, Mele, PH to appear
If factorizabllity in two frame perspectives, 1.e.

‘Q[phys = (Q[S|R1 & ‘Q[R2|R1 = ‘Q[S|R2 & ‘Q[R1|R2 but ‘Q[S|R2 7 ‘Q{S|R1

then correlations/entanglement of § with its complement will in general differ in two perspectives

(see also Giacomini, Castro-Ruiz, Brukner ’17; Castro-Ruiz, Oreshkov '21)

= gauge-inv. entanglement entropy in general S(pS| Rz) + S(pS| Rl) for same global physical state

= dynamics of § can be closed/isolated relative to R; and open relative to R,

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

= QREF relativity of superpositions, correlations, thermodynamics, ...

see F. Mele’s talk today!



Unifying picture of dynamical frame covariance

Special relativity Quantum relativity Gauge relativity General relativity

frame orientations tetrad coherent state
(group valued frame) el € SO, (3,1) | Pp(g)) € H» geCG
> £ gauge transf./ spacetlme Lorentz tr. | left action:
ES % gauge covariance At et A* e SO,(3, 1) Ug)d©) = 4(g'g)
1T s oo T T
- - = 5
S frarzz;;?::tr:::fns/ frame Lorentztr. ~ action from the right
= b _ 1
S aotonyonthe frame) | Mo’ € Ag ESO+(31) _________ el¢@) =1geey
relational observables ;
Orr(g)  “what’s value of F F eﬂAba(g—l)... J dg'Urd(g) (| p())p(g)| ® F)
when RF is in orientation g?” pee-d e o B
‘Jumping into RF W A _conditioning on frame or.
perspective e, =N (g) (©) = (b(e) | @ 1 ;
____________________________ ( 98ugeﬂxmg)<0g_g5
RF change 1 N 1
(rel. cond. gauge transf.) | ¥ & €) = A%(8)e. A (g) P(8) ° @y (&)
~ RFchange2 | ..
' / long expression
(rel. cond. symmetry) AN (e, e’) = 3,,, egt (seg 211%.1382 4)
(1st frame relative to 2nd)




Unifying picture of dynamical frame covariance

e ;
[ ’

Special relativity Quantum relativity »H Gauge relativity

1

General relativity

frame orientations tetrad coherent state |
(group valued frame) e € SO,(3,1) g(9) € Zy =xe ‘
> 2 gauge transf./ spacetlme Lorentz tr. | left action: '
é =1 gauge covariance A el A e SO, (3, 1) UH ) =19&'8) |
| S I3 | T
3 S 5‘
S fra""‘z;rer:::":t':;‘::f"S/ frame Lorentz tr. ~ action from the right :
- b _ —1 ! ~(
S actonyontherame) | Aa’ € Ag ESO+(31) _________ V(@) 14(0)) = 14(ss ) | | S| F i ——
relational observables I
Op(g) “whats value of F F, 'A% g ) J dg'Urs(8)(|$())(h(8) | ® Fs)
when RF is in orientation g?” peee—d Je | _________________________________________________________________________________________
“Jumping into RF W M _conditioning on frame o | |
perspective e, = N (g) | () = (d(2)| ® 1
____________________________ ( gaugeﬂxmg)q”g_gs
RF change 1 o e b _q i 1
(rel. cond. gauge transf.) | ¥ & €) = A%(8)e. A (g) P(8) ° @y (&) %‘
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ R | |
RF change 2 : f 1
' / long expression I |
(rel. cond. symmetry) A* b(ea e') = e,,, egt | (Se% 211%_13824) ‘
(1st frame relative to 2nd) |



Edge modes as dynamical frames in gauge theory

. . : PH 2109.06184
edge modes appear at finite boundaries in gauge theories Carrozza, 09.0618

Donnelly, Freidel, Francois, Gelller, Gomes, Pranzetti, Riello, Speranza, Wieland....

can understand them from perspective of global theory:

o
® not new DoFs that need to be postulated QZQ )

® as group valued “internalized” external frames via Wilson lines

originating in complement

e describe how subregion relates to its complement

[see also Riello '21]

