Title: Quantum mechanics and the covariance of physical laws in quantum reference frames
Speakers. Flaminia Giacomini

Collection: Indefinite Causal Structure

Date: December 09, 2019 - 4:00 PM

URL: http://pirsa.org/19120021

Abstract: 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? Here, we introduce a general method to quantise reference frame
transformations, which generalises the usual reference frame transformation to a &oesuperposition of coordinate transformationsa€e. We describe
states, measurement, and dynamical evolution in different quantum reference frames, without appealing to an external, absolute reference frame, and
find that entanglement and superposition are frame-dependent features. The transformation also leads to a generalisation of the notion of covariance
of dynamical physical laws, to an extension of the weak equivalence principle, and to the possibility of defining the rest frame of a quantum system.
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What is a reference frame?

t A

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).
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What is a reference frame?

t A

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).

Translation Uy = e7 XoP

Galilean boost Uy, = el G = pt —m3x
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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).

The reference frame
enters the transformation

. s v A : as a parameter.
Galilean boost UB — 7' G = pt — mx P

Translation Ur= e7 XoP

2/18
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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).

Translation Uy = e7 XoP

Galilean boost Uy, = el G = pt —m3x

Covariance of physical laws

~ ~

H = UAU" + ihn—U'
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The reference frame
enters the transformation
as a parameter.
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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).

The reference frame

enters the transformation

i £ Lol A - as a parameter.
Galilean boost UB — 7' G = pt — mx P

Translation Uy = e7 XoP

Covariance of physical laws Symmetry
~ / A A A _}_ R dl} el _{__ A / A
H = UHU'+ih—U H =H
dt 2/18
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What is a reference frame?

classical )
-‘\ . . .
system «@m“‘“ @ Every observation is carried out by
« means of a physical system...
(\“‘ﬂ“ //
.\-“R
«
... and taking as reference a
quantum physical object.
system
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What is a reference frame?

A . . .
system «@m“‘“ @ Every observation is carried out by
) - . 1ral evue
ﬂ«\*“‘& > means of a physical system...
f«ﬁ“\ ~
\-ﬁ
... and taking as reference a
quantum physical object.
system

Quantum systems can be in superposition, or entangled

O ¢

Pirsa: 19120021 Page 11/56



What is a reference frame?

classical )
-‘\ . . .
system @ Every observation is carried out by
" means of a physical system...
(\“‘ﬂ“ //
.\-“R
«
... and taking as reference a
quantum physical object.
system

Quantum systems can be in superposition, or entangled

¢ 6

Can we associate a quantum reference frame to a quantum particle?
3/18
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What is a reference frame?

A quantum reference frame can be “attached” to any physical system.

4/18
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What is a reference frame?

A quantum reference frame can be “attached” to any physical system.

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

4/18
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What is a reference frame?

A quantum reference frame can be “attached” to any physical system.

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

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

4/18
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Covariance in QRFs

The goal is the generalisation of the principle of covariance.

Covariance in quantum reference frames

The laws of physics are the same irrespective
of the choice of the quantum RFE

o

5/18
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Outline

@ The formalism for quantum reference frames: transformation, notion of

relative state, dynamics

Examples of transformations

@ Superposition of spatial translations
@ Superposition of Galilean boosts

@ Weak equivalence principle in quantum reference frames

6/18
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Quantum reference frames

P Elements of the formalism

¢ A
f (‘ — \ B
Relational approach: only relative &'
Q quantities are considered. /
G

No need of an absolute reference frame.

C o

- © @

o

7118
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Quantum reference frames

P Elements of the formalism

¢ A
f (‘ — \ B
Relational approach: only relative k’
\% quantities are considered. /
GcC

No need of an absolute reference frame.

C o o

o

C

7118

Pirsa: 19120021 Page 19/56



Quantum reference frames

0 Elements of the formalism

¢ A
f (‘ — \ B
Relational approach: only relative &'
\% quantities are considered. /
Cc

No need of an absolute reference frame.

C o

- © ®

o
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Transformation of the state

Simplest case: transformation to relative coordinates

. N TR
g = TR — T A /
qC = —TA C
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Transformation of the state

Simplest case: transformation to relative coordinates

B
g — IR — XA /
qc = —TA Ry C

4 & zB)p = |z — ) g

Y
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Transformation of the state

Simplest case: transformation to relative coordinates

£rpB
g — IR — XA /
q C - —l’./" ‘,;—’n-: ﬁ B C

I &

‘.‘I_?B>B = |:1_.‘B - (1.’>B
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Transformation of the state

Simplest case: transformation to relative coordinates

£rpB
g = Ip —TA /
qc = —TA

enePs xB)p = |z —a)p C C

|

A

For the whole state:

eh XAl () a 1) 5

usually a parameter

of the group!
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Transformation of the state

Simplest case: transformation to relative coordinates

g — IR — XA
o — —TA

|

LaPp |, s — (

For the whole state:

o T e Xale ) 4 10) 3

: ‘e oy usually a parameter
@® Wavepackets instead of sharp position/velocities Yok
of the group!

