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Abstract: Matt Palmer

An explicit description of a physical system is necessarily written with respect to a particular reference frame. It is important to know how to adapt
the description when a different, equally valid, reference frame is chosen. In the case of classical frames there is a well-defined covariance of the
description. The question we want to address is; How can we extend this description of change of reference frame to the case where the frames are
guantum objects?

We study this problem within specific toy models, and approach it operationally. We define a procedure that will change the quantum reference

frame with which a quantum system is described. We find this procedure induces decoherence in the system and is described by a non-unitary CP
map, which isin interesting distinction to the reversible nature of the classical change of frame procedures.

Pirsa: 10120063 Page 1/19



THE UNIVERSITY OF
=== SYDNEY

Change of quantum reference frames:
Towards a quantum relativity principle?

PIAF Brisbane December 2010

Matt Palmer, Florian Girelli, Stephen Bartlett
School of Physics, The University of Sydney




/ Change of quantum reference frames: Towards a quantum relativity principle?

Motivation

Wh}-’ stud}-' quantum reference frames?
* Allows us to define observables within QM when symmetries are present.

¢ Study decoherence and degradation effects of using a quantised frame;

analug{}us behaviour to that in quantised geumetry?

Wh}f ﬁtud)r change of quantum reference frames?

® Put constraints on rep]acing a quantum reference frame: Can Alice discard or

decrease the decoherence from a decayed QREF by replacing it?

® Istherea quantum analugue to the relativit}f princip]e?This is the first step

(kinematics).
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Reference frames in physics

# Physical situations are always described in terms of reference
frames:
-2
Classical frames:

® (lassical vectors: :7

.

e
. /
® QQuantum states: P‘}j
>

® Symmetries can be local or global, in the following we shall deal

triad frame

with glubal symmetr ies. page 4118
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Reference frames for global symmetry

* Ifa theory is invariant under some symmetries, then one way to

construct observables is to introduce a reference frame.

Under rotations: .
reference

frame

,//\

v N

We have the ‘relational observable’ €54 (relative angle Os —0a).

If the system is quantum the curresp(mding relational pure state is

0sa) = |0s —04)
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Change of classical frame

What if we want to change the reference frame that we use to detine

-

our relational observable 754 ?

® We can relate the frames by an angle OB

&A\R_ 3s /f@

0pa =0p — 04

® New description of the state 0sB) related to the original 0sa) by

—if0pa.

a unitary U(—0pa) =€ / , Where J is the generator of

rotations: iy i
0sp) = e ""BAY |Og4)
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Change of quantum frame?

e What if the reference frame is a quantum object too?

quantum quantum
reference system
frame

What is a change of quantum reference frame?
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Change of quantum frame?

R S

O’
® The relative angle encuding the change of frame YBA is now

quantised. Operati(mall}-' we cannot determine the relati(mship
without a measurement.

¢ How are the states related?? |95B> —D ‘95A> bk
Before: |95‘B> = U(QBA) ‘QSA> — ¢~ WBaJ |95*A>
Now: U(—0pa) = e=¥9paJ7

» An operator of this form is ill-defined. We need to detine a change

of (quantum) frame procedure in a different way. page 8/19




W

Change of quantum reference frames: Towards a quantum relativity principle?

Quantum reference frames

* In QRFs we use another quantum system in a state )4 € Ha

to act as a reference orientation for the quantum system PS

QRJ" J,/’9 }\ systcm

‘f E H A pPs

Total system PS X Q,f{"’A g

¢ Discard the external classical frame b}r averaging total state over

the symmetry group: ‘Relational encuding’ and ‘ph}fsical state’:

osa=Ea(ps) =G(ps ®a)

‘G-twirl’:  G(ps @ 1a) 1= / d0 Usa(0)ps @ 1 a] i
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Decoherence and noise

® We now possess only the information in the physical state
0sa = Ea(ps) = G(ps @Ya)
® The QREF is a finite, limited resource and is imprecise: Cannot
pertectly distinguish orientations.
® We can ‘recover’ the qubit ps = R(osa) by switching back to a
classical frame (Bartlett, Rudolph, Spekkens, Turner 2009). This

introduces noise.