Wilson lines

U[A](x) = P exp —J A

Vx



Edge modes as dynamical frames in gauge theory

. . : PH 2109.06184
edge modes appear at finite boundaries in gauge theories Carrozza, 09.0618

Donnelly, Freidel, Francois, Gelller, Gomes, Pranzetti, Riello, Speranza, Wieland....

can understand them from perspective of global theory:

® not new DoFs that need to be postulated

® as group valued “internalized” external frames via Wilson lines

originating in complement

e describe how subregion relates to its complement

[see also Riello '21]

bulk gauge transf. (from left): g U=gU

asymptotic frame reorientations (from right): goU=U g_l acts only on frame

Wilson lines

U[A](x) = P exp —J A

Vx



Edge modes as dynamical frames in gauge theory

. . : PH 2109.06184
edge modes appear at finite boundaries in gauge theories Carrozza, 09.0618

Donnelly, Freidel, Francois, Gelller, Gomes, Pranzetti, Riello, Speranza, Wieland....

can understand them from perspective of global theory:

® not new DoFs that need to be postulated

® as group valued “internalized” external frames via Wilson lines

originating in complement

e describe how subregion relates to its complement

[see also Riello '21]

bulk gauge transf. (from left): g U=gU

asymptotic frame reorientations (from right): goU=U g_l acts only on frame

Wilson lines

U[A](x) = P exp —J A

Vx

global — subregion procedure (post-selection) yields unambiguous presymplectic structure:

frame reorientation (symmetry) algebra {Q[p], Olo]} = O [[p, 6]] [recovers result from Donnelly, Freidel *16, but status depends on BCs]



Recall: kinematical vs. relational subsystems

leaves description of S relative to R invariant, green balls: subsystem S’
but changes it relative to R’ o ©
® O
®
®
®
o R o
leaves description of S’ rel. to external frame invariant,
R @ but changes description relative to frame R

1. kinematical and relational (gauge inv.) notion of subsystem distinct

2. gauge Inv. notion of subsystem depends on choice of RF

gauge theories/gravity:
e.g. S subregion, R, R’ edge mode frames



No unique edge mode frame field

) [
M | M S§2>
52
7P
y — (2
/
€T T
—

= different systems of Wilson lines = different edge mode frame fields

= distinct gauge inv. description of subregion (e.g. different thermal properties & corerelations)



Unifying picture of dynamical frame covariance

Special relativity Quantum relativity Gauge relativity General relativity

frame orientations tetrad coherent state fleld-dep. gauge transt.
(group valued frame) et € SO,(3,1) | p(2)) € H » geG Ulp] : M — G
> 2 gauge transf./ spacetlme Lorentz tr. | left action: left action
ES % gauge covariance A el AF e SO (3, 1) UgH¢) =198 o> U=gU
(O Y 1
S frart:z;ren?:‘leetr:::fns/ frame Lorentztr. ~  action from theright ~  action from the right
— b —1 — —1
S actonyontheframe) | Mg’ € A" € SO.G,1 _)__ _________ VeI =Idee ™) gOU=T
relational observables |
OF,R(g) “what’s value of F U af —1 .. J' dg’U (g/)( | ¢(g)><¢(g)| ® F.) —1\—1
when RF is in orientation g?” F”'”ea Ab (&™) Je © o (UX)gx) )" > F(x)
“jumping into RF _conditioning on frame or.
perspective” ey = N'((8) e = ?qb( Net, Pl =380
____________________________ Qaugefixing) b S S S
RF change 1 , N 1  77—1 -1
(rel. cond. gauge transf.) A (e e) = A (el e’ (8)5 @2(8") e @1 (8) g'Uy l9lUlolsg
RF change 2 A4 N ] long expression _1
(rel. cond. symmetry) pe.e)=e e | (s06 2110.13824) Uy 191U (@]
(1st frame relative to 2nd) ' |