® Quantum superposition, entanglement

8/18
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Transformation of the state

Simplest case: transformation to relative coordinates

g — IR — XA
o — —TA

e P zB)p = |z — @) g

¢

For the whole state:

: i X APy |
X IB eh A "(r/">;1 ‘(/)> B
. ‘s s usually a parameter
@® Wavepackets instead of sharp position/velocities Y =F
of the group!
® Quantum superposition, entanglement
A P A A (4) (() |

~

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

~

S, = Pacer™APE

Locdlised state of A

J0 e

! T

(C) &
PB(*—kS AB’ST

I H A II B

CI J\ JL /\ r
I A .
|”\ C \|I|| B
LU A NI

Product state and spatial superposition

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

9/18
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Example: Relative states

a ~ Lap C)
Sy = Pacer™4Pr P10 = Sapun Sl

Localised state of A Product state and spatial superposition

J e

CI WA

J I’ J r
. A
CJ\ I B |”\ C \|I|| B
A /X, LS AN
q
Entangled state EPR state / | dr|z)alr + X) 5

Pl |t e

T | T

Filk o |meh P

' q

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

9/18
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73\

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.

A describes Band C: H 5?

10/18
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Dynamical reference frames

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

A obeys Hamilton’s equations of
y

C describes A and B: H (1(; motion from the point of view of C.
: : (A - :
A describes Band C: H g () zA(1)

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

. o _ OF
H/(q?'._ ’ﬂ',) e H(.’:I:f,i(q.‘.'., -ﬂ'i)&pi(q'i% TT,)) + (‘)f

generator of the

new hamiltonian

old hamiltonian canonical transformation

in new variables 10/18
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The Schrédinger equation

Schrodinger equation in C’s reference frame A: new reference frame
1,(C) (p} B: quantum system
L p ’
th [(}'} 2 = [H4 B'PARB (f)] C: old reference frame

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

L dpY) A) (A
ihhe = [HEd. pie (8

A dS 5
HL,() =5 H(fﬁ)k T4 ih— 7t St The evolution in the new
(A) A (C) &t reference frame is unitary.
P = SPpapS

11/18
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The Schrédinger equation

Schrodinger equation in C’s reference frame A: new reference frame
; ((*} B: quantum system
‘f’m — . 6ld refere defrarne
th 7 [H4 B'PARB (f)] C: old reference frame

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

o dpY) A) (A
ihhe = [HEd. pipe (8

A ( d 2
HL,() =95 H(lu)* 1 + th— 7t ]L The evolution in the new
(A) 5 A(C) ot reference frame is unitary.
P = SPpapS

We define a symmetry transformation as:

(,LS' ~ ~

SH ({mi, Zi, Di ti=a,B) ST 4 ih 7 St=H ({mi, 25, pi ti=B.C)
(ens

11/18
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General transformation

n

A —LH"trA ? L["“i. (:j LH;t
S =¢ rC P(\%’Hn(“ﬁf“l() Beh A
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General transformation

i fr )0
§ = ¢~ wHe tP anﬁf 1()0p o Hat

generalisation of the standard
change of ILfLI’LDLL frame

0, = II,e4 /" (103

12/18

Pirsa: 19120021 Page 35/56



General transformation

~

i At L 0T Lt
S:G hihe P(\%’Hn(“ﬁf“l() Beh'tA

generalisation of the standard
change of reference frame

~

2

3 _ ﬂ’_- * T ',r ()n
[]l — H'I'Lt' h / ( ) B

function describing the relationship
between old and new reference frame

12/18
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General transformation

Hamiltonian of the new
reference frame A as
seen from C

~

i Bt (i L On Lt
S:G hote P(\%’Hn(“ﬁf“l() Beh'tA

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

(switches the equations of [’:[?_ = II,eh fr)or
motion of A and C) : ‘

function describing the relationship
between old and new reference frame

12/18
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General transformation

Hamiltonian of the new
reference frame A as
seen from C

~

i Aot L 0T Lt
S:G hote P(\%’Hn(“ﬁf“l() Beh'tA

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

(switches the equations of [’:[?_ = II,eh fr)or
motion of A and C) : ‘

function describing the relationship
between old and new reference frame
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General transformation

Hamiltonian of the old Hamiltonian of the new
reference frame C as reference frame A as
seen from A seen from C

~

i Aot L On Lt
S:G hote P(\%’Hn(“ﬁf“l() Beh'tA

Ty

generalisation of the standard

generalised parity operator change of reference frame

(switches the equations of C[i = II,eh (O
motion of A and C) ' ‘

function describing the relationship
between old and new reference frame

12/18
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Translations in QRFs

The new QREF is described by system A at time 0.

