
MOTIVATION

Reference frames and coordinate systems are essential in physics :

provide the point of view from which observations are carried out.

Not exactlyHu same , definitions in the litate differ

For us : Set of variables associated to an PHYSICAL SYSTEM ,
that we

can use to describe other physical systems relationally

Since 1967 : GRFs im 1OG (DeWit

-al (Aharonov
,
Susskind)

Necessity of considering Rtsanocided to physical systems.

A and B
, they need to share information but do not know

how they are ovicuted relative to each dan ; they want to

identify the "Z" direction with a big Spin , which has some

quarter uncertainty associated to it .

LaG If gravity is quarter no spacetime no classical RF.

In GR it does not make sense to localise a single system
=> I neede physical system to localise andhar physical
system.

Need to consider Reatve localisahon betweenho material

quarter systems in whoever replaces spacetime
(Also more technical reasons relded to the quantischen

of gravity as a

garge Kay ,
see Daniele's Lectures

que particular approach lo arfs : Perspectival/Foundational

Research programme : manyppen questions (e
. g .

how to include the

observer
, bridge will gravity/az ,

etc
...
(

In recent years
the approacher started to come together.

Is



GIACOMINI ,
CASTRO-RUIE

,
BRULNER

,
NAT. COMMUN (2019)

9 B
C : initial frame
A : final frame↑ B : quarter system

C X3 + gi
-9

X At -9

No ext · frame -> only rel. pos . on pluys.
already

Were I stand in C
,
I describe A and B 3 posities

a

specifying
Were I stand in A

,
I describe B and C e RF

Reference frame transformations in an

Transe. Ur =
exp xx

XA

Boost : Up =et
,
G-pt-mY ->

7
t

Class of interesting transf >
t

=> EXTENDED GALILEAN TRANSFORMATIONS

(Greenbergen , 1979)

x = X - G(t)

~ (t)=m33-m2

Starting from Schrodinger equation it[]
there we say that the physical laws an COVARIANT if

- ult) t(t) = E ; ()+i
#=(e)+

(t) + it d
# N . B.: E is a

SYMMERRY classical function
=> F=m F = # => ree

.

between
-

oldand new RF !

②



a

"A" TRANSLATION

B
2 (4)B =

-· = Salk TB(x)(XB -2)
G

2 AYB
Salva Catal e 1) /Xa =

YB(X)
= PB

19a /4>
Bi> =

.
Add Hilb

. Sp . for A

2. Promote variable tooperator
2-A

A PARITY-Swap Pac(x)a = 1 - x)
c

& /Pa = 1 - p)
= x =Ge

SIMPLEST ARF TRANSF!

EXAMPLES

=koa/4( + 1- xo
,
eope

14)B

* B
2) in (1x. ( + 1x2(a)(43 - )1 - xz) , e 143 +

+ 1 - xz)
, e
3

,4()

3) ez ((x1(a(x . + (b + (x2)y(xz+2(z)+ (3(1 - x)c + 1 - xxx)

=> Entanglement + superposition an aRF dep !

③



Dynamical laws

The arf also has e Ham
.

Assume 5 unitary

Hi ,iit
=

#= St + it est
1(x)5 is a symmetry if His has the same functional for as

# but will all labels At

In particular ,
we have seep. of EXT. GAL

.

TRANSF

Fat-) e

Dir
i (t) : classical if transf where parameter - operators on A

Da = YaPa + Pa Yn : only necessary in same cases (boosts + accee .
)

Dru momente transf .
in such a way

Bot they are easily connected to

He ree. vel.

Give INNTON Abou Transf. (especiallyHowiEx:-

He
->Hi SYMMERY !

④



arF transf . may seem strange ,
but they form o group !

Ballesteros
,
GiacomiNi , Gubitosi Quantum (2021)

Pas=*a ; Erb =M ; Dr=aa + Paali
,
e

[i ,j] = Jijz * f -
group las F genedes ,

not o known group

Important because I car compose Kausf, and remain in the framera

what an arfs useful for ?

