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Multiple choice problem

¥ many possible choices for relational clocks ! Inequivalent quantum dynamics

e.g. a(!) wvs. !(a

Kuchar (1992).
OThe multiple choice problem is one of an embarrassment of riches: out of many
Inequivalent options, one does not know which one to select.O

Isham (1993):
OCan these different qguantum theories be seen to be part of an overall scheme that is covariant?E
It seems most unlikely that a single Hilbert space can be used for all possible
choices of an internal time function.O
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OAll the laws of physics are the same in all reference frames.O

How to make sense of general covariance when frames are quantum?



AlM:
unifying framework for switches of

temporal and spatial
guantum reference systems

how?

symmetry principle

\4

redundancy (constraints)
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perspective-neutral framework




Result will be:

guantum symmetry reduction maps

H 4

description of physics relative
to the perspective of quantum
reference system A
(reduced Hilbert space)

Tiasp = @pow,"

perspective-neutral physical
Hilbert space
(of Dirac quantization)

Hp

description of physics relative
to the perspective of quantum
reference system B
(reduced Hilbert space)
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Symmetry & perspective-neutral structure

gauge symmetry >~ constraints

canon. form.

gauge orbits

perspective-neutral

constraint surface

constraint surface encodes all frame choices at once
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Toy model: relative motion in 1D

L=5(da+dp+dr) = ¢ (da+de+dr) = V({ge - o))

L invar. under translations  ¢a>da & Ga + f(t), 4o + f'(t)
\

arbitrary

Legendre tr.
v / \
1

Localization in Newtonian

H p— 5 (pi —|—p2E —|—p%,) —+ V({qa — qb}) —+ )\P space unphysical,

only relational motion

Constraint P =pa 4+ pr + pr = 0 translation generator

2
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Redundancy

gauge symmetry: o (t) not physical
gauge Iinv. observables: (9 —qa),(gr — qa), (qe — qr), DA, PE, PF

— commute with P =pa + prg + pr

perspective-neutral description

—> but redundant (only 4 indep. gauge inv. obs)



From perspective-neutral to perspectival

gauge orbits

perspective-neutral

constraint surface

Classical reduction:
1. Choose reference system (e.g. A)
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Frame choice as gauge

A-perspective
(gauge Pxing surface)

gauge orbits ! .
perspective-neutral
\uge PX

Cl G

perspective-neutral
constraint surface

Classical reduction:
1. Choose reference system (e.g. A)
2. Gauge Px
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Choosing perspective = choosing gauge

gauge symmetry: o (t) not physical
gauge Iinv. observables: (98 —qa),(qF — qa), (9 — qF), DA, PE, DF

— commute with P =pa + prg + pr

perspective-neutral description

—> but redundant (only 4 indep. gauge inv. obs)

¥ pbx symmetry,take A perspective g4 = 0 (bxes A = —pa sothat g4 =0 )

(C]E,F — QA) — 4E.F become rel. distance to A
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Classical reduction:
1. Choose reference system (e.g. A) P4
2. Gauge Px
3.remove AOs redundant DoFs 18 A-perspective (reduced phase space)




Choosing perspective = choosing gauge

gauge symmetry: o (t) not physical
gauge Iinv. observables: (98 —qa),(qF — qa), (9 — qF), DA, PE, DF

— commute with P =pa + prg + pr

perspective-neutral description

—> but redundant (only 4 indep. gauge inv. obs)

¥ pbx symmetry,take A perspective g4 = 0 (bxes A = —pa sothat g4 =0 )

(C]E,F — QA) — 4E.F become rel. distance to A

¥ Hamiltonian reduces to

Hppia = vy + pi + pEPF + Ve, 9F)



Change of frame perspective

A-perspective

(gauge Pxing surface)

!
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gauge orbits :
: perspective-neutral
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Change of frame perspective

A-perspective

(gauge Pxing surface)

qr = 0

gauge orbits

perspective-neutral
constraint surface

F-perspective
(gauge bxing surface)

ga =0

perspective-neutral

gauge bx gauge bx
gauge tr.
CNGr »Cl Gy
A
.Ll YA

v
persp. change
Pr - Pa

Trpa="! 1 gange tr. 11 ;1

F-perspective (reduced phase space) A-perspective (reduced phase space)



Quantum reference
frame switches



Reduced guantization: QT In a frame
perspective

1. Solve constraints classically

2. Quantize



Reduced guantization: QT in A-perspective

¥ guantize reduced class. model in A-perspective

[GeF  BEF]= | on Hed = L?(R?)

