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Abstract: Time plays a fundamental role in our ability to make sense of the physical laws in the world around us. The nature of time has puzzled
people & - from the ancient Greeks to the present day -&€* resulting in along running debate between philosophers and physicists alike to whether
time needs change to exist (the so-called relatival theory), or whether time flows regardless of change (the so-called substantival theory). One way to
decide between the two is to attempt to measure the flow of time with a stationary clock, since if time were substantival, the flow of time would
manifest itself in the experiment. Alas, conventional wisdom suggests that in order for a clock to function, it cannot be a static object, thus rendering
this experiment seemingly impossible. We show that counter-intuitively, a quantum clock can measure the passage of time, even while being
switched off, lending support for the substantival theory of time.
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Applications in
Ql

» More efficient error
correction

General Relativistic

effects

» Experimental verification
of quantum gravitational
effects
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Overview:

Philosophy of time: two competing viewpoints

Interaction-free measurements

o

Introduce counterfactual clocks

Implications for the debate on time
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The nature of time:

= Two competing theories:

- Substantival theory:

Time exists independently of motion;
it forms an invisible contain in which
matter lives.

- Relative theory:

Time is merely a consequence of motion;
it is a result of the relationships between
events of physical things.
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History (highlights):

Greek atomists: substantivalists? (no written account has survived)

Aristotle: proponent of relative theory

?\’:"? “But neither does time exist without change; ...”

Lo N+

[Aristotle, 350 BC]
Leibnitz vs Newton
Newton: on the Substantival camp

e =

EIREEN

Einstein credits Ernst Mach as a source of his inspiration for relativity

(-]

Leibnitz: on the Relative camp

Ernst Mach: attached Newtons views

Alive today: Paul Davies (Relative theory), Tim Maudlin (Substantival theory).
Carlo Rovelli, Lee Smolin, Julian Barbour, Fay Dowker.
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History (highlights):
= Why is there no consensus after more than 2 millennia of debate?

- Our theories appear to allow both a substantival and relative
interpretation of time

= Natural experiment:

o

- Try to measure time with a stationary clock

» If time is substantival, time should be
measurable! ‘
» If time is relative, clock won’t record anything! L
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History (highlights):
= Why is there no consensus after more than 2 millennia of debate?

- Our theories appear to allow both a substantival and relative
interpretation of time

= Natural experiment:

- Try to measure time with a stationary clock

» If time is substantival, time should be \ 4
measurable!
» If time is relative, clock won’t record anything!

- Problem: clocks appear to need dynamics to function
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Interaction-free measurements:

* |nvented by A. Elitzur and L. Vaidman (E.-V. bomb tester):

" Have a bomb but not sure if its live or a dud:

o

- If live: =
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Interaction-free measurements:
| |

Invented by A. Elitzur and L. Vaidman (E.-V. bomb tester):

" Have a bomb but not sure if its live or a dud:

- If live:

- |f bomb is dud: %

Classically, no way to distinguish live and dud bombs without
exploding live bombs .
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Interaction-free measurements:

- If bomb is dud: |dud) ® [1,0)

[ - D1
Branch 2 c) :
I
I
I
D2
Branch 1 % b) : ™
|dud) ® [0, 1) '

Just before
photon reaches detectors

- If bomb is live:

,0)
/ Branch 2 \C)/E .T’D“l’r
a)/\ Branch 1 %::l% t>\é

lexploded) ® |0, 0)

live)

D2

|

l
Just before
photon reaches detectors

- Possible outcomes: 1) D1 clicks. 2) D2 clicks. 3) no clicks
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Interaction-free measurements:

e |dud) @ |1, 0)

photon reaches detecto

- If bomb is live:

llive) ® |1, 0)
I D1
Branch 2 c) :.W |
C——— = E
a) = b) EI D2

I
Just after D1

detector clicks

- Possible outcomes: 1) Dlclicks. 2) D2 clicks. 3) no clicks
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Elementary timekeeping systems

= QObjections: system has certainly been in a superposition exploded
and live bomb before measurement

= But: outcome “D1 ticks” can only be observed if we collapse to a
branch of the wave function orthogonal to exploded bomb

® |nterpretation uses retrodiction: measurement collapse determines
past events

! (|alive) + |dead) )

alive R—
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Interaction-free measurements:

= Other examples:

The Penrose bomb-testing device: [R. Penrose, Phys. Rev. Lett. (1994)]

Interaction-free imaging: [A. White et. al. (1998)]

o
Counterfactual computing: [G. Mitchison and R. Jozsa, Proc. Roy. Soc. (1992)]

The Hardy paradox:  [Lucien Hardy, Phys. Rev. Lett. (1992)]

(i

BS}

- Many experimental realizations: e.g. [O. Hosten et. al., Nature (2006)]
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Elementary timekeeping systems

