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RFs and symmetries

Premise: " L
System S subject to symmetry group =
G, s.t.statespand g - p are & .
Indistinguishable for all g € G when " - .

S considered in isolation

pair (G, .S) could be, e.q.:

® spatial symmetry + group of particles

® repar. invariance + clocks
® gauge group + gauge field in some region

e diffeos + all dynamical fields in spacetime
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RFs and symmetries

Premise: a
System S subject to symmetry group \®/.
® internally indistinguishable
G, s.t.statespand g - p are ® S e
Indistinguishable for all g € G when e
S considered in isolation
pair (G, .S) could be, e.q.: Describe S relative to internal

® spatial symmetry + group of particles reference subsystem R

® repar. invariance + clocks
® gauge group + gauge field in some region

e diffeos + all dynamical fields in spacetime
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Pirsa: 21060099

What’s a dynamical reference frame”

given some (gauge) symmetry group G, a G-frame is a system R described by a set of
dim G configuration DoFs that transform faithfully under G

lete G-frame: G acts transitively and freely on frame configuratio

ogeneous space = can use configurations to coordinatize G-orbits
R configurations: orientations of the frame

use orientations to parametrize/gauge-fix G-orbits in state space
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RFs and symmetries

Premise: a
System S subject to symmetry group o \®/.
G, s.t. statespand g - p are ® e =
Indistinguishable for all g € G when o
S considered in isolation
triple (G. S, R) could be, e.g.: Describe S relative to internal
® spatial symmetry + group of particles + particle (position/orientation) reference subsystem R

® repar. invariance + clocks + relational clock (time)
® gauge group + gauge field in some region + edge modes (rel. coupling)

e diffeos + all dynamical fields in spacetime + reference fields/edge modes (rods and clocks)
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The 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

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

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

different descriptions of same relational state ] p= T
I different ‘internal frame perspectives
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The multiple choice problem

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’

p and g - p members of same relational equivalence W perspective-neutral state

different descriptions of same relational state . = T
N different ‘internal frame perspectives
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The perspective-neutral approach/irla nutshell

3 e
Redundancy is key: —//: ovarianc

1o frame ©
symmetry induced redundancy in description:
= many different ways in describing same physical situation Perspective-neutral redundancy
= associate with RF choices: redundant = reference DoFs state space
: . classical or quantum
dynamlcallquantum coordinate changes ol alnt cirtace
(Due to Gribov problem
not in general global) fix/condition on fix/condition on
orientation of R, orientation of R,
o 71
States relative to PR, ° PR 1
ar - internal >

perspective of R,
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The perspective-neutral approach/irla nutshell

Redundancy is key: ro fram c
symmetry induced redundancy in description:

= many different ways in describing same physical situation Perspective-neutral
= associate with RF choices: redundant = reference DoFs state space

. : classical or quantum
dynamical/quantum coordinate changes _ e

‘ constraint surface
(Due to Gribov problem
not in general global) fix/condition on fix/condition on
orientation of R, orientation of R,
PR,
T
i Pr,° PR
yields same QRF transformations as Statt?s relative to 2 R, states relative to
Giacomini, Castro-Ruiz, Brukner Nat Com (2019) internal - internal

de la Hamette, Galley Quantum (2020) perspective of Rl no redundancy perspective of R2
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Redundancy is key:
symmetry induced redundancy in description:

= many different ways in describing same physical situation Perspective-neutral
= associate with RF choices: redundant = reference DoFs observable algebra

dynamical/quantum coordinate changes Dirac observables
(Due to Gribov problem

not in general global) fix/condition on fix/condition on
orientation of R, ;{R orientation of R,
1

relde, PH, Giacomini, Castro-Ruiz '18
de, PH, Giacomini '18

etvelde '18

algebra relative to ;tRQ = R,
internal > internal

perspective of R, perspective of R,
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Coherent vs. incoherent group averaging

in QT:
QI approach to QRFs: perspective-neutral approach to QRFs:
Piny = [ dg U(g)p U'(g) | Wphys) = J dg U(g) |w)
G G
incoherent group averaging coherent group averaging
external frame independent external frame independent + internal QRF perspectives

discussion in Krumm, PH, Muller ‘20
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Talk menu