Unifying picture of dynamical frame covariance

‘/”l,
|

Special relativity Quantum relativity Gauge relativity »‘ General relativity
|
frame orientations tetrad coherent state field-dep. gauge transf
(group valued frame) e/’ € SO,(3,1) | d(g)) € # 5 g€ G Ulpl: M — G |
=84  gauge transf./ spacetlme Lorentz tr. left action: left action |
ES % gauge covariance A el AF e SO (3, 1) UgH¢) =198 o> U= gU N
(PR 0000 U . |
- : : ;
= frarr:z;;c:::tr;;c::fns/ frame Lorentz tr. - action from the rlght ~action from the right |
= b —1 _ —1 | |
S actonyontherame) | Aa’ € Ag ESO+(31) _________ V@) ¢@) =1des ™ sov=re R
relational observables ;
OF,R(g) “what’s value of F H ar —1 . J dg’U (g/)( | ¢(g)><¢(g)| QF ) 1\—
when RF is in orientation g?” F'“'”eaAb (87 e T T o (U(x)g(x)” ) DF(X) |
‘Jumping into RF _conditioning on frame or. t
perspective” el = N (g) (o) = ? 50| ® 1 Ulgol(x) = g(x) | |
____________________________ Qaugefixing) | S S S
RF change 1 , o ! 18
(rel. cond. gauge transf.) | € €) = A%(8)e ebAvb(g)é P>(8') ° @, ~1(g) g U [Pl U () g~° i
D s O, O —
" change £ ’ YOV long expression 1 1
a NN — a _ |
(rel. cond. symmetry) A (e, e’) = €, € see 2110.13824) U, [¢]U,§] 1{
(1st frame relative to 2nd) |




Generally covariant theories

... dynamical frames for the diffeo group



General dynamical frames

1. want general frame = idea: use gauge-covariant dynamical dressings of local events x[ @] = fox[@]
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2. want “space of all frames” = define universal dressing space:

D = {x[¢p] : & = M | x[f-p] = [ ° x[¢], for f gauge diffeo }

space of solutions, so frame subject to EoMs



General dynamical frames

1. want general frame = idea: use gauge-covariant dynamical dressings of local events x[ @] = fox[@]

2. want “space of all frames” = define universal dressing space:

D = {x[¢p] : & = M | x[f-p] = [ ° x[¢], for f gauge diffeo }

space of solutions, so frame subject to EoMs 95?[¢]

= abstractly, can define frame as subset of &, but want
parametrisation of it (to coordinatise & and spacetime)

parametrised frame:

local orientation (parameter) space O +injmap R : O - - ~ r\
/ R ) o) \
K
2 rame Ng
N Y, \ mage
local orientation
space 9 M

universal dressing spacetime
space



General dynamical frames

1. want general frame = idea: use gauge-covariant dynamical dressings of local events x[ @] = fox[@]

2. want “space of all frames” = define universal dressing space:

D = {x[¢p] : & = M | x[f-p] = [ ° x[¢], for f gauge diffeo }

space of solutions, so frame subject to EoMs 95?[¢]

= abstractly, can define frame as subset of &, but want
parametrisation of it (to coordinatise & and spacetime)

parametrised frame:
local orientation (parameter) space O +inj. mapR: O —> & - ~ r\
/ R . (9] N\
Rl : O — M [ \
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— ﬁ frame N[gb]
gauge-cov. Z[ f:p] = fo R[] _ )L \ e
local orientation
space @ M

universal dressing spacetime
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General dynamical frames

1. want general frame = idea: use gauge-covariant dynamical dressings of local events x[ @] = fox[@]

2. want “space of all frames” = define universal dressing space:

D = {x[¢p] : & = M | x[f-p] = [ ° x[¢], for f gauge diffeo }

space of solutions, so frame subject to EoMs 95?[¢]

= abstractly, can define frame as subset of &, but want
parametrisation of it (to coordinatise & and spacetime)

parametrised frame:
local orientation (parameter) space O +inj mapR : O - U - ~ \
/ R )
5 K
gauge-cov. L[ f«p] = f o R[] L o Q
local orientation ..
= if & injective, can invert on its image Spacet t 9
dynamical frame field %_1[¢] - NplCc M — O

universal dressing
space

spacetime



General dynamical frames

1. want general frame = idea: use gauge-covariant dynamical dressings of local events x[ @] = fox[@]

2. want “space of all frames” = define universal dressing space:

D = {x[¢p] : & = M | x[f-p] = [ ° x[¢], for f gauge diffeo }

space of solutions, so frame subject to EoMs %[gb]

= abstractly, can define frame as subset of &, but want
parametrisation of it (to coordinatise & and spacetime)

parametrised frame:
local orientation (parameter) space O +inj.mapR : O > I "\
VA : \
| R R )] \
RPpl: O > M /.—--—
K
_ ﬁ frame N[¢]
gauge-cov. Z[ f.p] = fo R[] L oL \ e
local orientation ..

