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Abstract: <p>In physics, every observation is made with respect to a frame of reference. Although reference frames are usually not considered as
degrees of freedom, in al practical situationsit is a physical system which constitutes a reference frame. Can a quantum system be considered as a
reference frame and, if so, which description would it give of the world? The relational approach to physics suggests that all the features of a system
&€" such as entanglement and superpositiona€” are observer-dependent: what appears classical from our usual laboratory description might appear to
be in a superposition, or entangled, from the point of view of such a quantum reference frame. In this work, we develop an operational framework
for quantum theory to be applied within quantum reference frames. We find that, when reference frames are treated as quantum degrees of freedom,
a more genera transformation between reference frames has to be introduced. With this transformation we describe states, measurement, and
dynamical evolution in different quantum reference frames, without appealing to an external, absolute reference frame. The transformation also
leads to a generalisation of the notion of covariance of dynamical physical laws, which we explore in the case of &€ superposition of Galilean
trandationsd€™ and &€ superposition of Galilean boostsé€™. In addition, we consider the situation when the reference frame moves in a
&€ superposition of accelerationsa€™, which leads us to extend the validity of the weak equivalence principle to quantum reference frames.</p>
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INTRODUCTION
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What is a reference frame?

Reference frames are abstract entities, used to
fix the point of view from which observations
are carried out.

The laws of physics are the same regardless
of the choice of the reference frame.
(Principle of covariance).

t'a .
f(.il_?_, f)

The reference frame enters the
transformation as a parameter.

X
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What is a reference frame?

Assumptions for idealised reference frames:

® It is always possible to know their position and momentum with arbitrary

precision;
4
. '\“\-‘ﬁ
@® They don’t have dynamical degrees of freedom; P ©
‘ﬁ“\-\‘:\
« >
‘ L]
«\“‘j/ classical
Every observation is carried out by means system
of a physical system...
uantum
v @
system

.. and taking as reference a physical object.

Is there any framework which does not rely on these assumptions?
2/18
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What is a reference frame?

A reference frame is a physical system and obeys the laws of physics.

We need to consider the dynamical X (1) -
degrees of freedom of the ,( N
reference frame. P(t) |

The system can behave according to either classical
or quantum mechanics.

3/18
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What is a reference frame?

Relaxation of the two main assumptions

Classicality assumption Absence of dynamical evolution

Quantum reference frames Dynamical reference frames
Kinematics: Dynamics:

Structure of the Hilbert
space with superposition
and entanglement
properties

Temporal evolution,
laws of motion

These two aspects are both necessary and complementary for a model of

reference frames as physical systems.
4/18
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Outline

@ Kinematics: transformation to the quantum reference frame, notion of

relative state, examples
Dynamics: general approach, Schrédinger equation
Superposition of spatial translations

Superposition of Galilean boosts

@ ©®© ©®© @

Weak equivalence principle in quantum reference frames

5/18
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HILBERT SPACE STRUCTURE: KINEMATICS
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Quantum reference frames

- A
f .< The description of the quantum « '\ B
state is given in terms of relative
quantities.

Different observers assign a different quantum state to the system.

The usual definition of relative coordinates and momenta is:

T, = T; — X . Not a canonical transformation!

p P 1 =1,....N \
or ) 0 { A i K
Pi = Mo | — — — LisyPj | # 0 F ]

m; mTmo

mimo We are not guaranteed to have a hamiltonian
fig = —— reduced mass -' _
mi +mo formalism after the transformation.

We choose the relative quantity we are interested in and then complete the

transformation Canonically.
6/18
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Transformation of the state

Simplest case: transformation to relative coordinates

€TrR
g — IR — XA B
R do = —T A C ¢

For the whole state:

o T eF XAl V) A 1D)

. ... . usually a parameter
@® Wavepackets instead of sharp position/velocities Y 2F
of the group!