= Setup
[Y(t) € H, dim (H) = Nr+1
170), |T1)s- -5 [TNz)  attimes T, T1,.--5 TNy

- Two external events separated by elapsed time ¢

t e {0, 71, 72,..., TNy}
- Whatist?
- Protocol: °
> At 15t event prepare [¥(0))
> At 2" event measure in basis  |70), [71),. ..., [TN)

» Measurement outcome determines ¢
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Elementary timekeeping systems

= QObjections: system has certainly been in a superposition exploded
and live bomb before measurement

®  But: outcome “D1 ticks” can only be observed if we collapse to a
branch of the wave function orthogonal to exploded bomb

® |nterpretation uses retrodiction: measurement collapse determines
past events

lalive) — (|alive) + |dead) )

L
7%
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Interaction-free measurements:

= Other examples:

The Penrose bomb-testing device: [R. Penrose, Phys. Rev. Lett. (1994)]

Interaction-free imaging: [A. White et. al. (1998)]

Counterfactual computing: [G. Mitchison and R. Jozsa, Proc. Roy. Soc. (1992)]

The Hardy paradox:  [Lucien Hardy, Phys. Rev. Lett. (1992)]

(i

BS}

- Many experimental realizations: e.g. [O. Hosten et. al., Nature (2006)]
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Elementary timekeeping systems

= Setup
[v(t)) € H, dim (H) = Npr +1
170), [T1)s- -5 |TNg)  attimes  To, T1y---5 TNy

- Two external events separated by elapsed time ¢

t € {T()vT:l?TQa <o 7TNT}
- Whatist?
- Protocol:
> At 15t event prepare [¥(0))
> At 2" event measure in basis |70), [T1),. .-, |TNg)

» Measurement outcome determines ¢
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Elementary timekeeping systems

= Using it to tell the time when off

- New protocol using interaction-free measurement ( Np = 1): t € {79, 71}
70), [71), |E),[A)
;'—I

Add energy eigenstate and stationary ancilla state
» Startin |E)
» At 1stevent apply [J:

o s|Y)

» At time of 2" event apply {/,, and measure in basis
70}, IT1), |E), |A)
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Elementary timekeeping systems

= Using it to tell the time when off

- Analyze protocol:

= L/‘r]l]
/' c|E) ~> c|E) —— cA%|E) + cAJ |A) + cA |1o) + cAd|m)

. i t=79. |E) _— I
70 Unm
\' S |[Y) ~n s |T) —— —cAY |A) + sAL |1o) + sA} |T1)

U
/' c|E) T c|E) —— cAY|E) + cAY|A) + cAY |10) + cAS 1)
e Ift=711. |E) t=m X

\ (jln

s |9) . |m) —— —('A(l) |E) + sAél |70) + SAiI |71)

I t=T10.
- If |E) outcome: If £=1p. Clock was off
-If t=71. No outcome
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Elementary timekeeping systems

= Using it to tell the time when off

- Analyze protocol:

= L/‘r]l]
/' c|E) ~> c|E) —— cA%|E) + cAJ |A) + cAS |7o) + cAY )

e If t=719. |E) t=1o I
T(] L"rl]l
\' S |[) ~n s |T) —— —cAY |A) + sAL |ro) + sA} |T1)

U
/' c|E) s c|E) —— cAY|E) + cAY|A) + cAY |10) + cAY 1)
e Ift=711. |E) t=m X

\ (jln

s |9) . |m) —— —('A(f |E) + sAél |70) + SAiI |71)

ST
- If | E) outcome: - If To. Clock was off

|- If £=71. No outcome

[ =74
) If|A> outcome: - If 0. No outcome

- If t =T77. Clock was off

-]
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Elementary timekeeping systems

= Using it to tell the time when off

- Analyze protocol:
- L"rlll
/° c|E) ~"> ¢|E) —— cAY |E)

e If t=79. |E) t=m I

\' L"rlll
8 [Y) > 8 |To) —— —cAY |A) + sAL |1o) + sA} |T1)

+ cAJ|A) + cAY 7o) + cAY 1)

T L‘v“)
/' C|E) ~~ne c|EY —— cAY |E) + cAY |A) + cAd |10) + cAY |T1)

e Ift=711. |E) t=m X
(B Um /
\' $|Y) ~an s |T) —— —('A(l) |E) + sAél |T0) + sA} |1)

7

Interaction-free /

[_if t= To. Clock was off
measurement!

- If |E) outcome: -
| -If t=71. No outcome \

-
) Timing of unitaries:

-If t=1y.
If 0. No outcome no external clock Q/

- 1f|A) outcome:
|- If t=T1. Clock was off _needed
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Elementary timekeeping systems

= Properties:

o
- Theorem: One Ancilla [4) is necessary and sufficient in one tick case.