= if & injective, can invert on its image Spacet t 9 M

dynamical frame field R NPl : NPl C M — O imiversal dressing pacetime

space

dynamical coord. system (transforms as scalar 1] f+p] = %_l[qﬁ] o f_l)



Example: boundary-anchored geodesic frames

see C. Goeller’s talk today!

(7, z, W) parametrise local orientation space O of gauge cov. frame

restrict to O, C O s.t. injective (e.g. W)

= get scalar frame field in some neighbourhood @fl[g] Nigl Ml - O,



Example: Brown-Kuchar dust frame

[Brown, Kuchar '95; Goeller, PH, Kirklin '22]

N¢ dynamical dust matter frame, works also without bdry

dust flow lines are “Cauchy-surface-anchored” geodesics

/ // / // / // = gives rise to dynamical comoving coordinates, given by 4 scalars

(7, Zk) parametrise local orientation space O (here dust spacetime)

= gauge-covariant frame, construction works similarly to boundary-anchored case



Dressed observables = relational observables

|Goeller, PH, Kirklin ’22]

If Al /.¢p] = f-A[ @] a covariant local field (e.g. tensor field) on spacetime, get frame-dressed observable:

Oy 5ld] = (Z[P])*AlP] oullback has to exist (depends on choice of frame and A)

= gauge diffeo-inv. O, 4l f:¢] = O, 4| P]

observable on the local frame orientation space O
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|Goeller, PH, Kirklin ’22]

If Al /.¢p] = f-A[ @] a covariant local field (e.g. tensor field) on spacetime, get frame-dressed observable:

Oy 5ld] = (Z[P])*AlP] oullback has to exist (depends on choice of frame and A)

= gauge diffeo-inv. O, 4l f:¢] = O, 4| P]

observable on the local frame orientation space O

relational observable

answers “what is the value of (certain component of) A at the event in
spacetime, where the frame field R~ 1is in local orientation 0 € ©7”

[in same sense as Rovelli, Dittrich, Thiemann, ..., just covariant]

O, %] is relationally local, local to orientationo € O «— x[¢] € M

field-indep. field-dep.



Dressed observables = relational observables

|Goeller, PH, Kirklin ’22]

If Al /.¢p] = f-A[ @] a covariant local field (e.g. tensor field) on spacetime, get frame-dressed observable:

Oy 5ld] = (Z[P])*AlP] oullback has to exist (depends on choice of frame and A)

= gauge diffeo-inv. O, 4l f:¢] = O, 4| P]

observable on the local frame orientation space O

relational observable

answers “what is the value of (certain component of) A at the event in
spacetime, where the frame field R~ 1is in local orientation 0 € ©7”

[in same sense as Rovelli, Dittrich, Thiemann, ..., just covariant]

O, %] is relationally local, local to orientationo € O «— x[¢] € M

field-indep. field-dep.

= unifies and generalises (1) dressed observables [hep-th community],
(2) power series [Dittrich, ...] & (3) single integral reps [Marolf, Giddings,...] of relational observables



Frame changes and relational atlases

restrict to injective frames with overlapping images ./ | [¢] N N, [¢] # O

change of frame map: R1_-lP] = %gl[qﬁ] o Rilpl: O, = O,

dynamical coord. change




Frame changes and relational atlases

restrict to injective frames with overlapping images ./ | [¢] N N, [¢] # O
4 g I
i Ry[4] change of frame map: R Pl = RS Pl o RBi[d] : O — O,

dynamical coord. change

Note:  %1_,[p] = (B [P)*%; ' [§] = Ogor 5[]

IS rel. observable describing 2nd frame rel. to 1st = gauge-inv.
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restrict to injective frames with overlapping images ./ | [¢] N N, [¢] # O

change of frame map: R1_-lP] = %gl[qb] o Rilpl: O, = O,

dynamical coord. change

Note:  %1_,[p] = (B [P)*%; ' [§] = Ogor 5[]

Is rel. observable describing 2nd frame rel. to 1st = gauge-inv.