Main course |: Edge modes as internalized external reference frames

* mechanical edge modes
* edge modes in gauge theories

Main course ll: Quantum frame covariance

* trinity of relational quantum dynamics
» perspective-neutral approach for general groups

Dessert: quantum relativity of subsystems
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RFs and symmetries

' @
Premise: ,;_: PY ® e
System S subject to symmetry group &/ ° ’W
G, s.t.statespand g - p are - )
Indistinguishable for all g € G when 1\ . . .
S considered in isolation
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RFs and symmetries

Premise: N - 2 o
System S subject to symmetry group /. «
G, s.t.statespand g - p are e . 2
Indistinguishable for all g € G when i\ o
S considered in isolation
U e e 1e (8} R - c =
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RFs and symmetries

Premise:
System S subject to symmetry group

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

indistinguishable rel. to external frame
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“Extending the Heisenberg cut”: turning external
frames internal

Premise:

System S subject to symmetry group
G, s.t.statespand g - p are
Indistinguishable for all g € G when
S considered in isolation

irrelevant for purely internal

descriptions of S, but relevant
for its relations with the environment
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Gauge transformations vs. symmetries

lllustration for RFs associated with 1D translation invariance
A C

internally indistinguishable: relational data g; — g; within S invariant

translation generator P¢ = py + pg+ pc- =~ 0
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Gauge transformations vs. symmetries

“ . . " reference frame external to §
Extending the Heisenberg cut B o1t internal to total system)
s “edge mode”

C
I\

. . o o -

\\" _‘_,/

e

system §
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“Extending the Heisenberg cut”

Jﬂ\ C

Gauge transformations vs. symmetries

R~

reference frame external to S
P (but internal to total system)
e “edge mode”

\ .‘-J/',

e

system §

presence of R: turn all of §'s DoFs into gauge-invariant ones

Pirsa: 21060099

> q
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Gauge transformations vs. symmetries

“ - . " reference frame external to §
Extending the Heisenberg cut B (bt intomal to total system)
A “edge mode”

A C 3 b
. . . e -
\_/

Focad® = dc — dr

FQA‘QR(O) = qA - qR

presence of R: turn all of §'s DoFs into gauge-invariant ones

relational observable power series: Dittrich '04; ‘05

T (X - gp)"
FqiaQR(X) = Z T {qi’ Pl:ul}n =4q;—4qg +X
n=0 ’

relational observable: “what’s the position of particle i when R is in position X?”
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Gauge transformations vs. symmetries

A @ R

relations between R and S invariant

= same physical situation
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Gauge transformations vs. symmetries

relation between R and S changed
= internally indistinguishable for §, but distinguishable for reference frame
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Gauge transformations vs. symmetries

“ - . " reference frame external to §
Extending the Heisenberg cut B bt intomal to total system)
A “edge mode”

A C 5 bl

. . e o -

\\" .‘-’/',

e

system §
From the point of view of § alone gauge transformations and symmetries (rel. to R) indistinguishable, but
» Gauge transformations g;, gg = q; + a(t), qr + a(t)
= generated by constraint: C=ps+pr~0
e symmetries g;, g V> q;, Qg + A(f) (only act on frame)

= generated by charge: Q=pr ~ —pg
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Gauge transformations vs. symmetries

“ - . " reference frame external to §
Extending the Heisenberg cut B (bt intomal to total system)
A “edge mode”

A C 5 bl

. . s e -

system §

From the point of view of § alone gauge transformations and symmetries (rel. to R) indistinguishable, but

 Gauge transformations g;, gz = q; + a(t), qr + a(t)
= generated by constraint: C=ps+pr~0
e symmetries g;, g V> q;, Qg + A(f) (only act on frame)