"Terja = dpedpr ! eF ja (Pe, PF) |Pe, PF!

with Hamiltonian

Rer 1o = B + 92 + PePr + V(G G)



Dirac quantization - perspective-neutral

1. Quantize all DoFs

2. Solve Constraint in QT



Dirac quantization - perspective-neutral

quantize 1ston Hyn = L%(R?) solve constraint in QT

B! phys = (Ba + P + O )|! Tpnys =0



Dirac quantization - perspective-neutral

quantize 1ston Hyn = L%(R?) solve constraint in QT

B! phys = (Ba + P + O )|! Tpnys =0

Projection ! : Hy, !

|! !khn

H phys

dpa dpe dpe ! kin (Pa, PE, PF)IPA, PE, PE!

" |! #%hys

dpe dpe ! win (BPe S Pr.PePF) | S P S Pr,PE,PF?
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Dirac quantization - perspective-neutral

quantize 1ston Hyn = L%(R?) solve constraint in QT

B! phys = (Ba + P + O )|! Tpnys =0

Projection ! Hyn ! Hphys
" "vim = dpadpedpe ! kin (Pas Pe . PF)IPA, PE S PF!

" |V Hohys = dpedpe ! kin (BPe S P, PeE.PE) IS PES P, PE,PFT

dpa dpe ! kin (Pa,! PA ! PE,PE)IPA,! PA ! PE,PE"

¥ observables on H e O,P]=0 e.g. Q! G0



Summary so far:

P=C|A=0

original phase space R°

Dirac guantization

~

Kin

perspective-neutral

T
>

reduced quantization

red
H A

A perspective



Quantum reference frame switches?

guantum reduction procedure?

¥ debate on relation reduced vs Dirac quantization

¥ no gauge bxing in QT

32



Perspective-neutral quantum structure

perspective-neutral

H phys

Dirac quantized theory
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Perspective-neutral to perspectival in the QT

perspective-neutral

H phys

1. Choose reference system (e.g. A)
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Quantum reduction

perspective-neutral

H phys

t trivialization

triv
H A

1. Choose reference system (e.g. A)
2. Trivialize constraints to reference system

35



Go to A-perspective In QT
¥ remove redundant A-variables with isometry to red. QT
Ta 1= | Ga (PE +@F )

! trivializes constraint to A TAPT, = A

! P Aer = Tal' Tonys = [P=0!a" dpe dpr ! «in (¥ Pe # Pr . Pe. PF)|PE ., PF!

= ' Ter |a



Quantum reduction

perspective-neutral

H phys

t trivialization

A
reduced QT in A-perspective

1. Choose reference system (e.g. A)
2. Trivialize constraints to reference system
3. Project onto classical gauge Pxing condition

37



Quantum reduction

Vanrietvelde, PH, Giacomini, Castro Ruiz 018

Vanrietvelde, PH, Giacomini 018 perspective-neutral
PH, Vanrietvelde 018

PH O18 H
phys guantum reduction

constraint trivialization
\ \ 1 A

A
reduced QT in A-perspective

1. Choose reference system (e.g. A)
2. Trivialize constraints to reference system
3. Project onto classical gauge Pxing condition

38



Go to A-perspective In QT
¥ remove redundant A-variables with isometry to red. QT

Ta 1= 1 Ga (P +®F )

! trivializes constraint to A TAPT, = A

! ' taer = Tal' 'onys dpe dpr ! «in (¥ Pe # Pr . Pe. PF)|PE ., PF!

project out redundancy with 2! "ga = 0]



Go to A-perspective In QT
¥ remove redundant A-variables with isometry to red. QT

Ty = | Ga (P +PF )
! trivializes constraint to A TAPT, = A

! ' TaEr = Tal! 'phys

dpe dpr ! «in (¥ Pe # Pr . Pe. PF)|PE ., PF!

*EF |A
project out redundancy with 2! "ga = 0]
¥ observables transform correctly
Ta(GerF ! )Ty = OeF TaPer Ty = PeF

TAHWT, = I'q)EF|A = @2 + P + PP + V(6. G)

' debnes isometry to A-perspective



Switch from F- to A-perspective in QT

perspective-neutral

H phyS _— guantum reduction
T
\ n A

A
reduced QT in A-perspective

invert F-reduction ! ', concatenate
with A-reduction ! A



Switch from F- to A-perspective in QT

Vanrietvelde, PH, Giacomini, Castro Ruiz 018
Vanrietvelde, PH, Giacomini 018
PH, Vanrietvelde 018
PH 018

perspective-neutral

phys guantum reduction

constraint trivialization
\ I

triv triv
\ H e A
A

invert F-reduction ! ', concatenate
with A-reduction ! A



Go to A-perspective In QT
¥ remove redundant A-variables with isometry to red. QT

Ty = | Ga (P +PF )
! trivializes constraint to A TAPT, = A

! ' TaEr = Tal! 'phys

dpe dpr ! «in (¥ Pe # Pr . Pe. PF)|PE ., PF!