= relational observables transform as Or @2[¢] = (R_,[9D-Or, 9;;1[45]

change of gauge-inv. description of 1 from internal

perspective of frame 1 into internal perspective of frame 2



Frame changes and relational atlases

restrict to injective frames with overlapping images ./ | [¢] N N, [¢] # O

change of frame map: R1_-lP] = %gl[qb] o Rilpl: O, = O,

dynamical coord. change

Note:  %1_,[p] = (B [P)*%; ' [§] = Ogor 5[]

Is rel. observable describing 2nd frame rel. to 1st = gauge-inv.

= relational observables transform as Or @2[¢] = (R_,[9D-Or, 9;;1[45]

change of gauge-inv. description of 1 from internal

perspective of frame 1 into internal perspective of frame 2

To cover all of spacetime, need relational atlas <f of (inj.) dyn. frames s.t. U R(Pl1(O) = M

Red
= transition fcts. above = obtain consistent gauge-inv. global description via many local frames



Dynamical frame covariance: a relational update
of general covariance

variation of gen. cov. Lagrangian: oL[¢p] = E|¢] + dO| D]

AN,

EoMs in local (fixed) coord. system o;: Elp;] = (0)«E[(6)*¢;], where ¢, = (6,)+¢@

components of fields in i-coords.



Dynamical frame covariance: a relational update
of general covariance

variation of gen. cov. Lagrangian: SL[¢p] = E[¢] + dO[P] E.g.GR: Ejlg)]l = G, [g10g" €

AN,

components of fields in i-coords.

EoMs in local (fixed) coord. system o;: Elp;] = (0)«E[(6)*¢;], where ¢, = (6,)+¢@



Dynamical frame covariance: a relational update
of general covariance

variation of gen. cov. Lagrangian: SL[¢p] = E[¢] + dO[P] E.g.GR: Ejlg)]l = G, [g10g" €
i
EoMs in local (fixed) coord. system o:  Ej[¢;] = (0)«E[(0;)* ], where ¢; = (6))+¢
= general covariance: E1[¢Z] =0 < Ez[qg] =0

“All the laws of physics are the same In every fixed reference frame”

E[¢;] is description of laws rel. to fixed frame: = gauge-noninv. and (fixed) frame-dependent description of physics
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FoM term: E = O m components of fields in dyn. i-coords.

(rel. observables)

EoMs in local dynamical coord. system %;I[gb]: Ei[q;i] = (%fl[qb])*E[(%i[qb])*&i], where ng. = (RlpD*P

= general covariance: El[ﬁ] =0 & Ez[é] = (

“All the laws of physics are the same In every dynamical reference frame”

Ei[ﬁi] is description of laws rel. to dynamical frame: = gauge-inv. and (dyn.) frame-dependent description of physics
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FoM term: E = O m components of fields in dyn. i-coords.

(rel. observables)

EoMs in local dynamical coord. system %;I[gb]: Ei[q;i] = (%;1[¢])*E[(%i[¢])*$i], where ng. = (Z[PpD*¢

= general covariance: El[ﬁ] =0 & Ez[é] = (

“All the laws of physics are the same In every dynamical reference frame”

Ei[ﬁi] is description of laws rel. to dynamical frame: = gauge-inv. and (dyn.) frame-dependent description of physics

that is indep. of any fixed frame (rel. observables indep. of fixed coords.)



Dynamical frame covariance: a relational update
of general covariance

variation of gen. cov. Lagrangian: SL[p] = E[¢p] + dO[¢] E.g. GR: E[g.] = Gw[gi]égf” €

FoM term: E = O m components of fields in dyn. i-coords.

