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Abstract: <span>Experimental

tests of general relativity performed so far involve systems that can be
effectively described by classical physics. On the other hand, observed gravity
effects on quantum systems do not go beyond the Newtonian limit of the theory.
In light of the conceptual differences between general relativity and quantum
mechanics, as well as those of finding a unified theoretical framework for the
two theories, it is of particular interest to look for feasible experiments

that can only be explained if both theories apply.

&nbsp;

We

propose testing general relativistic time dilation with a single a€ceclocka€e in a
superposition of two paths in space-time, along which time flows at different

rates. We show that the interference visibility in such an experiment will

decrease to the extent to which the path information becomes available from
reading out the time from the &€ceclocka€s. This effect would provide the first test
of the genuine general relativistic notion of time in quantum mechanics. We
consider implementation of the &€ceclocka€e in evolving internal degrees of freedom
of a massive particle and, alternatively, in the external degree of a photon

and analyze the feasibility of the experiment.</span>

Pirsa: 12060050 Page 1/67



Pirsa: 12060050

wiversitat - Faculty of Physics, University of Vienna &
I@I Institute for Quantum Optics and Quantum Information, Vienna

Quantum interference of clocks

Caslav Brukner

June 25-28, 2012, Perimeter Institute

“‘Relativistic Quantum Information” conference,

Page 2/67



Motivation

General Relativity
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Motivation

General Relativity

= entanglement

= single particle interference

* Bohr’s complementarity principle
= Born's rule
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Motivation

General Relativity

= entanglement * Einstein’s equations

= single particle interference = gravity as space-time geometry
» Bohr’s complementarity principle = gravitational time dilation

= Born’s rule = frame-dragging
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Motivation

General Relativity

= entanglement * Einstein’s equations
= single particle interference = gravity as space-time geometry
* Bohr’s complementarity principle = gravitational time dilation
= Born’s rule = frame-dragging
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Newtonian gravity sufficient
(if any gravity effects seen at all!)
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Motivation

General Relativity

* entanglement * Einstein’s equations

= single particle interference = gravity as space-time geometry
* Bohr’s complementarity principle » gravitational time dilation

= Born's rule = frame-dragging
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Motivation

General Relativity

* entanglement * Einstein’s equations

= single particle interference = gravity as space-time geometry

* Bohr’s complementarity principle = gravitational time dilation

= Born’s rule = frame-dragging
Gacsed -Bacsed

[Passe Passed
Newtonian gravity sufficient consistent with classical
(if any gravity effects seen at all!) mechanics
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Motivation

General Relativity

(1) Effects that require both theories to be explained?
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Outline

® Introduction & motivation

= Two principles: Gravitational time dilation and quantum
complementarity

= Interference of ,clocks” as a toolset for testing the overlapp
between QM & GR and for testing alternative theories
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M. Zych, F. Costa, |. Pikovski, C. Brukner:
Quantum interferometric visibility as a witness of general relativistic proper time,
Nature Communication 2:505, doi: 10.1038/ncomms1498 (2011)

M. Zych, F. Costa, |. Pikovski, T. Ralph, C. Brukner,
General relativistic effects in quantum interference of photons,
arXiv 1206.0965
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.</

It is not possible to simultaneously know the path of the particle and
observe its interference.
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GR: time shown by the clock
depends on the path taken
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Interference of a ,,clock”

GR: time shown by the clock
depends on the path taken

running clock in
a superposition
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switched off clock
in a superposition
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Testing the overlap between QM & GR:
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Mach-Zehnder interferometer in a
gravitational field
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XA

Y1, : two possible paths through the setup,
g :homogeneousgravitational field,
Ah : separation between the paths
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Complementarity relation

\ %D- “clock”- a system with an evolving in time
p . ——BS-.-—-->--D[\)+ degree of freedom
nodes associated
lg 1 Y2

by £ha nat by )
| with the path y

o &

Prmz) = % (2]r1)|m1)e™"r + |ro)|me)e P2 tiP)
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Complementarity relation

XA éo_ “clock”- a system with an evolving in time
Y BS o D degree of freedom
Ah o / _1_ —— ......_.>_E\+ g
g modes associated
l | 12 with the path state of the “clock”
_.B_S_ ®p5 -L! S e which followed path y
¢ y

-

d
¥mz) = ﬁ (i]r1)|T1)e " + |ro)|mo)ei0211%)
Probabilities of detection (7'1 |T2> _ |(7-l |T2>|(m

Py = 5 £ Z|{m1|m2)| cos (Ad + a + @)
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Complementarity relation

X A %D- “clock”- a system with an evolving in time
Y1 BS o D degree of freedom
awt  f——— g
g modes associated
l 12 with the path 1 state of the “clock”
__.Bj_@;_s___ . . i which followed pathy
0 y

T e

Probabilities of detection (11|72 = |(11|72) |(,m
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Complementarity relation