» Encoding then recovering the quantum state /s with a finite size

QRE is seen as decoherence on the state:

ps =R ®EA(ps) = / dof(O)U(0)[ps]
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Example: Phase quantum RF

U(1) symmetry (as in BRST2009). Reference frame is a harmonic

oscillator with a finite maximum phut(m number A.
A

) e |n) H|H;,;f9 1) ¢ = a|0)
= Hutf_m

reference frame

1)

Physical state (how the information is encoded):

d 0 ;
0sA=0G(Us®0y) = 54(0)[Ys ®04] = Z L/H

N=0

60 ) = aloN) + BN - 1))

* Each subspace of total phut(m number N has a representation of the qubit
* except for N=0,A+1

® Decoherence is a function of QRF dimension A:

oo A .
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Defining a change of quantum frame

Since the quantum reference frames are quantum systems there are
far more defining parameters:
* Hilbert space dimensions
° T}rpe of state
* Noise? (mixed?)
* as well as orientation
Implicatiﬂns:
» We can no l(mger change frames simply b)-' a rotation.

» Many options: Need to define a procedure
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Change of QRF procedure:

The change of the quantum reference frame prucedure should:

® Be relational: Only the ph}fsical states are known. The prucedure

will then be a map from 0SA to 0SB .

® Reproduce the classical case in the limit of large QRFs: Unitary
operator: s H — Z’[( _95’-4) [JSA]

» We will see that the change of quantum RF is noisy: We have

Page 13/19

‘quantised’ the relati{::nship between RFs.
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Candidate (illustrated for U(1))

Pr()]ectne measurement on RFs A and B to determine relative
$.0p5 A

orientation QBA. PrU]ectﬂr [ AB |@><@J|A ) |¢) - 2 HBAX@ c tg’BAIJB

® The measurement cannot have a preferred direction: Average over

direction (‘G-covariant’):

et

quantum

quantum
reference

frames
S}rstem

Measurement w ith outcome 95 A:
5 [oasB] /cm % HE ‘quﬂmﬂa‘

® Trace over RF A to obtain a post measurement state ‘-TB&,

Tr 4 [MA%4 [O"ASB]] X o = / - (¢) Up(0) ®Is) [osB]

27
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Interpreting

Alice’s puint of view:

® Starts with information about A and S Uﬂl}’: 0sAB =054 ® Ip

: : , OB A
Performs change of frame to obtain 7Bs .

Bob’s point of view (control case):

@ Already has the encmding osB =G(ps ®0p)

. o OB A
» Compare Alice and Bob’s descriptions 755 and 7sB.
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Results
¢ Alice estimates what the description is in Bob’s frame:
do _

ol = [ S21(6) @5 © Un(9) o5l

She mixes over directions of the RF by

f(9) = (A+1)|(¢]|0) |

angle ¢ﬁ :
e She sees noise is added to Bob’s @sB = G(ps ® 6B)

® Alice observes a flat prﬂbability distribution over measurement

outcomes B4 . (Since she has no prior knowledge of /B)

¢ She identifies decoherence:

P00 g a1
ps =U(—04 —93.4)[[ A B A+1 B+1 ]]
A+1 B+1P10 P11
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Intrinsic decoherence (Milburn)

“d
o —/(Qf: (¢) (Zs @ Up(9)) [osB]

® The final state of the ehange of frame preeedure has the form of
‘intrinsic decoherence’ resulting from imperfect knenwledge of

evolution parameters (Milburn 2006),
o0
b= Zp.”_(e)?/{(ﬂf)[p]
ri=Al

® We obtain this in a ditferent context (and with a continuum of

evolution parameters)

» Change ot QRF is a physical example of a process giving intrinsic

decoherence (in the abelian case) Page 1715
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Results from the change procedure

Our change of QRF procedure gives intrinsic decoherence in the

abelian case
Alternatively it can be interpreted as eneeding with a mixed frame
Decoherence always increases (except in the classical limit)

In the classical limit the effect of change of QRF becomes the
unitary relationship for classical frame (tick).

Note we have worked without d}-'namies.

» This procedure is non-reversible; forms a semigroup structure:

» One cannot decrease the noise of a state by changing QRF, and in

fact one always increases noise (except in the classical limit).
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Discussion

¢ |n the quantum regime the non-abelian symmetry group case is
more complicated. Noncommutativity means the change of QRF
pr()cedure does not reprﬂduce a form of intrinsic decoherence.
Can we recover this scheme in a semi-classical limit??

® Noether’s theorem indicates that it we have symmetries, we have
conserved quantities. What are the conserved quantities when the
symmetry is fuzzy?

® How is the quantum implementati(m of the S}fmmetries
cc:rmpatible with the d}-'namics?

Is there a quantum relati\-'it}-' princip]e?
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