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“All the laws of physics are the same in all reference frames.”

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



AlIM:
unifying framework for switches of

temporal and spatial
guantum reference systems

how?

symmetry principle

\4

redundancy (constraints)

Vanrietvelde, PH, Giacomini, Castro Ruiz, arXiv:1809.00556
Vanrietvelde, PH, Giacomini, arXiv:1809.05093

PH, Vanrietvelde, arxiv:1810.04153

PH, arXiv:1811.00611

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)



Symmetry & perspective-neutral structure

gauge symmetry > constraints

canon. form.

gauge orbits

perspective-neutral

constraint surface

constraint surface encodes all frame choices at once



Toy model: relative motion in 1D

En
L =5 (¢4 +dp+dr) — ¢ (da+de+ ir) = V({ga — a})
L invar. under translations  ¢a>qa & Ga + f(t), 4o + f'(t)
\
arbitrary

Legendre tr.
v / \
1

Localization in Newtonian

(pi —I_ p2E _I_ p%’) _I_ V({qa - Qb}) —I— )\P space unphysical,

only relational motion

H =

Constraint P = pa pr ~ 0 translation generator




Redundancy

gauge symmetry:  qq(t) not physical
gauge Iinv. observables: (98 —qa),(qF —qa),(qE — qFr), DA, PE, PF

— commute with P =pa4 +pg + 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)



Frame choice as gauge

A-perspective
(gauge fixing surface)

gauge orbits ! _
perspective-neutral
w‘e fix

CNGa

perspective-neutral
constraint surface

Classical reduction:
1. Choose reference system (e.g. A)
2. Gauge fix



Choosing perspective = choosing gauge

gauge symmetry:  qq(t) not physical
gauge Iinv. observables: (e —qa),(qFr — qa),(qE — qF),PA,PE, PF

— commute with P =pa + pr + pr

perspective-neutral description

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

e fix symmetry, take A perspective ¢4 =0 (fixes A= —pasothat Ga =0)

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



Frame choice as gauge

A-perspective
(gauge fixing surface)

perspective-neutral

w‘e fix
CNGay
perspective-neutral
constraint surface
proj.
Classical reduction: |
1. Choose reference system (e.g. A) P4

2. Gauge fix
3. remove A's redundant DoFs A-perspective (reduced phase space)




Choosing perspective = choosing gauge

gauge symmetry:  qq(t) not physical
gauge Iinv. observables: (e —qa),(qFr — qa),(qE — qF),PA,PE, PF

— commute with P =pa4 +pg + pr

perspective-neutral description

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

e fix symmetry, take A perspective ¢4 =0 (fixes A= —pasothat Ga =0)

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

e Hamiltonian reduces to

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



Change of frame perspective

A-perspective

(gauge fixing surface)

qr = 0

gauge orbits

perspective-neutral
constraint surface

F-perspective
(gauge fixing surface)

ga =0

perspective-neutral

gaV we fix

CNGr CNGga

proj.

proj.

P a

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



Change of frame perspective
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Change of frame perspective

A-perspective

(gauge fixing surface)

) g;i/l gqa — 0
dqr =

gauge orbits

perspective-neutral

C

gauge fix gauge fix

gauge tr.

CNGr *CNGa

perspective-neutral
constraint surface

embed proj.
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(gauge fixing surface)

P F PA

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



Change of frame perspective

A-perspective

(gauge fixing surface)

qr = 0

gauge orbits

perspective-neutral
constraint surface

F-perspective
(gauge fixing surface)

ga =0

perspective-neutral

gauge fix gauge fix
gauge tr

NGr *CNGa

A

! YA

v
persp. change
Pr - Pa

Tr 4 =pa ogauge tr.o 90}_71

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



Quantum reference
frame switches



Reduced quantization: QT in a frame
perspective

1. Solve constraints classically

2. Quantize



Reduced guantization: QT in A-perspective

e qguantize reduced class. model in A-perspective

JE.F,PE.F| =1 on H = L (R?)