5 ZPD- “clock”- a system with an evolving in time
Y1 BS o D degree of freedom
ol - “mo :

lg nodes associated

Y2 =k o
with the pathy

8S = * |4 kl : e — ‘ *: i
_miiil'___éggm_ ,L___:? which followed pathy

-

>

T

Probabilities of detection (11|m2) = |(m |7-.2>|(J3”
1
Py =3
r n
Visibility of the interference pattern: Y = | (7-1 ‘7-2> ’
Distunguishability of the paths:-l. D= \/1 — |<Tl|7'2>|2
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Complementarity relation

“clock”- a system with an evolving in time
degree of freedom

AhT

modes associated
with the path v, state of the “clock”,

which followed path y,

r1)|m)eT®t + [ro)|ma)e P2 F¥)

Probabilities of detection (11|72) = |(T1|72) |({'itv

Py :%j:%-cos(zﬁd)%—ajl—tp)

r
LVisibiIity of the interference pattern:' V= | (Tl |T2> ’

LDistunguishabiIity of the paths:] D = \/1 A ‘<71|7-2>|2

Interferometric visibility drops to the extent to which path information

becomes available from the “clock”
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Coupling of the “clock” to the gravitational field
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Coupling of the “clock” to the gravitational field
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Coupling of the “clock” to the gravitational field

P(x)

5

e GR
Hp,, =mc"+Ho+ E™ +

(mc2 +Hqo + Ef(fl),

He = Eol0)(0] + Ex|1)(1]
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Coupling of the “clock” to the gravitational field

Kinetic
part
a Gr| | P(x) 2 GR
Hy :ﬁm +Hqo + Ey S—|mc” +Hg + Ecgp, |
C
AVf”fW“f3”‘ Potential

part

2mce mc”

E:\'“ =£[ 1+3[ P ]-—;”w; ]
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Coupling of the “clock” to the gravitational field

Kinetic
part
2 Gr| | P(X)( > GR
Hi . :&m +Hqo + Ey S—|\mc” +Hg + Egy, |5
C
.:\_-"f-l.\"‘.-I‘}-_;:f'.:‘n‘ Potential

part

2mce mc”

1—:,1’”=£[1+3[ £ ]-—;}Iu;]
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Results

Hey = Eo|0)(0] + Ex[1)(1]
7) = —5(10) + (1))
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Results

Hey = Eol0)(0] + Ex[1)(1]
iy = d=(]0) + [1))

%('()s (éh::‘—.'—i) cos ((me* + (H®) + EGR)axal 4 )

2he2 corr L=
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[1® e EU‘”)(”' + E]il)(l‘ sAE:=E.-E

: *AV:=gAh, gravitational potential
K, ) ‘ ) _ _
") = ﬁ(\()) + |1)) *Ah: distance between the paths
*AT: time for which the particle travels in

clrinarnacitinn at rAanctar haial -
'_1‘,,JJLJL_=.pk),:hh}“ dat constant ﬂ':“:\_::ﬂ:ﬁ:

r'
relative phase fro ¥

a hange i
new effects change in the
appearing with interferometric visibility phase shift proportional to

- the average internal ener
the “clock”: Y = l('()s (‘3—1 j‘} al 8 &Y

PJE'-;“;TOIT&M|_:'“"IW ial UP\ corrections to the relative
phase from the path d.o.f.
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Phase shift vs Drop of visibility

[Unz) = 5 (ilr)|m)e™ + [ra)|m2)e %2 +7%)
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Phase shift vs Drop of visibility

a12) = 2 (ira)In o) + ) ) =3)

Explainable by:

= a potential (possible non-Newtonian) in
absolute time

= analogue to a charged particle in EM field

= Flat space-time: no redshift

= independent of whether a particle is a
,clock” or a ,,rock”

Colella, R., Overhauser, A. W. & Werner, S. A.
Phys. Rev. Lett. 34, 1472-1474 (1975).

Mdller, H., Peters, A. & Chu, S.
Nature 463, 926-929 (2010).

PRTIMETI
INSTITU LY
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Phase shift vs Drop of visibility

(Wnz) = 5 (ilr)lmje ™) + [ra)|r2)e %2 F%)

Explainable by:

* a potential (possible non-Newtonian) in
absolute time

* analogue to a charged particle in EM field

= Flat space-time: no redshift

* independent of whether a particle is a
,clock” or a ,,rock”

Colella, R., Overhauser, A. W. & Werner, S. A.
Phys. Rev. Lett. 34, 1472-1474 (1975).

Mdller, H., Peters, A. & Chu, S.
Nature 463, 926-929 (2010).