(rel. observables)

EoMs in local dynamical coord. system %;I[gb]: Ei[qzi] = (%;1[¢])*E[(%i[¢])*$i], where C’gi = (Z[PpD*¢

= general covariance: El[ﬁ] =0 & E2[¢Z] = (

“All the laws of physics are the same In every dynamical reference frame”

Ei[ﬁi] is description of laws rel. to dynamical frame: = gauge-inv. and (dyn.) frame-dependent description of physics

that is indep. of any fixed frame (rel. observables indep. of fixed coords.)

= dynamical frame covariance provides a dynamical and gauge-inv. (and thus more physical) update of general covariance
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= expect to be gauge (acts on all DoFs) and obey
constraint algebra (no gauge broken)
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= expect to b_e gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
constraint algebra (no gauge broken) and rest), but non-trivial charge algebra only for diffeos
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diffeos act from theright Z ' > R~ 1o f! diffeos act from the left %!~ fo %!
= expect to b_e gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
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Local subsystems relative to a frame

|[Carrozza, Eccles, PH 2205.00913]

gauge-cov. definition of subregion rel. to frame gauge-inv. definition of subregion rel. to frame

gauge-cov. (e.g. geodesic)

frame g
09
R[]
———
m
01
spacetime ./ realisation of grav. edge modes as frame for subregion orientation space 0

originating in complement (no need to postulate!)

“frame reorientation”

diffeos act from the right %~ !> Z~1of! diffeos act from the left %!~ fo %!
= expect to be gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
constraint algebra (no gauge broken) and rest), but non-trivial charge algebra only for diffeos

preserving y (otherwise open system transf.)

= get unambiguous gauge-inv. subregion presymplectic structure

(from post-selection) by requiring preservation under dynamics
[diff. presymp. structure than Donnelly-Freidel; Speranza; Ciambelli-Leigh-Pai; Freidel, ...]




Local subsystems relative to a frame

|[Carrozza, Eccles, PH 2205.00913]

gauge-cov. definition of subregion rel. to frame

Qz ) gauge-cov. (e.g. geodesic) Qz )
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gauge-inv. definition of subregion rel. to frame

22 || 5—2
Ry | g1
M \\ T [¢] /
___________\\\// _ 1
\/
Yo
spacetime ./ realisation of grav. edge modes as frame for subregion orientation space 0
originating in complement (no need to postulate!)
diffeos act from theright Z ' > R~ 1o f! diffeos act from the left %!~ fo %!
= expect to be gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
constraint algebra (no gauge broken) and rest), but non-trivial charge algebra only for diffeos

find full diffeo constraint algebra: preserving y (otherwise open system transf.)

(CIEL CICN) = = C[IE.¢]]

[cov. version of Isham, Kuchar ’85]




Local subsystems relative to a frame

|[Carrozza, Eccles, PH 2205.00913]

gauge-cov. definition of subregion rel. to frame

Qz ) gauge-cov. (e.g. geodesic) QU 2 )
3 '. “. frame \ “.

1 %! |
~ [§] | /

gauge-inv. definition of subregion rel. to frame

Yo
spacetime ./ realisation of grav. edge modes as frame for subregion orientation space 0
originating in complement (no need to postulate!)
diffeos act from the right %~ !> Z~1of! diffeos act from the left %!~ fo %!
= expect to be gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
constraint algebra (no gauge broken) and rest), but non-trivial charge algebra only for diffeos
find full diffeo constraint algebra: preserving y (otherwise open system transf.)

—Ivgﬂ = 0C[¢] = 0 charges not in general integrable:

(CIEL CICN) = = C[IE.¢]]

[cov. version of Isham, Kuchar ’85]

—IWpQ = 00| p] + flux




Local subsystems relative to a frame

|[Carrozza, Eccles, PH 2205.00913]

gauge-inv. definition of subregion rel. to frame

gauge-cov. definition of subregion rel. to frame

@‘ gauge-cov. (e.g. geodesic) %
3 \ ‘- frame '. \

1 %! |
~ [§] | /

Yo
spacetime ./ realisation of grav. edge modes as frame for subregion orientation space 0
originating in complement (no need to postulate!)
diffeos act from the right %~ !> Z~1of! diffeos act from the left %!~ fo %!
= expect to be gauge (acts on all DoFs) and obey = expect to be physical (changes relation between frame
constraint algebra (no gauge broken) and rest), but non-trivial charge algebra only for diffeos

find full diffeo constraint algebra:

integrable for p || ¥ and bdry conds.:
—IWpQ = 00ylp] # 0 = generate centrally extended corner algebra