= generated by charge: Q=pr ~ —pg

d

d—Fq‘_‘qR(X) ={Q,F, , (X}
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Reference frame changes
“Extending the Heisenberg cut” further
C R~ R

® — —

Ff{c“f{k](xl) =4qc—4qr, t X

Fq,,:.rf,,l(xl) = qg, — qg, + X
Fope X1) = qp — g, + X,

Fé'.rt“i’R](Xl) =44~ qg + X

« RF changes are coordinate changes on phase space & .4 = €/~ :
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Reference frame changes

“edge mode 1” : ode 2”
“Extending the Heisenberg cut” further

Fq(.qkj(X2) =qc—4qp,+ X,

K qﬂ.qRI(Xz) =qp—qg, +X;

F (X5 = —gp. + X
Fq.,t‘qRZ(XZ) =g, - ng + X2 Grpdry 2 qR; QRl 2

« RF changes are coordinate changes on phase space &4 = €/~ : canonical transformation
(th.(fR](Xl)’pj); (Fq;,:,q,fl(Xl)sp[\’_-_) = (Fq,,ak- (XZ)’p.i); (Fc;Rl,(;.;«\(XZ)!pRI)

not arbitrary coordinate changes: changes of relational observable families (associated with frames)

Pirsa: 21060099 Page 29/57



Edge modes as reference frames
In gauge theories

onnelly, Freidel, Geiller, Gomes, Pranzetti, Riello, Wieland




Finite region gauge theories

oM

a =)

Tr F(x)

spatial subregion . (subsystem S)
some (compact) gauge group G, connection A

physics internally indistinguishable under g > A = gAg™! — dgg ™

O
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“Extending the Heisenberg cut”

oM

i =)

Tr F(x)

spatial subregion 4 (subsystem )

some (compact) gauge group G, connection A
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“Extending the Heisenberg cut” . ...

oM external group-valued

i i /— ) = WiY) reference frame @ x
TrF(x) W) o edge mode
x___“—-—-_
M
A,
. . o W(y) = Pexp (tJ A) Wilson line
i

spatial subregion . (subsystem S)
U dynamically independent and transforms by left
multiplication under small gauge transformations

gbU=gU

= U extends phase space for 0.4 and is a
faithful reference frame for gauge group G

some (compact) gauge group G, connection A
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“Extending the Heisenberg cut”™ . .

external group-valued
reference frame @ x
TrF(x) edge mode

- \ ‘_/} W(y) = Pexp (;J A) Wilson line
 §

spatial subregion . (subsystem S)
U dynamically independent and transforms by left
multiplication under small gauge transformations

g U=gU

= U extends phase space for 0.# and is a
faithful reference frame for gauge group G

some (compact) gauge group G, connection A

some system of paths = edge mode field on d.#
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“Extending the Heisenberg cut” ...

oM external group-valued
Pt ™\ — 2
Ulx) .= W(y) reference frame @ x
TrF(x) W(y) edge mode
Vi F
Q U dynamically independent and transforms by left
. ¥ o multiplication under small gauge transformations
g U=gU
relational/dressed observables (@ functional of A, F on bdry):
Fo (g) = (Ug) )p@=(g"")> (U ) > @ “what's the value of ® when U is in orientation g'?”

e.g., “radiative” connection A_,4(g") = g T'U"'AUg'— d (g‘_lU”l) Ug'

turn all boundary DoFs of A gauge-invariant through relation with edge mode
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external group-valued
reference frame @ x
edge mode

O U dynamically independent and transforms by left
- = o multiplication under small gauge transformations
g U=gU
relational/dressed observables (@ functional of A, F on bdry):
Fgu(8) = ((Ug")_l) >O®= (gr_l) > (U ) > O “what's the value of ® when U is in orientation g'?”