- Optimal prob. is 1/6

1
(f—b—ﬁ
|E> ITl> ‘7'()> |A>
E)| V1/3 1/3 1731 0
oo 0 =173 131 /1/3
7o) | =V/1/3 0 V1/31 \/1/3
| A) 1/3 —\/1/3 0 1/3
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Elementary timekeeping systems

* Multiple ticks: |7g),

T1)ye vy |TNg)

T U’m N~ m
A elB) o ¢|B) —— AR |E) + X537 cAY 1) + eARy 1 (1) 7o) + Sy eBok | Ax)
|E)

. (“vln N m
* 5|1h) ~n 5|T) —— sAG(T) |E) + Z}\L sA; (1) |75) + 8AN, 11(11) |70) + > ey SBik | Ak)

= Unitary U,,:

|E) T1) T2) |73) ois | ) T0) Ay) T |Am)
"\ 0 0 0 0 0 & 1 o
|E) A0 A0 A A9 A, " I B, B
\ |
|71) 0 —Adr —Adr —Alr ... 7:\‘)\-1 r "M i By, s By
|72) —AQr 0 —Adr —AYr . —AY, T Y2 i By, ... By
¢ S 0, 0., 0 . - !
|73) —Agr —Alr 0 —Afr . 7:1.\-1 7 Y3 i Bs, . B3
e 0, 0, 0, 0, 0 .. . |
| TN} —AQ7 — Al r — Ao — A7 7:\\1 1 YN i By, BNy
\ 0 0, 0, ) e A !
‘Tn,é ﬂlﬂr' *‘111 *:12! *.’1&! 0 Nr+1 i U_\‘, +1.1 U‘\', +l.m
[A1) | Bnp+2.0 By 21 Bny22 By,y23 Bn,+2,n, Bn 2, Np+1 Bynps2,Np+2 oo BNpi2 Npimtd
|Am) | BNy4+m+1,0 BNp+m+1.1 BNp4m+12 BNpsm+13 ... BNp4m+1.Nr BNptm+1.Nrp+1 BNy 4m+1,Np+2 -+« BNp4+m+1,Np+m+1
r:=c/s

[ Theorem: For all N € N, there exists a solution ]
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Engineered clocks

» Recall: |70), [T1),---, |7n7) attimes 70,71,.--, TNy

t € {T(),Tl,TQ,...,TNT}

* |mprovement: |70) for t € [0,t,), |T1) for t € [ti,2t), ...
TNy} for t € [Npty, (N7 + 1)t1).

= Price: Small probability of error
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Is time Sustantival or Relative?

= Assumptions:

(A) Interaction-free measurements exist

(B) If a clock can measure time while switched off, then time is substantival

. [Theorem: if (A) and (B) hold, then time is substantival ]

= Alternative interpretations:

- Many worlds interpretation: in the world we inhabit, the
clock was never on, but it was on in another world

» Implications for substantival theory of time: for time to be of
a substantival nature in our world, we need dynamics in
another world a
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Conclusions and open questions:

Philosophy of time:
- Aristotle to present

Interaction-free measurements:
- Bomb tester (Elitzur & Vaidman 93, Penrose 94, Kwit et al 95, Hosten
et al 06)
- Counterfactual computation (R. Jozsa 99, G. Mitchilson & R. Jozsa 01)

o

Introduced counterfactual clocks:
- Elementary clocks
- Type engineered clocks

Implications for the debate on time: Substantival theory vs Relative theory
- Our results led support for the substantival theory

N .
Experimental implementations? : g
. . v o
- Harmonic oscillator? iw‘}
e

L \r‘ 0
ol

..v.‘i
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Elementary timekeeping systems

= Using it to tell the time when off

- Analyze protocol:

o

= L/‘r]ll
/' c|E) ~> c|E) —— cAY|E) + cAJ |A) + cAS |7o) + cAd|m)

e Ift=T7. |B) _— I
T(] L"rlll
\ $|Y) ~mmnt> s |T0) —— —cAY |A) + sAL |1o) + sA} |T1)

L“vl])
/' ¢|E) ~"is ¢|E) —— cA?|E) + cAJ |A) 4 cAY o) + cAY |T)
e Ift=711. |E) t=m X

\. (~’rln

8|9 ~ne> 8|T) —— —cA? |E) + sAél 7o) + sAL |1)

I t=T10.
- If |E) outcome: If £=1p. Clock was off
-If t=71. No outcome
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Interaction-free measurements:

e |dud) ® |1, 0)

photon reaches detecto

- If bomb is live: llive) ® |1, 0)
, D1
Branch 2 <) : |
a) = Y i.;?zﬂr

I
Just after D1

detector clicks

- Possible outcomes: 1) Dlclicks. 2) D2 clicks. 3) no clicks
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