V) EFA = / dpedpr YEr|A(PE, PF) |PE,PF)

with Hamiltonian

Hppia = g+ PE + Pebr + V(ie, ir)



Dirac quantization - perspective-neutral

1. Quantize all DoFs

2. Solve Constraint in QT



Dirac quantization - perspective-neutral

quantize 1st on Hyip = L2(R3) solve constraint in QT

p’¢>phys — (ﬁA —I_pE +pF)‘¢>phys =0



Dirac quantization - perspective-neutral

quantize 1st on Hyip = L2(R3) solve constraint in QT
Pl)phys = (DA + DE + Dr) 1) phys = 0
Projection I : Hyin — Hphys
‘w>kim — / dpAdpEdpF wkin(pAapEapF)‘pAapEva>

— |¥) phys = / dpgdpr Yxin(—PE — PF,PE,PF)| — DPE — DF,PE,DF)

= / dpa dpr Yxin(pa, —PA — PF,DPF) |PA, —PA — PF,DF)



Dirac quantization - perspective-neutral

quantize 1st on Hyip = L2(R3) solve constraint in QT
Pl)phys = (DA + DE + Dr) 1) phys = 0
Projection I : Hyin — Hphys
‘w>kim — / dpAdpEdpF wkin(pAapEapF)‘pAapEva>

— |¥) phys = / dpgdpr Yxin(—PE — PF,PE,PF)| — DPE — DF,PE,DF)

= / dpa dpr Yxin(pa, —PA — PF,DPF) |PA, —PA — PF,DF)

« observableson H,s [0,P]=0 e.q. da — qb, Da



Summary so far:

P=ga=0

original phase space RO

Dirac quantization

~

kin

perspective-neutral

J
>

reduced quantization

~

red
HA

A perspective




Quantum reference frame switches?

gquantum reduction procedure?

» debate on relation reduced vs Dirac quantization

* No gauge fixing in QT



Perspective-neutral guantum structure

perspective-neutral

7{phys

Dirac quantized theory



Perspective-neutral to perspectival in the QT

perspective-neutral

7{phys

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



Quantum reduction

perspective-neutral

7{phys

t trivialization

triv
Ha

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



Go to A-perspective in QT
* remove redundant A-variables with isometry to red. QT

Ty = ct4A(PE+DF)
—> trivializes constraint to A Ta P T;{ =pa

—> |V)aEr :=TalY)phys = [p=0)4 ®/ dprdpr Yxin(—PE — PF.PE,PF)|PE, PF)




Quantum reduction

perspective-neutral

7{phys

t trivialization

triv
Ha

projection on class. gauge fixing

v

Hred
A
reduced QT in A-perspective

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



Quantum reduction

Vanrietvelde, PH, Giacomini, Castro Ruiz ’18 ,
Vanrietvelde, PH, Giacomini '18 perspective-neutral

PH, Vanrietvelde '18

PH ‘18 thys

quantum reduction

T pA

constraint trivialization

triv
Ha

projection on class. gauge fixing

v

Hred
A
reduced QT in A-perspective

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



Go to A-perspective in QT

* remove redundant A-variables with isometry to red. QT

Ty = etdA(PE+DF)

)\pf pF)

project out redundancy with v2m(ga = 0|



Go to A-perspective in QT

* remove redundant A-variables with isometry to red. QT

Ty = etdA(PE+DF)

\ dpEdpF wkin(_pE - pFapEapF)‘pEapF>

‘= W>EF|A
project out redundancy with V2w {qga = 0
e observables transtorm correctly
Ta(Ge.r — 4a) T} = du.F Tape.rTh=DerF

TaHT) = Hppia = 0% + p2 + pepr + V(ie, ir)

—> defines isometry to A-perspective



Switch from F- to A-perspective in QT

perspective-neutral

7{phys

quantum reduction

T paA

constraint trivialization

triv
Ha

projection on class. gauge fixing

v

Hred
A
reduced QT in A-perspective

invert F-reduction 90}1, concatenate
with A-reduction © A



Switch from F- to A-perspective in QT

Vanrietvelde, PH, Giacomini, Castro Ruiz '18

Vanrietvelde, PH, Giacomini 18
PH, Vanrietvelde '18 perspective-neutral
PH ‘18

phys qguantum reduction

untr|V|aI|ze constraint trivialization
\

Htrlv ter
\ F
A

append ref. DoFs, restore gauge inv.