* gauge transformations: left multiplication of frame U +— gU

Pirsa: 21060099 Page 36/57



\I} /7

Phip Hoalin

Gauge transformations vs. symmetries......

external group-valued
reference frame @ x
Tr F(x) edge mode

relational/dressed observables (@ functional of A, F on bdry):

Fo(g) = ((Ug’)_]) >O= (gr_l) > ( U_') > O “what’s the value of ® when U is in orientation g'?”
* gauge transformations: left multiplication of frame U +— gU

» symmetries are frame reorientations: right multiplication of frame U +— Ug
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Gauge transformations vs. symmetries ...

external group-valued
reference frame @ x
TrF(x) edge mode

relational/dressed observables (@ functional of A, F on bdry):

Fo(g) = ((Ug’)_]) >O= (gr_l) > (U ) > @ “what's the value of ® when U is in orientation g'?”

/

* gauge transformations: left multiplication of frame U +— gU
generated by constraints [ennely, Freidel *16; Geiller, Jai-akson 19; .....]
» symmetries are frame reorientations: right multiplication of frame U +— Ug Ftb Ug(g’) = Fcb U(gg’)

generated by charges [ponnely, Freidel "16; Geller, Jai-akson "19;
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Additional edge mode frames

extend phase space on d.Z through different systems of paths
= new edge modes/reference frames
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Reference frame changes

Uz_(.r)
oM

f ™)

Tr F(x) U,(x)
M % 7\\\\“7
L J _\ \_\_\

U, (x) -
J%’
field redefinitions: coordinate changes on extended phase space 'C/j‘c;/lm.// =€/~
Fou(8): Fyul8) - Fi v &) = Fpy(8) Fyu8) - Fy u(8)

not arbitrary coordinate changes: changes of relational observable families (associated with frames)

Pirsa: 21060099
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Il Quantum frame covariance
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Temporal QRFs: guantum clocks

Hamiltonian constraint S B e

* FRW + m=0 scalar field
CH = H c+ HS * Relativistic particle
;‘ * Many non-relativistic models

generates unitary G = Rrepon #',,, = # - ®@ #
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Pirsa: 21060099

Temporal QRFs: guantum clocks

Hamiltonian constraint

CH=HC+HS

=

generates unitary G = Rrepon #';, = # - ® # g

global clock: R-frame with “orientation”/clock reading states

noy=| el N

SpecHc
degeneracies (e.g., £ freg. modes)

clock states generally not orthogonal

gives rise to covariant clock POVMs

* Vacuum Bianchi models
* FRW + m=0 scalar field
* Relativistic particle

* Many non-relativistic models
. ..

U |7,0) = |7+ 7,0)

(r|7") » 6(z — 1)

Holevo, Busch, Milburn, Caves, Braunstein, Brunetti,
Fredenhagen, Loveridge, Smith, PH, Lock,...
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clock-neutral picture

Dirac quantization:
relational observables

Page and Wootters’
conditional state formulation

relational Schrodinger picture

4

Pirsa: 21060099

A

Quantum symmetry reduction
-> guantum deparametrization

relational Heisenberg picture

PH, Smith, Lock "19; '20

The trinity of relational qguantum dynamics
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Quantum relational Dirac observables

Dittrich '00s; Rovelli "90s

{T, CH}}

(T s T)?I
single contraint classical relational observables F ,@-,T(T) - Z {fs’
n=0 )

What is value of fg when clock Rads 72

2. —iC Th incoherent group averaging
a0 = 3 | dre o (17,0101 @) ¢

i h : PH, Smith, Lock "19; 20
‘projector’ onto clock time 7 [+ related work Chataignier '19; '20]
gauge-inv., strong Dirac observables  [F¢, 7,Cg| =0 e Tl T S

Pirsa: 21060099 Page 45/57



Time evolution = symmetry

Dittrich '00s; Rovelli "90s

(T e T)?I
single contraint classical relational observables K ,@-,T(T) = Z {fs’
n=0

{T, CH}}

What is value of f¢ when clock reads 77

A~ —iC ¥a incoherent group averaging
Fuattr= 3 e (1.0k0.01@15) 4

o R - -.,...l., OR——
: 2 : PH, Smith, Lock "19; ‘20
‘projector’ onto clock time 7 [+ related work Chataignier '19; '20]

gauge-inv., strong Dirac observables [ng,T, OH} =0 = see aiso Leonardo's talk Fri

d A ) A
time evolution (‘frame reorientation’) is a symmetry: d_F (7)) = [H o Fp, T(T)]
T b ?