(CIEL CICN) = = C[IE.¢]]

[cov. version of Isham, Kuchar ’85]

(Qulp). Qulxl} = = Q|lp.xl| =K, {Qlpl. K} ={K, . K} =0

[consistent with Chandrasekaran, Speranza '20]




@)
=
-+

2

=

-

®,

O
QN

Unifying

picture of dynamical frame covariance

Special relativity Quantum relativity Gauge relativity General relativity

frame orientations
(group valued frame)
gauge transf./
gauge covariance

actions

frame reorientations/

“symmetries”
(act only on the frame)

relational observables

Orr(g)  “what’s value of F
when RF is in orientation g7~

“jumping into RF
perspective”
(gauge fixing)

o

grou

RF change 1
(rel. cond. gauge transf.)

RF change 2
(rel. cond. symmetry)

tetrad coherent state field-dep. diffeo
e; € SO, (3,1) | #(9)) € B[Pl : M — O

.......................................................................................................................................................................................................................................................................................................................................................................................

spacetlme Lorentz tr. left action: spacetime diffeo
A’u 8 A’u e SO (3 1) U(g/)|¢(g)> — |¢(g,g)> 1[¢] f_ fE lef(%)

.......................................................................................................................................................................................................................................................................................................................................................................................

frame Lorentz tr.

fleld-dep. gauge transt.

action from the rlght orientation space diffeo

| action from the right |
Al e NS eSO, 1) Ve | #(2) = | p(gg ™) gOU=Ug™! FoR7¢) [ e Diff(0)
F..efN" (g™ J 48 Ups@)(10@)P@I®F)  (U(x)g(x)™) ™" > Flx) (R[] f(2)*Fl]
! = A" (g) ~conditioning on frame or.. Uldol () = g(x) Iy hol(x) = ~1(x)

p(8) = ()| & 1

.......................................................................................................................................................................................................................................................................................................................................................................................

.......................................................................................................................................................................................................................................................................................................................................................................................

(1st frame relative to 2nd)

/ , - | ' _ —
Alee)=elel e atorsee U3 11014, 5[] > )



Conclusions

- Unifying picture of special, quantum, gauge and general relativity
INn terms of dynamical frames = quantum relativity as natural extension of relativity principle into guantum realm

- Systematic method for changing QRF perspectives

accommodates RFs in relative superposition

~ Gauge-inv. subsystems depend on choice of dyn. frame
= correlations, thermal properties, dynamics, .... depend on frame

-~ Edge modes as dyn. frames
corner symmetries as frame reorientations

~ General framework for dyn. frames and relational observables in gravity
generalises and unifies previous approaches, relational update of general covariance

see also C. Goeller’s talk today!
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= relational time evolution would correspond to A evolving rel. to ] = f[P] ° 95?_1[45] in spacetime ./



Relational bulk dynamics

~ assume frame %_l[gb] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field £[¢] on O s.t. 0# Z:04 zld] = {04 4, H:}[§]

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° 95?_1[45] in spacetime ./

how can we get such a Hamiltonian?



Relational bulk dynamics

~ assume frame %_l[gb] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field £[¢] on O s.t. 0# Z:04 zld] = {04 4, H:}[§]

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° 95?_1[45] in spacetime ./

~ covenient to use covariant phase space formalism [Wald, Crnkovic, Witten, lyer, Lee, Harlow, Wu,...]

oL[¢p] = E|¢] + dO|¢]

AN,




Relational bulk dynamics

~ assume frame @_l[qﬁ] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field £[¢] on O s.t. 0# Z:04 zld] = {04 4, H:}[§]

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° %_l[qb] in spacetime ./

- covenient to use covariant phase space formalism [Wald, Crnkovic, Witten, lyer, Lee, Harlow, Wu,...]

oL[¢p] = E|¢] + dO|¢]

EoMterm: E ~ O presymplectic potential
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~ assume frame @_l[qﬁ] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field £[¢] on O s.t. 0# Z:04 zld] = {04 4, H:}[§]

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° %_l[qb] in spacetime ./

~ covenient to use covariant phase space formalism [Wald, Crnkovic, Witten, lyer, Lee, Harlow, Wu,...]