*EF |A
project out redundancy with 2! "ga = 0]
¥ observables transform correctly
Ta(GerF ! )Ty = OeF TaPer Ty = PeF

TAHWT, = I'q)EF|A = @2 + P + PP + V(6. G)

' debnes isometry to A-perspective



Switch from F- to A-perspective in QT

Vanrietvelde, PH, Giacomini, Castro-Ruiz, arXiv:1809.00556
perspective-neutral

T H phys 7_ guantum reduction
= A
| :: ; / / triv e

\ H T H A

A
p=0lg" V2m 4(g =0
v
H e gy H red
Trrastatle
concretely Tra = V21 alqg=0[Ta Tilp=0)p®
— Par etdADE

recover QRF transf. proposed by Giacomini, Castro-Ruiz, Brukner (mxiv:1712.07207)



Operational consequUeNnCes (e o cere paper
(@) (b)

A 5 A B

e oA

X

see Glacomini, Castro-Ruiz, Brukner arXiv:1712.07207




Generalize to 3D with OMach principleO

. . . Vanrietvelde, PH, Giacomini, arXiv:1809.05093
¥ Incl. also rotational inva.

_ !
H = pa”+ V ({|th — t[}) + " P + 3
a= AEF
where Ji =Y €ijn vl
¥ gauge inv. motion and observables Ga — @bl Pa”
=2 gl e rspective-neutral

! gauge bx to A-perspective

A: origin
E: in z-direction
F: in x-z-plane



Generalize to 3D with OMach principleO

. . . Vanrietvelde, PH, Giacomini, arXiv:1809.05093
¥ Incl. also rotational inva.

_ !
H = pa” + V ({ltk — tp|}) + " P + pJ
a= AEF
where Ji =Y €ijn vl
¥ gauge inv. motion and observables Ga — @bl Pa”

/\ > P gl perspective-neutral
A F A ‘ | " -

! gauge bx to A-perspective

A: origin -
E: in z-direction no global relational perspectives
F: in x-z-plane

Gribov problem arises
|




Perspective switch

perspective neutral

H phys
y R
rot rot
HA,EF H F,AE
A
REF REA
v
ot ot
H E.F |A HE,A|F
A
(Wfd 1 ! Ir:ed
v
red
H E.A |F

reduced QT In F-perspective



H 4

description of physics relative
to the perspective of quantum
reference system A
(reduced Hilbert space)

Tiasp = @pow,"

perspective-neutral physical
Hilbert space
(of Dirac quantization)

Hp

description of physics relative
to the perspective of quantum
reference system B
(reduced Hilbert space)



Quantum clocks

2 clocks variables t,q

t(q) VS o(t)

What if T, ¢ operators?

adress Omultiple choice problemQxkuchar d91; isham 69



Example: parametrized particle

reparametrization invariant

m extension

S = dt—(l]?' >

Legendre tr.

\4

0?
Cyu=p+ —=0
H = Pt om

Hamiltonian constraint

generates dynamics and symmetry



Example: parametrized particle

reparametrization invariant

m extension

Legendre tr.

relational Dirac observable v
p2
Chu=p+-—=0
H Pt om
Q(T) = a(5) |¢(s)=r = 2p(T —t0) + qo Hamiltonian constraint

X1 generates dynamics and symmetry

T(X) = US) qe=x = to+ =




Example: parametrized particle

reparametrization invariant

m extension

Legendre tr.

relational Dirac observable v
on constraint surface c p2 0
= + —— =
H Pt om
Q(T) = a(5) |¢(s)=r = 2p(T —t0) + qo Hamiltonian constraint

X1 generates dynamics and symmetry

T(X) = US) qe=x = to+ =




Example: parametrized particle

reparametrization invariant

extension

Legendre tr.

relational Dirac observable v
on constraint surface c p2 0
= + —— =
H Pt om
Q(7) = a(s) |¢(s)=r = 2p(T —t0) + o Hamiltonian constraint
X! o generates dynamics and symmetry