o)

. . o ~2
(1xa+ 1%2)4) [do)s H(ch) — Pa = P
A_ Ak 2 A 2mpg

We want to jump
to the QRF of A

. A7 . . A
~ 1 e A r .. [
Sp=exp| ——5—1 .‘)’0&‘} exp | —XaPp ) exp| =3 E
h 2me A h h 2my

| lpo);m -

1
Vi

13/18
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iy . (Y H2 H2
|Wodap = —= (1x)4 + [x204) [ d0) 5 e Pa P
2 AB . S
\/: 21 A 2mp
t/"‘_\
We want to jump
to the QRF of A
C l fre Ay i { 3‘-
Sp=exp| —— i fﬁ&‘lexp —Xpp ) exp| — P !
1 2mg A h h 2my

Translations in QRFs

The new QREF is described by system A at time 0.

-

~  translation to a reference

A
xr

frame which is frozen in time.

_ ) )
A ™B 4 Tc

BC 2mp  2mg

The free hamiltonian is symmetric
under generalised translations.

13/18
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The boost in QRFs

We want to boost to a QRF A moving in a superposition of velocities from the
point of view of C. A

~9 ~9
() P Pp 2
Hf-m — 5, — - QRF of A
2m a 2mp k
N “
1 ,
Wi)ap = 7 (lmavi) 4 + [mavz) 4) 1) g

~

. ~D)

. i P

_f,r_;) ;\p( Pa I.)
h2ma

Operator replacing v!

. a ) .

S i T () -
Sy = exp —L Pi\(;}..' exp

h2me ‘ /

f---......_..w)

* parity and swap

i . Galilean boost on B
« sets velocity of C to the
; ’ ) controlled by the
opposite of velocity of A ) g
me ’ velocity of A

T = - 1):_1
™m a

14/18
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The boost in QRFs

-3 . 1 fl'“lv A(v) J 1 [} A A ) [A)“Il
Sp=exp | —=—= t) Pisexp | — Gp lexp | ——t
j h2me AC hom o _ h 2m 4 A

From the QRF of C Y]

2 A2
7(C) _ Pa + Pp
TN A FARNNE:

1
|‘I’t>,1b- = \f U””A"I-’Q‘,—-‘l + |m;1‘?-‘2>__4) W—’t)b’

From the QRF of A

) A9
(A) _ Tp T

HBC‘ o

2mp  2mc
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The boost in QRFs

-3 . 1 fl'“lv A(v) J 1 ]) A A ) [A)“Il
Sp=exp | —=—= t) Pasexp| — Gp lexp | ——t
j h2me AC hom g _ h 2m 4 A

From the QRF of C V1

p ~)
o 52 52
() _ 71‘.71 +71!3
2mag 2mp
1
i) ap = —= (Imavi) 4 +

/2

From the QRF of A

A~ A ) . . . .
A % N e The free hamiltonian is symmetric under
BC " omp  2me superposition of Galilean boosts.

M AV ) A ) "l/—’t > B

15/18
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The boost in QRFs

-3 . 1 fl'“lv A(v) J 1 ]) A A ) [A)“Il
Sp=exp | —=—= t) Pasexp| — Gp lexp | ——t
j h2me AC hom g _ h 2m 4 A

From the QRF of C V1

A9 A2
1) _ Pa | Ph
2mag 2mp

1
(Vi) ap = —5 (Imavi) 4 +

/2

From the QRF of A

A~ A ) . . . .
A % N e The free hamiltonian is symmetric under
BC " omp  2me superposition of Galilean boosts.

Vi) g |—mevz) )

M AV ) A ) "l/—’t > B

1 ure ]
Vi) pe = NG (f"f’*“'('” 1) g [—mevr) o + ent2eB

15/18
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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 a=q

From C

Transformation to an

accelerated reference
frame (*)

(*) defined by Greenberger (1979)

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 fieldy_
superposition of S

mra = mgyqg a=gq

Transformation to an l 4
accelerated reference ‘ - g
frame 9

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 mdlslmgulshable from those as seen in a umform gravitational fieldy_
a superposition of S

a
m @ = mqg’ L= a=g

Transformation to an
accelerated reference

frame

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 mdlslmgulshable from those as seen in a umform gravitational fieldy_
A superposition of S

a
m @ = mqg’ =7 a=g

From C From A

Transformation to a 5 ‘ l &
quantum reference
frame in superposition

Ax
f accelerations ¢
oI accelerations g B f’z
| #
1 xR |

16/18
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WEP for QRFs

Af) Af) . . .
= () ) Py rea Piecewise linear
H_,-\ B — + + b (11)

2m 4 2mp potential

A
State of A at time t;