Hred
F
reduced QT in F-perspective

projection on class. gauge fixing

invert F-reduction 901?1, concatenate
with A-reduction © A



Go to A-perspective in QT

* remove redundant A-variables with isometry to red. QT

Ty = etdA(PE+DF)

\ dpEdpF wkin(_pE - pFapEapF)‘pEapF>

‘= W>EF|A
project out redundancy with V2w {qga = 0
e observables transtorm correctly
Ta(Ge.r — 4a) T} = du.F Tape.rTh=DerF

TaHT) = Hppia = 0% + p2 + pepr + V(ie, ir)

—> defines isometry to A-perspective



Switch from F- to A-perspective in QT

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

thys qguantum reduction

T T,
90_1/ / \ I P A
F

\ H%Tiv H}le

A
p=0)r®
red
Hp
reduced QT in F-perspective
concretely Tra = V21 alqg=0[Ta Tilp=0)p®
— Pur etdA PE

recover QRF transt. proposed by Giacomini, Castro-Ruiz, Brukner (axiv1712.07207)



Operational CONSEQUENCES  (stien from Go-a8 papen
(@) (b)

A 5 A B

C A /\ . C A A /\ .

XL

see Giacomini, Castro-Ruiz, Brukner arXiv:1712.07207




Generalize to 3D with “Mach principle”

. . . Vanrietvelde, PH, Giacomini, arXiv:1809.05093
e Incl. also rotational invar.

H= Y 5 +V{|g—@l})+ AP+ ]
a=A,FE F
where i = €k gD

perspective-neutral

gauge fix to A-perspective

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



Generalize to 3

e Incl. also rotational invar.

D with "Mach principle”

Vanrietvelde, PH, Giacomini, arXiv:1809.05093

H= Y 5 +V{|g—@l})+ AP+ ]
a=A,FE F
where i = €k gD

gauge fix to A-perspective

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

perspective-neutral

Gribov problem arises

—
no global relational perspectives




Perspective switch

perspective neutral

7{phys
;
y Y‘
rot rot
7_[A,EF 7_[F,AE
A
RZ?,lF RE,A
v
rot rot
HE,F | A HE,A|F
A
()~ ried
v
Hred Hre%
E,F|A E,AlE

reduced QT in A-perspective 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 q(t)

What if t, q operators?

adress "multiple choice problem” uchar '91: Isham 92)



Example: parametrized particle

reparametrization invariant

m extension
S:/dt qu >

Legendre tr.

\4

Co=pi+>— =0
2m

Hamiltonian constraint

generates dynamics and symmetry



Example: parametrized particle

reparametrization invariant

m extension
S:/dt EQ2 >

Legendre tr.

relational Dirac observable v

P2
Cu=pt+5;-=0
2m

Hamiltonian constraint

generates dynamics and symmetry




Example: parametrized particle

reparametrization invariant

m extension
S:/dt EQ2 >

Legendre tr.

relational Dirac observable v

on constraint surface p2

Cu=pt+5;-=0
2m

Hamiltonian constraint

generates dynamics and symmetry




Example: parametrized particle

reparametrization invariant

m extension
S:/dt EQ2 >

Legendre tr.

relational Dirac observable v
on constraint surface p2
Co=pt+5;-=0
2m
Q(7) = q(s) \t(s>:T = 2p(7 — to) + qo Hamiltonian constraint