T(X)= t(S) 'qs)=x = to+

time-of-arrival

2p



Example: parametrized particle

Getting rid of redundancy through gauge-pPxing

relational Dirac observable

on constraint surface

Q(T) = q(8) |t(s)=r = 2p(T — t0) + qo

X1
2p

T(X)= t(S) 'qs)=x = to+



Example: parametrized particle

Getting rid of redundancy through gauge-pPxing

p2 1 |"_ ] |"_
Ch=p+ == %(rﬁ Pt )(P Pt)

relational Dirac observable reduced observable gauge bxing:
on constraint surface

Q(7) = q(s) ‘t(S):T = 2p(T —to) + qo Qrea(!) =2p! + @ (to =0)

W X
2 #p; (% =0)

' X!
T(X) = t(5) lqe=x = to+ zp‘*’ T: (X)=t!



Example: parametrized particle

Getting rid of redundancy through gauge-pPxing

1 | |
Ch=p+ == %(rﬁ "p)P” T p)

relational Dirac observable reduced observable gauge bxing:

on constraint surface on reduced phase space

Q(7) = q(s) ‘t(S):T = 2p(T —to) + qo Qrea(!) =2p! + @ (to =0)

X! o _ i X
2p T(X)=1! 3 #p (¢ = 0)

T(X)= t(S) 'qs)=x = to+



Example: parametrized particle

Getting rid of redundancy through gauge-pPxing

1 | |
Ch=p+ == %(rﬁ "p)P” T p)

relational Dirac observable reduced observable

on constraint surface on reduced phase space

evolution w.r.t t

Q(7) = q(s) ‘t(S):T = 2p(T —to) + qo Qrea () =2p! + ¢

X1 q P cvolution wrtq

+ = 1!
2p T (X)=1 2 #p

T(X)= t(S) 'qs)=x = to+



Summary of steps for parametrized particle

PH, Vanrietvelde, arxiv:1810.04153

original phase spaceR*

Dirac quantization
C, =9g=0

P P, Hkin

l a'ne reduced lquantization

H. H, 1 (G ) canonical reduced | quantization

n T . l
. Wl sy a1 q d=0["(P)(! Pr)4
q 9=0 [" (! P)(! Pr) 4
tlqg ), . qlt ¢ "t=0 |
thys S T, H phys T, ’ thys > Hye



Q u antu m C I O C k SWitC h PH, Vanrietvelde, arxiv:1810.04153

clock-neutral

thys
V \Tq‘
q(t) t(q)
thys thys
P =0 %T __ lzl q"q=0 |" (# P)($ B) ?

S)t! g+t

H q(t) > Hit(q)

where  Tgq = Tge + Tg Tge :=exp iQ(C "p" ') "(#P)

T: := exp(i O7/ 2m) = exp(i 619)

) o oy —
Q! qx ! 2|15)q! t ! (# p) |p|
I oo



Q u antu m C I O C k SWitC h PH, Vanrietvelde, arxiv:1810.04153

clock-neutral

H phys
V \Tq‘
q(t) t(q)
H phys H phys
Pu=0 %T ) lzl Tq"a=0 |" (# B)($ Br) 4
9'[! g+

Hg(t) > Hit(g)

evolution w.r.t. t evolution w.r.t. q

observables transform correctly

Tt@(! )Tt = @red(!)

Cp)Y AT BOX) TS L ) VA= BLx) L gy + B (X) 1 (p)



Regularization details: time-of-arrival

Dirac: afbne reduced:

nad: (M p) VAT, BOO) T 10 ) VA= BLx) ¢ B+ BLX) (D)

. B0 =8+ X -a+(X -alo’
D”:aC. p:}(p(l )!1+"é )!1@>
quantization 5= 5 (PPePe)s ™+ 9 ()5
I ! _ S opt# 2
(‘pt)! 1|pt!-— #:izlpt! H12<p. " 0.
PL(X)= 8. XE(" o)
Afbne |
Reduced g, = % b0t 16+ B(py)! !
Quantization o

© 1 w1 |pt#i Pt $ " !2’
(™ pr) Hpth = | Bt "o
—z | Pt 1“<p¢$ 0.




Relational dynamics in FRW

¥ homogeneous & isotropic universe

Open universe :

looks like a
horse saddle k=11
) 2

2 _ | A2 dr 2 4 2
ds® =!I dt° + a(t) kr2+r d!

