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Universality of time dilation

- classical effect




Universality of time dilation

A- classical effect

Universal = independent of the
mechanism of the clock
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quantum superposition VS.



Quantum time dilation

1S
the difference in
time measured by a clock prepared as:

quantum superposition VS. classical mixture
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_Quantum time dilation
- model ‘

L = \/goo(r)\/(m62)2 — g (r)pip;c?

internal degrees of freedom

The Schwarzschild metric (eg. two-level atom etc.)
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mass-energy equivalence (eg. two-level atom etc.)
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- model ‘

H = v/goo(7 \/ (ch + Heloek

internal degrees of freedom
mass-energy equivalence (eg. two-level atom etc.)
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_Quantum time dilation
~ kinematic

|‘1f = ¢p|p>® >

elgenstate of momentum

initial state of the system initial state of the clock

some distribution
eg. the sum of two Gaussians



_Quantum time dilation

elgenstate of momentum

- kinematic

w |p>®0

initial state of the clock

~ cos 0 |pn, ) + €'?sin b oy, )

(Plep,) = e~ (P=P)*/28% jp1/4 /A
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- kinematic

v(0) = [ dpu)lp) @ 0
w(e) - |

d°p v (p)|p)
d°p(p)|p) ® cbx(p, t))

the evolution only affects a clock's state
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_Quantum time dilation
- kinematic '

etoak (£) = / Ep () 2|(p, ) (6(p, 1)

we traced out the center-of-mass
degrees of freedom
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_Quantum time dilation
- kinematic '

etoak (£) = / Ep () 2|(p, ) (6(p, 1)

the probability to obtain the Hme

measurement result
measurement

o
P(t) ="Tr (E(T)bdock(t))
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a weighted average
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a weighted average

contribution from the
eigenstate of momentum
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Gravitational quantum time dilation
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contribution from the
eigenstate of position



‘Gravitational quantum time dilation

() |* (e, ) |[E(T)|o(r, 1))

M 0 N “m'uersl(( contribution from the
eigenstate of position



Kinematic/gravitational quantum time dilation
depends only on the probability distribution.



Kinematic/gravitational quantum time dilation
depends only on the probability distribution.

[t can be simulated by classical states.



Kinematic/gravitational quantum time dilation
depends only on the probability distribution.

[t can be simulated by classical states.

[s it possible to find an
effect that depends on
combined distributions
of position and
momentum?
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Combined kinematic and gravitational

A R 2 T
= \/900("")\/(77102 + Hclock) — g% (7)pip;c?

l

H ~ Huoex + Hem (7, D) + Hine
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H =~ Hclock + Hcm(rf'aﬁ) + Hint

A2
A 3
Hem = m02 | LA ) d

Hint = Hclock (

( 2 3 W%W) it = APE A+ (1 — N)Ep



Combined kinematic and gra

H ~ Eclock -+ ﬁcm(f,ﬁ) + Flint
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Combined kinematic and gravitational
_quantum {ir
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2-point correlation function



_Conclusions:

e QTD depends on a weighted average of
probabilities (1-point correlation function)

e Kinematic QTD 1s UNIVERSAL

e Gravitational QTD is NOT

e There is a higher-order effect that can't be
simulated by classical states and that
depends on a 2-point correlation function