O
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lhdn

Page-Wootters formalism in a nutshell FR e

Dolby, Gambini, Giovanetti, Lloyd, Maccone, Pullin, Smith, Ahmadi ...

clock-neutral (perspective-neutral) state C‘H [Wonys) =0
Reduction to ‘clock perspective’

[W(2)) 1= R S0) | Wonys) = ({7, 0] @ L) |Wppys)

solves relational Schréodinger equation

i0, |yg(2)) = H |y§(2))
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Page-Wootters = Dittrich-Rovelli

clock-neutral (perspective-neutral) state C | Wohys) =0
Reduction to ‘clock perspective’

[W§(@)) := R (1) |Winys) = ({70 @ Lg) |Winys)

solves relational Schriédinger equation

i0, |y§(®) = Hs | wg(@)

Equivalence:

e observables isomorphic 95?;1(1;) fS @0_(7) ~ ﬁg T(T) PH, Smith, Lock '19; ‘20

e expectation values preserved (l{/g(r) | f S l l,l/g(f)) — (Wghys I ﬁ f:v,T(T) |V/§hys>phys
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The trinity of relational guantum dynamics

Dirac quantization:
relational observables

)

manifestly gauge-inv. formulation

l clock-neutral picture
!

Pl L.

Page and Wootters’
conditional state formulation

|

A

A J

‘ relational Schrodinger picture

Quantum symmetry reduction
-> guantum deparametrization

PH, Smith, Lock "19; ‘20

relational Heisenberg picture

Pirsa: 21060099

v
“gauge-fixed” formulations
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Perspective-neutral approach for general groups

de la Hamette, Galley, PH, Loveridge, Muller to appear

Suppose #,,, = #  ® ¥  carries unitary prod. rep. of G see also Esteban’s talk

=

complete G-frame ‘orientation states’:

Urs(8) = Ur(g) ® Us(g) g€GCG

o/
coherent states: |¢f(g)) = frame reorientation (symmetry) by left action: Ugr(g") | P(g)) = | ¢(g'g))
orientation states typically not orthogonal (P(2) | p(g)) ~ (g, 8"

Relational observables for general groups through G-twirl:

“what's the value oij- when R is in orientation BV FfS,R(g) o J dg URs(g)( |¢(8)X¢(8) [ ®fs) U;;S(g)
G
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The trinity for complete G-frames

de la Hamette, Galley, PH, Loveridge, Muller to appear

perspective-neutral
picture

relational observables

Page and Wootters' Quantum symmetry reduction
conditional state formulation

4

A

“relational Schrodinger picture” “relational Heisenberg picture”
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Q R I: C h an g eS (includes quantum clock changes)

de la Hamette, Galley, PH, Loveridge, Mlller to appear

H i ® Hp, ® X

=Hp
ﬁ ﬁ Perspective-neutral

physical Hilbert space

x phys

URIRQS(g) I thys) = |thys)

(PR1(81) = (81 lR] X leS (PRz(gz) = (8’2 |R2 X IR]S

agrees with and generalizes —

\\

Giacomini, Castro-Ruiz, Brukne
I States relative to (pRz ° Pg ] states relative to

| internal T > internal
perspective of R, perspective of R,
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Quantum relativity of subsystems

more explicitly in QM/QC:

PH, Lock, Ahmad, Smith, Galley ‘21
3 Kinematical subsystems subject to constraint

