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We have no theory for ...
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Outline

What is a clock? Operational time

Complementarity between precision of time
measurements at ,nearby” points

Entanglement between clocks via time dilation: limits
on time measurements

The general relativistic notion of time is recovered in
the classical limit of clocks



What is a clock?

»Single tick” of the clock:

For given Hamitonian H_;,, find initial state |1(0)) to have minimal
t, such that
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Clocks in the classical limit
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Q-function > 0

For R > ,/j and j > 1 the POVM noninvasive, evolution of a classical spin

J. Kofler and C. Brukner, Phys. Rewv. Lett. 99, 180403 (2007)



Gravitational time dilation
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Gravitational time dilation
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Lammerzahl, C. A Hamilton operator for quantum optics in gravitational fields,
Phys.Lett. A 203, 12-17 (1996)



Gravitational time dilation
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Slow particles, weak fields (order 1/c?)

Lammerzahl, C. A Hamilton operator for quantum optics in gravitational fields,
Phys.Lett. A 203, 12-17 (1996)



Gravitational time dilation
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Special relativistic Gravitational
time dilation time dilation

[. Pikovski, M. Zych, F. Costa and C.B, Nature Physics 11, 668-672 (2015)



Gravitational time dilation
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Complementarity relation

Time dilation uncertainty
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Complementarity between precisions of t At = hrGt
time measurements at “nearby” points c*x



2 clocks
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2 clocks
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2 clocks
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Newtonian gravitational interaction



2 clocks
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Newtonian gravitational interaction



Entanglening clocks via time dilation
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The rate at which time runs in one clock is correlated
to the value of the energy of the other clock.
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Whose time is t?
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Whose time is t?
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Whose time is t?
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Whose time is t?

4 it -
@ Yrim (D)) = €77 "B iyy,)
t
Poo(O)e =16 =5, = =)
n te 2GAE
|¢11(t)>C — |0 :§,¢ = _E( — C4y

(Yool )P =21-6=y=

2v/2jGAE€et

hct6



[Win) = (al0)4 + Bl1) ) W)5e

it ~ it
i —ZA ——H
[Win) = [0) g RBC[)pe + Be BT |1) 40 R TEC

it ~ ( GAE

i) |ydee = [Wri)

G

H\ABC=H\A+H\B+H\C_%

(H Hg + HyH; + HgH)



N+1 Clocks
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N+1 Clocks
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Gravitational time dilation as

the classical limit
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Gravitational time dilation as
the classical limit
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Master equation
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Unitary part: Time-dilation Decoherence part: proportional
partin the field of A to the variance of the energy of A
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Following the derivation from :
. Pikovski, M. Zych, F. Costa and C.B, Nature Physics 11, 668-672 (2015)



Summary

Measuring time by physical clocks
 Complementarity between local and time in “nearby”
regions
* Gravitationally interacting quantum clocks

* Decoherence implies a limit on measurability of time
(far away from the regime where BH forms)

 (Gravitational time dilation as the classical limit of the
model
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Proper distance
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Interference of clocks
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