X — qo generates dynamics and symmetry

T(X) = 1(5) lyor-x =t + =

time-of-arrival




Example: parametrized particle

Getting rid of redundancy through gauge-fixing

relational Dirac observable

on constraint surface




Example: parametrized particle

Getting rid of redundancy through gauge-fixing

Cu=pt+ L= Lot VB0 - v

2m

relational Dirac observable reduced observable gauge fixing:
on constraint surface

Q(T) = q(8) |t(s)=r = 2p(T — t0) + qo Qred(T) = 2pT + ¢ (to = 0)

X —
T(X) =t(5) |qs)=x ="to+ 2p% To(X)=1tF




Example: parametrized particle

Getting rid of redundancy through gauge-fixing

Cu=pt+ L= Lot VB0 - v

2m

relational Dirac observable reduced observable gauge fixing:
on constraint surface on reduced phase space

Q(T) = q(8) |t(s)=r = 2p(T — t0) + qo Qred(T) = 2pT + ¢ (to = 0)

X —
T(X) =t(5) |qs)=x ="to+ 2p% To(X)=1tF




Example: parametrized particle

Getting rid of redundancy through gauge-fixing

Cu=pt+ L= Lot VB0 - v

2m

relational Dirac observable reduced observable

on constraint surface on reduced phase space

evolution w.r.t t

Q(T) — Q(S) ‘t(S):T — 2}?(7' — tO) + 40 Qred(T) — 2]97' +q

)@ €volution w.rt g

2\/—Dt

X —
T(X) =t(5) |qs)=x ="to+ 2p% To(X)=1tF




Summary of steps for parametrized particle

PH, Vanrietvelde, arxiv:1810.04153

original phase space R*

Cy=q=0 Dirac quantization Cu=t=0
C_=q=0
P—i— P_ Hkin P

qlt
J/ affine reducedJ/quantization

H—I— H_ 5(éH) canonical reduced | quantization
R o 1
N q(q=00(p)(—p:) 4
¢{q=0[0(—p)(—D¢)4
t|q ) M . q|t t<t:0| . M
thys < T, thys T, r phys ’ HQ|t



Quantum C‘OCk SW|tCh PH, Vanrietvelde, arxiv:1810.04153

clock-neutral

?{phys
Vr \Tq‘
q(t) t(q)
%phys thys
_ A 1
Ipt—0>tT ) l2\/?q<q=0|9($p)(—pt)4
St—>q:|:
Hat) > Hit(g)
evolution w.r.t. t

/\

where  Toi=Tor +Toe Ty =exp (£id (V=pi — ©)) 0(FD)
T; = exp(itp?/2m) = exp(it H)

—_—

Stsqr = V2Pt 0(FD) VPl
o



Quantum C‘OCk SW|tCh PH, Vanrietvelde, arxiv:1810.04153

clock-neutral

?{phys
V \Tq‘
q(t) t(q)
7{phys ?{phys
lm:O%T A l2ﬁq<q=0|e<¢ﬁ><—ﬁt>%
St—>q:|:
He(t) > Hie(q)

evolution w.r.t. t evolution w.r.t. g

observables transform correctly

7;@(7)7? — Qred (7-)

(=pe) 4 T T5(X) Tyt (=pe) =44 = T3(X) 6(—p) + T2 (X) 6(p)



Regularization details: time-of-arrival

Dirac: affine reduced:

/\ /\

had:  (—p ) VAT, Ts(X) Tt (—pe) 14 = T2(X) 0(—p) + T2 (X) 0(p)

. A 1 — ) ) -
| BX) =+ 3 (057 (X =)+ (X - 0) )
Dlr'ac j ts -:1(523 ()5 + 7 (p/)\‘lf)
quantization =5 (PPePe)s + PePe)s
/\\pt> o { pit‘pt> pr < =07,

—=lp) —0% <p <0,

n R X —
| TL(X) =tox F 5 (V=p1)5
Affine 1 -
Reduced fse =5 ()5 E+ ;")
Quantization :

/\

—A—|
- P)+ Dt
(V—Dpt)s 1’pt>i = q VP2t
L 52pt ’pt>:|: _52 < D¢ S 0.