- Define rest frame of a quarter system
A Stan-Gerlock FG

,
CASTRO-RUIZ

,

BRUENER
,

PRI (2019)
* Rel

.

Bell ineq STRETER
,
FG

,
BRUENER ,

PRL (2021)

A Doppler egfeet FG
, CASTRO RUIZ ,

BRUENER
,

NAT
.

COMM. (2015)
* Decay rele FG

, KEMPF
,

PRD (2022)

- Non-classical spacetime D see other betwe !

⑤



PERSPECTIVE NEUTRAL APPROACH TOARFS

VanRietvelde
,

Hohn
,

Glaconini
,
Castro-ruiz

,
Quantum (2020)

Inspired to GR
.

There is an description with no physical counterpart,
but that can be mapped to an in which only relatial d. o .f.
or meaningful.
Redundancy
v diffe invariance in GR.

N particle Lagrangian (mi = 1)

2= [:" -(ii) - V(59: -9j3)
-m
Ere : only the motion ree. to cre contributes

=j = piZipio cr momentu is zer

↳ dynamical constant

REDUNDANCY
E-jj

always tee

consistency look : Z:-EjjZiZi for a central

potential

If we colculate the Hom
. we find ( Legende transf .

)

H =Zi + VI ... ) but we know leat
, or the For Zipi = o

Hence I can write
C : CONSTRAINT

-
H =: + V( ... ) +dipi) does not change the physics

LD LAGRANGE MULTIPLIER

On the solutions of the FOM C wo (week equality (

Trot d as a dynamical variable. It is indep of PS ,
lease

j= 0 (d does not colve)
.

We also have

pd = [Ps . H) = - C = 0 V because Ps(d ,
j) ⑥



Finally ,
I has to be preserved by the dynamics

C = [2 , H3 = o by construction in our case

If this does not happen , we need to add whatever we find as an

additional constraint until we find no contradiction

DIRAC QUANTISATION

qiei ; Pipi ; [i ,j) = it Sij
=DThun enface the constant.

F =: + V-j)+ = Zii

we knowNat I vanishes enle solutions of the EOM
. What does

it mean in AT ?

only allowed sholes an thoses.
t

. /1/p = o

We have two Hills . Sp . Ukin + all slotes

Upen - only states s. t. [1 1)pe
=

Each Hills. Sp . is endowed with a scolar product, in principle diff!

[: pi has continuous speetum ,
in part . Grand zeno

= we have to find a new scolar product that makes the states

well-ramalised en Hpays

Improper Projector S(p)=se =zi
Sc) : Hain -> Hpegs

<4/4)pays
= <4/8(5)(4)in

How do I reduce to the persp . of a specific art ?

Assume 3 particles A
,

B
,

C.

⑨



· Physical State &(5) II) in c = 14) pays

= Salpadpadp Spa+ Pa+ pa)Epa , PB , Pc) /Paalpisipcc =

= Solpepe Fin(-PB-pr , PB . Pa) -PB-pcha (PB)B/pc)
↳) not the ree

.
St!

TRIVIALISATION OPERATOR Ta S.

t.

Falic-altat =Bici Fabic T+ = Pisc

Tala+s + cla = Pa slift all te redundancy on A to

remove it from the description

Fa = en(B+ Pc

Fall pays = 1 Pa = da Jelpbelp Fin (-PB-pc , PB i pa) /PB)Bipche
-

need toremove

Project an Solpip'l = en < pa =o Selp: < p"(pa = d) = 2

Physical meaning : "Force" In arf A t be in the origin !

15 = Solpap Fan (-PB-pr , Pr , palip/pa),
↳i relational state !

PERSP
. NEUR

.

1

= Zi + V ... 1 +J Hein

anacolt Isci
Hpls an<ga =oTa

L &
?. (A)14

-------- 143Bc

Answer:
x

= Bac CAP ! ⑳