® Quantum superposition, entanglement

~ ~

, 14,5 (A) _ & (C)
Sy = Pacen AP Ppe = OzPApOs

~

P A : parity operator + swap between A and C. S
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Example: Relative states

3 > Lap (A) Q C)
Sz = Paceh*Pe phe = Supli St

Localised state of A Product state and spatial superposition

CT AA /N CT AN

' £ J f’
| | A
- ﬂ T y 4 C A B
A i i
| q’ \ | 7
Entangled state EPR state / dala) sl + X) g

Jepll ot e
bl sk b

1 q

A: new reference frame; B: quantum system; C: old reference frame

8/18
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TEMPORAL EVOLUTION: DYNAMICS
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Dynamical reference frames

Reference frames are not anymore parameters in a transformation, but are
associated to a hamiltonian.

N A obeys Hamilton’s equations of
C describes A and B: H (1(53 motion from the point of view of C.

T~ z (1)

A describes Band C: H E?

The hamiltonian changes according to a canonical transformation, which is
the same in the classical and quantum case:

_y - | oF
H'(q;,mi) = H(xi(qi, m), pi(qi, ™)) + pm

generator of the

new hamiltonian

old hamiltonian canonical transformation

in new variables 9/18
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The Schrédinger equation

SChl‘b'dinger equation in C’s reference frame A: new reference frame
() B: quantum system
.o dp, ) C ‘
th [(}'} & = [H4 B (4 b} (f)] C: old reference frame

To change to the frame of A we apply the transformation S

.y d )(? ‘A A
ih iﬁ - = [Héa’(',..’)'vp%%()( )

(A ( dS 5
HL,() =S H(u;)k T ih— rrl St The evolution in the new
~(A) 5 A (C) ot reference frame is unitary.
P = SPp4pS

We define a symmetry transformation as:

A A L {xq i -
SH ({m;, Ti,Di}i=A.B) ST ik ST = H ({m;, Zi,pi}i=B.C")

10/18
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General transformation

Hamiltonian of the new
reference frame A as
seen from C

~

2 (i kA “-'n.-_ AN i L
§— e ﬁ_H(__tPE\éHnG P RO 4 Hat

ijwa%

[
generalisation of the standard :
generalised parity operator change of reference frame
i

(switches the equations of U, =Il,er/ (t)OY,
motion of A and C) : ‘

function describing the relationship
between old and new reference frame

11/18
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Translations in QRF

We move to the reference frame described by system A at time T.

~2 A2
~H(C) P Pp
2 A 2mp

)
&

.
standar : N i PA i Pa »osition of
standard Xy(f) — X e U) = 2 T Ta o RTma T position ¢
translation “* \"7 0 AA) = LA AattimeT

ey o i i
Sr=exp| ———S(t—7))Pexp | ~dapp | exp | — -2 (t — T))
: ( h 271:(:( ) AC CED A TAPE P\ % 2-:!:,;4( g

S:, translation to a reference
=T frame which is frozen in time.
A9 A f . . . .
HH) TR 7Té The free hamiltonian is symmetric
BC " 9mp  2me under generalised translations.

12/18
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SUPERPOSITION OF GALILEAN BOOSTS
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The Gadlilean boost

The boost describes the change to a reference frame moving with constant and
uniform velocity with respect to the initial one (inertial).

~
-~

U, = ff«ﬁvc G = Pt —mX

In standard reference frames the
equations of motion are invariant under
boost transformation

. dU,
H =U,HU}' +ih—-U} = H
' dt
when H is of the form The galilean boost is a
symmetry of the

P2 NN
H= """ 4 V(X — ) hamiltonian.

2m

|—- origin of the reference frame 13/18
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The boost in QRF

We want to consider a system (A) in a superposition of velocities from the
point of view of the initial reference frame (C).