Perspective-neutral physical Hilbert space
'thw
~ ~ - A~ Disentangler :;‘_l,LI"l'—"“j‘_.\' Disentangler
C= CA + CB + CC 'T,\‘:.__ T ~ I
~ 4 — (1€)a @ [¥Bea) ( 1£°) B ® |YacB)
either can be degenerate and U(1) or R generator / b )
_ SR RUDN
frame dependent gauge-invariant tensor factorizations Ra (9N (g,e) 4 N |Re (6WN(g.€)
/ \
1. necessary and sufficient condition for &/ phys tO factorize " Quantum frame change map '
(H (! . -:t" ‘_;f}
Aass=RE" o (RYD) =
. 4) 7 (C)
~ — {* . = = N
»prhys— mc@’dmc - GAB\C—M(UAWOUBMC) (") - e
) o Sy —. Perspective of A Perspective of B —,
T @ Hpela Hacip B)
orsic = spec(Cy + Cp) 0 spect—Co) e = spee(Cy) nspec(~Cy — €
2. factorizability frame dependent: e.g. possible that
‘prhysg"dAK:@‘dBK: but

A onys F L@ L ip

3. even if (") satisfied in two frames, factorization necessarily frame-dependent

A onys = A p1c @ Ao = Ay s @ A oy but

‘QfAUi 7(: ‘QfAlC

Pirsa: 21060099
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Upshot: frame-dependent gauge-inv. entanglement

PH, Lock, Ahmad, Smith, Galley '21

“frames B and C mean different inv. DoFs when they refer to subsystem A"
O
see also Esteban’s talk

if factorizability in two frame perspectives, i.e.

'prhys = -Qfmc' ® -Qfmc = dAw ® -Qf(“w but ‘QfAib’ # *Qfmc

then correlations/entanglement of A with its complement will in general differ in two perspectives
(see also Giacomini, Castro-Ruiz, Brukner '17)

= gauge-inv. entanglement entropy in general S(p,5) # S(p4¢) for same global physical state
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Upshot: frame-dependent gauge-inv. entanglement

PH, Lock, Ahmad, Smith, Galley '21
“frames B and C mean different inv. DoFs when they refer to subsystem A”

if factorizability in two frame perspectives, i.e.

'prhys = -Qfmc' ® -Qfmc = dm/s ® -Qf(‘uf but ‘Qwa # *Qfmc

then correlations/entanglement of A with its complement will in general differ in two perspectives
(see also Giacomini, Castro-Ruiz, Brukner '17)

=> gauge-inv. entanglement entropy in general S(PAW) # S(PA|C) for same global physical state

(

o

a priori not a gauge-inv. notion of subsysEam's'“ M\
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“Quantum relativity” of physical properties

entanglement and superposition depends on choice of reference system

Giacomini, Castro-Ruiz, Brukner ‘17; Vanrietvelde, PH, Giacomini, Castro-Ruiz ‘18; de la Hamette, Galley ‘20

“quantum relativity” of comparing readings of and synchronizing different quantum clocks

Bojowald, PH, Tsobanjan '10; PH, Vanrietvelde, ‘18; PH, Smith, Lock ‘20

Temporally local time evolution relative to one clock may appear as superposition of time
evolutions relative to another

Castro-Ruiz et al ‘19; PH, Smith, Lock ‘19

Indirect clock self-reference effects

PH, Smith, Lock '19; ‘20

Singularity resolution in cosmology may depend on the clock

Gielen, Menendez-Pidal ‘20 see Steffen'’s talk on Fri
Quantum Darwinism (“objectivity is subjective”)

Le, Mironowicz, Horodecki '20; Tuziemski ‘20
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Conclusions

perspective-neutral approach to dynamical frame covariance:

* gauge-invariant framework for frame-dependent physics

* links internal frame perspectives

« applies to both classical and quantum theory

« applies to particle systems, quantum clock models, quantum cosmology, gauge theories, gravity, ...

+ yields “quantum relativity” of subsystems and many physical properties
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