§ _527




Relational dynamics in FRW

Open universe :
looks like a
horse saddle k=-—1

 homogeneous & isotropic universe

dr?
1 — kr?

ds® = —dt* + a(t) < + 72 dQQ)

* Hamiltonian constraint incl. homog. field

Closed universe :

looks like the
2 2 4 2 12 6 surface of a sphere
CH_p¢—pa—4kea+4mqb €aNO k=11 nrumiano
o http://nrumiano.free.fr/Ecosmo/cg model.html
a=Ina
—> time evol. generated is gauge transt.
¢ =1¢,Cp} = 2pg can go through 0, thus

. not necessarily monotonic
& =4{a,Cy} = —2p, Y

—> want to use « or ¢ as relational “clock™


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

Relational dynamics in FRW

Open universe :
looks like a
horse saddle k=-—1

 homogeneous & isotropic universe

dr?
1 — kr?

ds® = —dt* + a(t) < + 72 dQQ)

* Hamiltonian constraint incl. homog. field

Closed universe :

looks like the
surface of a sphere
k= _|_1 htto://nrumiano.free.fr/Ecosmnc:/li:rgI?nnoodel.html
—> time evol. generated is gauge transt.
set

Q0 :{CV,CH} = —2pa

—> want to use « or ¢ as relational “clock” - photh monotonic


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

k=0 FRW with massless scalar

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

Cu=p;—p. =0

« choose « as “clock” and affine evolving ® = @ pgy

= O(7)= —po(t—a)+ rel. Dirac observable

e getrid of redundant «, p,

Pa :::’p¢‘ = +H (I):IZ(T> ::‘qu"r—l_q)
evol. on reduced phase space




Positive and negative frequency sectors

‘backward’ ‘forward’

<

cene?

contracting

expanding




Internal time switch in quantum cosmology

clock-neutral |
PH, arXiv:1811.00611

7{phys
TV \n‘i
¢ () a(p)

7{phys ?{phys

(\/ |;;)_1 %|pa:_€>a®/l\ J/Q\/ﬂqb«b:()l Q(ZFﬁcb) \//|;a|
by Sa —¢x o

7/#(@) + s 4@
where
7?)4 — 7:)4—|— =+ To— 7:)4:: — 6::’LCX(|p¢|—€) 9(::]504)

works the same way



e can get arbitrarily complicated
Cy = pi . — 4k e*® 4+ 4m2¢? €% =~
chaos for massive field

Interacting clocks,

global problem of time,
non-unitarity, transient clocks

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)

Relational dynamics more generally

) L W

))

\

/




New perspec

ve on “wave function of the

U r IVerse " PH arXiv:1811.00611

 no global operational state —> global state perspective neutral

e only relative operational states

“Wave function of the universe” as a perspective-neutral state

Operational interpretation

from transformation to specific reduced theory

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



Conclusions

perspective-neutral physical
Hilbert space
(of Dirac quantization)

systematic switches of guantum

reference system perspectives

¥B

 new: guantum reduction methoad

e 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

v

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



Outlook

perspective-neutral physical
Hilbert space
(of Dirac quantization)

Systematic method for switching

vB (spatial and temporal)
quantum reference system perspectives

1 [ ] ] ]
1 1 1 1
1 1 1 1
. Ha . o Hp
. . Tasp=ypoyy | :
: description of physics relative : > : description of physics relative :
' to the perspective of quantum 1 to the perspective of quantum
reference.system A : : reference. system B :
(reduced Hilbert space) ' (reduced Hilbert space) '
1 1 1 1
1 1 1 1

applications:
* Field theory

* Quantum general covariance in QG (multiple choice problem of time,...)
 Measurement problem and Wigner’s friend paradox

 Frame dependence of correlations in cosmology

* Import QRF machinery from Ql into QG