~4) A
PA Pp . Free-particle

T(C)
}1(‘}3 T .')‘ + 2 .
21 A mpg / evolution
o wE N\ A i Pa -
Sp=exp| —+ < )Pl exp | — i | exp
’ h2me s hma

f‘"—"“‘%__ k

‘ \J
* parity and swap Galilean boost by
* sets velocity of C to the the velocity of A

opposite of velocity of A

More general than the
standard approach to
reference frames.

What does the relative state look like?

1 _
|‘1"!>,.-m = ? (|7”-,:1’f-‘1>,«, + IHI-A?-’z},q) \'d-’f.};,» (from C)

i

I
V) pe = NG (M e

_—

Vi) | —meva) (--) (from A)

i) g |—meov) s + e kv2 G 15/18
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WEAK EQUIVALENCE PRINCIPLE IN QRFs
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Weak equivalence principle

The physica[ effects as seen from a reference frame moving with constant and uniform
acceleration are indistinguishable from those as seen in a uniform gravitational field.

mra = mgyqg a=g

16/18
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Weak equivalence principle

The physical effects as seen from a reference frame moving with constant and uniform
acceleration are indistinguishable from those as seen in a uniform gravitational field.

mra = mgyqg

From C

a

Transformation to an
accelerated reference
frame (*)

(*) defined by Greenberger (1979)

i=q

From A

16/18
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Weak equivalence principle

in a superposition of
The physical effects as seen from a reference frame moving constant and uniform

acceleratior ).are indistinguishable from those as seen in a umform gravitational field
superposition of S

mra = mgyqg a=q

From A

Transformation to an

accelerated reference
frame

a

16/18
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Weak equivalence principle

in a superposition of
The physical effects as seen from a reference frame moving constant and uniform

acceleratior ).are mdlslmgmshable from those as seen in a umform gravitational field
A superposition of S

a .
m @ = mqg’ =7 a=g

Transformation to an

ST

accelerated reference

frame

a

16/18

Pirsa: 18070044 Page 26/28



Pirsa: 18070044

WEP for QRFs

A
S (O P‘,)Al P;; . Piecewise linear

potential

A
State of A at time t;

[Wo(t) 4 = —= (P01 () 4 + [102(2)) 4)

o «J k—.
v Y
g . 1 dV(Ea)

x (t) ma  dig

QUI.‘H‘. \
e
L

— :
/[%&L (t /@@um
. a l_ ’

20 ‘HI

_—— =
ory Aa

ral(t)

4 ' T’f?‘ My yrp o~ i ' 'f"’lf\ (%
~n (TJr i Y (*”"'))".ﬁ“ (v) A B (‘\ +V ("""‘))1
3 ; )P Oye ,

Generalisation of the

In the reference frame of A

(31‘uenburgc r operator

~ 7 ~ 4 r
~(A) TR e me ., mp dV
H“(.' DY DY , l (_q(') - i ¥ . - q“ Q4. . — . " - -
2mp 2mer m A ma dral—ge Standard Greenberger operators

s

—_ (
\.
'--‘l\‘ i '-’“‘-' [+ P, ]
B moves as if it were in a \\\ / 1 I
s a1

for the accelerations 1 and 2)

™

superposition of "@"'";U-))h’(.‘ = 6(‘(1"1 (f)>((t,),'| “_p"'f’(f_‘_}>li \ |f'l"-,_)(f)>("(-«?.,r£“/’(”)!%:}
gravitational fields! Ve
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Summary

Operational approach: reference frames as physical systems.

Problem split into:
Kinematics: transformations of quantum states
Dynamics: transformation of the hamiltonian and Schrédinger equation,

Question

How can we describe the world from the point of view of a non-idealised
reference frame, i.e. associated to a quantum state and to a dynamical equation
of motion?

Need to find a more general law to change the reference frame.

This leads to a generalisation of the notion of covariance, which has been
explored in the two cases of the superposition of spatial translations and the
superposition of Galilean boosts.

The weak equivalence principle can also be extended to quantum reference

frames.
18/18
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