¥ Hamiltonian constraint incl. homog. Peld

Closed universe :
looks like the

2 2 4" 21 2 6" n surface of a sphere
CH = p! I p" I 4ke —|—4m | < e 0 k= +1 nrumiano

http://nrumiano.free.fr/fEcosmo/cg_model.html

l =ln a

time evol. generated is gauge transf.

U= {1, Cy}
U={",Cq}

2

| 2p" not necessarily monotonic

can go through 0, thus

I wanttouse ' or! as relational OclockO


http://nrumiano.free.fr/Ecosmo/cg_model.html

Relational dynamics in FRW

¥ homogeneous & isotropic universe

Open universe :

looks like a
horsesladdle k=11
] 2

2 _ | A2 dr 2 4 2
ds® =!I dt° + a(t) kr2+r d!

¥ Hamiltonian constraint incl. homog. Peld

Closed universe :

"\ looks like the
CH _ plz ' p,? | " O surface of a sphere —
) k — +1 http://nrumiano.free.fr/fEcosmo/cg_model.html
I time evol. generated is gauge transf.
(i set
U= {I ,CH} = 2D
n7 11 . k : m : O
u={",Cu}="2p

I wanttouse ' or! as relational OclockOf— e

both monotonic


http://nrumiano.free.fr/Ecosmo/cg_model.html

k=0 FRW with massless scalar

¥ Hamiltonian constraint of Klein-Gordon form PH, arXiv:1811.00611

CH:p!Z! pg" 0

| () =2p t+ 1y
(=1 2pt+ "o
¥ choose ! as OclockO and afbne evolving! = ! p
! lM)=!'p (! ")+ rel. Dirac observable
¥ getrid of redundant 1 | p

p=%[p|=xH ()= Hp
generates fwd/bwd
evol. on reduced phase space




Positive and negative frequency sectors

Obackwarc Oforward

contracting

expanding




Internal time switch in quantum cosmology

clock-neutral _
PH, arXiv:1811.00611

thys
TNy
L") ")
thys thys
! o I
( FI?I)! 1%Ip--=$°/%&T lZ 2#, "1 =0 |$(# B ) |0 |
. D,y ’
H!+( ) X Hi(!)
evolution w.r.t. !
where
CRla [ ~
L =T++ T, Tli:e"b(lpll')!(!p_)

works the same way



Relational dynamics more generally

s

/ M/l) oW

¥ can get arbitrarily complicated

chaos for massive peld

Interacting clocks,

non-unitarity, transient clocks

=
=
=
lobal problem of time,
g P '//
>
—

see

Bojowald, PH, Tsobanjan, CQG 28,035006, (2011)

Bojowald, PH, Tsobanjan, PRD 83,125023 (2011)

PH, Kubalova, Tsobanjan, PRD 86, 065014 (2012)
Dittrich, PH, Koslowski, Nelson, PLB 769, 554 (2017)



New perspective on Owave function of the
U n |Ve rseo PH arXiv:1811.00611

¥ no global operational state N> global state perspective neutral

¥ only relative operational states

OWave function of the universeO as a perspective-neutral state

Operational interpretation from transformation to specibc reduced theory

PH, Quantum 1, 38 (2017)
PH, JPCS 880, 012014 (2017)



Conclusions

perspective-neutral physical
Hilbert space
(of Dirac quantization)

systematic switches of quantum

reference system perspectives

¥B

¥ new: quantum reduction method

¥ Dboth spatial and temporal !
reference systems

Tasp = 0oy,

description of physics relative
to the perspective of quantum
reference system B
(reduced Hilbert space)

description of physics relative
to the perspective of quantum
reference system A
(reduced Hilbert space)

Not always global due to Gribov problem

\/

complete relational QT, admitting quantum general covariance:
conjunction of Dirac and red. gquantized theories



Outlook

perspective-neutral physical
Hilbert space
(of Dirac quantization)

Systematic method for switching

0B (spatial and temporal)
guantum reference system perspectives

1 ' '
1 ’71_[ A 1 : H B
_ -1

Tasp=9poyy | .
: description of physics relative : > : description of physics relative !
to the perspective of quantum 1 1 to the perspective of quantum
reference system A : : reference system B .
(reduced Hilbert space) ' . (reduced Hilbert space) '

1

1

applications:
Field theory

Quantum general covariance in QG (multiple choice problem of time,E)
Measurement problem and WignerOs friend paradox

Frame dependence of correlations in cosmology

Import QRF machinery from QI into QG

K K K K K