SL[p] = E[¢p] + dO[P] = presymplectic 2-form on space of solutions & Q2 = J 00 @]
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EoMterm: E = ( presymplectic potential




Relational bulk dynamics

~ assume frame @_l[qﬁ] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field &[] on O s.t. 0# L0y 5ld] = {0y 5, H:} Pl ()

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° %_l[qb] in spacetime ./

- covenient to use covariant phase space formalism [Wald, Crnkovic, Witten, lyer, Lee, Harlow, Wu,...]
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Relational bulk dynamics

~ assume frame %_l[qﬁ] : /@] — O sufficiently differentiable = orientation space @ a spacetime with causal structure

timelike vector field &[] on O s.t. 0# L0y 5ld] = {0y 5, H:} Pl ()

to interpret as time evolution, need non-trivial Hamiltonian

= could then find time fct on O s.t. ZLelPp] =1

= relational time evolution would correspond to A evolving rel. to ] = f[P] ° %_l[qb] in spacetime ./

- covenient to use covariant phase space formalism [Wald, Crnkovic, Witten, lyer, Lee, Harlow, Wu,...]

SL[p] = E[¢p] + dO[P] = presymplectic 2-form on space of solutions & Q2 = J 00 @]
3

Ivgﬂ = oH; (integrability) and

want vector field Vg on & s.t.
IV§50A,% = 20, %

= if Hg % 0 (so not a constraint), get (*) = e.g. for grav. charged observables, H £ can be bdry Hamiltonian,

solves “problem of time” in bulk but in many cases can also find Hamiltonian in cases without bdry



Relational microcausality

Given two relational observables O, associated with frame fields 9?1._1 that transform trivially under large diffeos, then

101, 05}l =0

provided that %i[qb](supp@i(()i)) C M \dﬂ (supports of undressed observables) are spacelike separated



Relational microcausality

Given two relational observables O, associated with frame fields 9?1._1 that transform trivially under large diffeos, then

101, 05}l =0

provided that %i[qb](supp@i(()i)) C M \dﬂ (supports of undressed observables) are spacelike separated

inanutshell: — {0,,0,}[¢] =1, 1,2 =] 660[¢,5¢,,5,0], where [,Q =00; and 9 = I,0¢
Jx




Relational microcausality

Given two relational observables O, associated with frame fields 9?1._1 that transform trivially under large diffeos, then

101, 0,}[¢p]1 =0 (*)

provided that %i[gb](supp@i(Oi)) C A\O0./ (supports of undressed observables) are spacelike separated

in a nutshell:

supp (@)

101, O} @] = Iy Iy, Q =

supp 7 ()

J2

= using Peierls bracket can show that, on space of solutions &, can
always choose gauge s.t. 0,¢) vanishes outside domain of influence

of X;[¢](supps.(O))

= can choose Cauchy slice X s.t. 6.¢) are nowhere simultaneously
non-vanishing = (*)

[generalises Marolf *15]



Relational microcausality

Given two relational observables O, associated with frame fields 9?1._1 that transform trivially under large diffeos, then

101, 0,}[¢p]1 =0 (*)

provided that %i[gb](supp@i(()i)) C A\O0./ (supports of undressed observables) are spacelike separated

in a nutshell:

supp (@)

101, O} @] = Iy Iy, Q =

supp 7 ()

J2

= using Peierls bracket can show that, on space of solutions &, can
always choose gauge s.t. 0,¢) vanishes outside domain of influence

of X;[¢](supps.(O))

= can choose Cauchy slice X s.t. 6.¢) are nowhere simultaneously
non-vanishing = (*)

[generalises Marolf ’15]

= challenges with bdry conditions for frames that
transform non-trivially under large diffeos

[partly connects with perturb. treatment of Donnelly, Giddings ’15]