Drop in Visibility
! B A

Not explanaible without:

gravity as metric theory,
proper time t flows at different
rates —time dilation

curved space-time geometry
iff a particle is an operationally
well defined , clock”

Page 38/67



Testing alternative theories

switched off clock
in a superposition

V' N
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Testing alternative theories

| T1)

(t1]72) = 612
switched off clock
in a superpos:tion
| T)
|72)

No interference

Proper time is additional quantum degree of freedom?
Internal ,clock“?
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Testing alternative theories

running clock in
a superposition

PIZ

interference can
be observed

Quantum complementarity principle violated in presence of GR?
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Testing alternative theories

Mean energy

()

)
(l

Hyan = me® HHgH B¢ + —5= (mé KHoW+ ES))
interference can

be observed

running clock in
a superposition

P] 2

i [ AVAT
>+ 5¢cos (mc? + (Hg)) + ¢

hc?
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Testing alternative theories

Mean energy

Hiao = me® KHgh+ EE® + 28 (e KHg)+ ESR )

o

interference can
be observed

running clock in
a superposition

P,
1) ( . AVAT+
2_2905\(mc (Hp)—=——+¢
|
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Testing alternative theories

Mean energy

o(x)

Hian ~ me” KHph BYY + = 3= (me® KHgHt Ecr,)

interference can
be observed

.

running clock in
a superposition

P]Z
S ( , AVAT
EiEQOS \(mc + (Hyp)) hc2 T ¢
|
. Ph 35e
VISIDIIITy shift
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Discussion of possible outcomes of the
interferometric experiment

Experimental visibility Possible explanation Current experimental status

V’ =0 Proper time: quantum d.o.f.,, sharply defined Disproved in, for example, refs 7,9
(i

3 3 Proper time: quantum d.o.f. with uncertainty o Consistent with current data for
O<l’;n<)’oﬁ,’1 Pt Ime 1 L: ( L Irre d

oy >| At |/ J=8In(1- AV)

V. =W Proper time: not a quantum d.o.f. or has a very broad uncertainty Consistent with current data
m = QM
2 y y Quantum interferometric complementarity does not hold when Not tested
Vin > VW
m M

general relativistic effects become relevant

VM, iV v equation (1 epending on their relation, different conclusions car frawn regarding the possit

ble @, in tern Arbetween the paths and the experimental error AV of the visibility measurement
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Discussion of possible outcomes of the
interferometric experiment

Experimental visibility

V=0

Possible explanation

Current experimental status
Proper time: quantum d.o.f.,, sharply defined

Disproved in, for example, refs 7,9

0< ]’.:n < l’E)M

Lr'” = ]'EJN' Consistent with current data
1’r.n > L(:Jﬁ./f

Proper time: quantum d.o.f. with uncertainty o Consistent with current data for

r
Op > | AT |/ ~8In(1 - AV)
Proper time: not a quantum d.o.f. or has a very broad uncertainty

Quantum interferometric complementarity does not hold when

Not tested
general relativistic effects become relevant
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Implementations

Pirsa: 12060050 Page 47/67



Implementations

) o |(‘()S (.__\1—,'.3'«",A'1‘)‘

2hc*

system clock w [Hz] ARAT |[ms| ARAT |[ms]
achieved required
atoms hyperfine states 10'” 10— 10
electrons Spin precession 103 10-° 10°
molecules vibrational modes 10%2 108 104
neutrons spin precession 1019 1074 10°
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Periodic

No_n—period_ic_ _

General Clock
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General Clock

Periodic

Non-periodic o

L 4
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Position of a photon as a ,,clock”

ds® = dr? - L.(l.r"). dr? = (l + 4 -(;”> dt*
o2

bo

Pirsa: 12060050 Page 52/67



Position of a photon as a ,,clock”

] ) ] (4
02
Ly} ) )
az, = r°do’ .
D)
- ds* =0
ap 1elay
' Ime alo
/ > | I 10
t, = T
2V (r)
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Position of a photon as a ,,clock”
|

y B0, 2= a2 L g f/r'—’:(w

| D
At A b dr? = r2de? .
lg

‘
. ' Shapi delay
‘ BS PS ) ' time ‘_%1-'_".:'";_5'; 3 horizontal
._._.,__‘ |1 QD Wi 7 > / ” ’rwl clory at the radial

. X ty = distance r for
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Position of a photon as a ,,clock”
|

< = 4 . | ‘ .
) ) ) )
- %D- ds* =dr; — =dzx; dry =1+

Ll D
AhT f[— '.'__*'B\+ dz? = r*dé* .

.|, g | Shapiro delay
Al o —
Sl Q —~#
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Phase shift & Visibility

97 / r ‘
Gaussian wavepacket:  f1°(r) = [%)1’4(‘X[)_—%(V— 1’1))2}

| [ [ 2
l’f',','” = —) (l -+ |¢ [A"-)\/F) ('()H(VHAT))

Visibility drop |f 7 AT o> At Phase shift:
" lgh
ar\? (‘:g A(]) -~ J)'“—f'.:—;—
Y = ¢ (i__) ’1-:2\/5 -‘J.::fl | |
.'«I L | | 1 -
Viass-energy equiv:
system clock t, [s]| AL [km?]
tilll(—‘ (lilﬂti()ll |Ji]n[||ll ll(lhilitlll 10~ 15 |[]:{
atom hyperfine states 0% 10~7

photon frequency [Hz] |A. [km_"’T

phase shift 2
101 10~
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