_ | . .
|¢/‘()(f-)>_.1 = \/iiﬁ(fn,\ + |"/‘2U&.’1L}
1 dV(xy) I dV(&4)
a) = ——— g = ——— -
ma  dra e (t) ma  diy leg(t)
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WEP for QRFs

Af) Af) . . .
= () ) Py rea Piecewise linear
H_,-\ B — + + b (11)

2m 4 2mp potential

A
State of A at time t;

‘

[Vo(t)) 4 = —= (|01 (8)) 4 + [02(1)) 4)

\-;‘J L——;
1 dV(ia) L dV(ta)

a = —— - o = ——— -
ma  dra e () ma  dia

3

JH(W

= -k (21”(‘.‘ + T v (7{](0) !'\ v) A I3 ('—’m )
bjgp = € b g PE‘\(;.’(L)-!() A
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WEP for QRFs

At) At) . . .

~ () P i i Piecewise linear
HH:; = -4 B V(i) -
4 2-'”}. A 27”_1{ p(]t'l_‘l'ltla

A

State of A at time t;

‘

[Po(t)) 4 = —= (|11 () 4 + |12(1)) 4)

v !

3]

I dV(ia) L dV(ia)
a) = —————F— (hy e
m A ri.lﬁq xy (1) i a ff;::_1 ro(t)
. i TTE" +.nr(" ‘(7{](r))! Ay i (J;';:\ Jr\r)(fﬂg))!
—y h 21 g e s ) I 2y /
,S_ P - £ ( < A / Pl({(}’(b)!() A y
In the reference frame of A Generalisation of the
(}1'uenberger operator
~ ~ ) r
- (A) Th e me ., . mp dV
Hpe = ; . V(—=qc) — — qn
2mp  2me Mg ma dral—ge
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WEP for QRFS

A ') P; ]
Poagts g 3 3
Pa Py iecewise linear

(T 4)

()
Hypg

potential

A

2m 4 2mp

State of A at time t;

E,:‘rr,H

‘

[Wo(t) 4 = —= (JPh1()) 4 + [102(2)) 4)

N

_zf“

3]

SR —
m A dra e - ma  dia  lea(t) LR 0x2
e )):, S 1(11""’7‘ +V(-"f-‘.-t))1
" h 2 a1) ) I 2y
,S_ !,‘1[) = € ( A / Pl({(}’(b)!() 1 /
In the reference frame of A Generalisation of the
(}1'uenberger operator
~ ~ ) r
(A) Th e me ., . mp dV
Hm P . V (—f}(') - qn
2mp  2me Mg ma dral—ge
e 1 T i Ly
W (t) o = \/3 (Joy (1) e Q| 6(t)) B + o (8) Q7| (1)) B)

1718
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WEP for QRFS

i) [)‘)1 pi (34) Piecewise linear
AR ma 2mp o potential
A
State of A at time t:
1 . 209
[Yo(t)) a4 = —= (|f/’ (1)) 4 + [102(t)) 4) ;'a.
1 dV I dV(i4) '
[ (7) ”'.? —_—— M |5_| 1.’:[ ’
m A dTla () ma  dig ro(t) RES ox
i FEH | ome N -
= h(B'raa.(--+ Ire V (7{]( ))!" } 2 A (“J“, ) JF‘# (-r-‘r"l.))!'
,S_ pp = c ' A / P.({(}r (L)! (& A /

Generalisation of the
(31‘uenberger operator

In the reference frame of A

~ ‘) ~ ‘) r
(A) Th e me ., . mp dV
Hm 5 o V(—=qc) — — 4B i -

2mpg 2Mer M A ma dral—ge Standard Greenberger operators

for the accelerations 1 amzi-Z)

y | Q ¥

W' () pe = 75 (| (1)@ lo(1) 1 + [ (1) Q7 [B(t))

v -
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B)
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WEP for QRFS

A) _\2
;o) Pa P V(i) Piecewise linear
CAB T 9ma 0 2mp A potential

State of A at time t;

1
[Wo(t) 4 = —= ([Pt
: \/i‘)
l dV ()
“ m A dra la

Spp =«

22 )
U7 e

A

>_,-\ + |"/'2U)> \)

(1) T A

i Ly me \--'(*f}('r))!, . (,"‘?* H-*(.-;.-,.t)):,
h 21 . h 2, /
A ( ~ A } ()!( . /

Generalisation of the
(31‘uenberger operator

(A)
Hh’(

2mp 2m

KT

B moves as if it were in a
superposition of

gravitational fields!

‘ Mer ) mp dV )
+ 2y (rm[ o i
o Mma ma dral—ge

T~

Standard Greenberger operators
g for the accelerations 1 amzi-Z)

¥
() cQile() s + |0 () Qi 6(t)) )
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Page 55/56



Summary

Operational and relational formalism for quantum reference frames.

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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