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Macroscopic spatial quantum superpositions
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The Problem: Can we distinguish the quantum state from a classical one?

Quantum spatial superposition of a mass m (or of a charge q)

d . Quantum superposition p(Q‘) = |¢><¢|
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The Problem: Can we distinguish the quantum state from a classical one?

Quantum spatial superposition of a mass m (or of a charge q)

Quantum superposition p(Q‘) — |¢><¢|

C vy 1)
m, I I V2

1 1
Classical mixture p'©) = §|L><L\ + §|R><R|

Quantum superposition of a

consistency
macroscopic mass (or charge)

requirement |

|

The observation of macroscopic quantum superpositions requires a minimum finite time

No-signaling principle
(relativistic causality)




Main result of this talk

Quantum spatial superposition of a mass m (or of a charge q)

d : Can we distinguish the quantum state from a classical one?
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Result: The minimum duration, of EVERY experiment, discriminating p(Q) from p(o) IS:
(superposition of a mass)
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Main result of this talk

Quantum spatial superposition of a mass m (or of a charge q)

d : Can we distinguish the quantum state from a classical one?
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Result: The minimum duration, of EVERY experiment, discriminating p(Q) from p(o) IS:
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A paradox

Alice's Laboratory Bob's Laboratory
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Protocol of the thought experiment

t = —oo  Alice prepares a quantum macroscopic superposition;

Bob prepares a test mass in the ground state ‘¢> @ ‘¢B>
of a very narrow harmonic trap
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t =1  Alice performs an arbitrary experiment aiming at discriminating p(Q) from p(c)
In this way she deduces the choice of Bob.




A paradox

Alice's Laboratory Bob's Laboratory
. ‘L> + ‘R> d Detector OFF
vy == | O oeewror
A :_ - _: R \'\ :: Detector ON

Protocol of the thought experiment

t = —oo  Alice prepares a quantum macroscopic superposition.
Bob prepares a test mass in the ground state of a very narrow harmonic trap.

doing noting —®» No entanglement is created

t=0  Bob decidesif: <: _
opening the trap —» Entanglement creates after { > T

t =1  Alice performs an arbitrary experiment aiming at discriminating p(Q) from p(o)
In this way she deduces the choice of Bob.

Superluminal communication paradox

For sufficiently large 114 the entanglement generation time 77, can be arbitrarily reduced.

R
If Ip < ; > Bob can send a signal to Alice faster than light !




Solution of the paradox

Alice's Laboratory Bob's Laboratory
d Detector OFF
o=
m 1 1 -
o) I R \: :: Detector ON

Alice can discriminate p(Q) from ,O(C), but the experiment must be slow!

. - R
Causality should be satisfied: A + 1Ty > —
A N

Alice discrimination time Bob measurement time

Free parameters of the thought experiment: ( R ,mp ,width of the trap A X )

Let us choose them in order to get the best bound for 7'z



Estimate of the minimum discrimination time

Alice's Laboratory Bob's Laboratory
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The two possible Hamiltonians for the free test mass in Bob's laboratory are:
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Estimate of the minimum discrimination time

Alice's Laboratory Bob's Laboratory
d Detector OFF
) = L)+ |R) ma B *‘l:\ *********
T R L Detector ON
\/§ AF:FL—FRZszgan

The two possible Hamiltonians for the free test mass in Bob's laboratory are:

) p2 A ) pZ
i, = ~ X, Hg=

— — FrX
2mny 2mg

Entanglement is created when the two Hamiltonians drive the test mass into orthogonal states:
(Vple PR F L i) | < 1

AF [ -
— | Xt
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(Baker—Campbell-Hausdorff formula) = exp

eXeY = 6X+Y+%[va]+1_12([Xv[XvY]]_[Yu[XvY]])+
—

—

- 6%(51,P—5pf() displacement operator

_ _ . AF t?
Displacement in position Op =

QTTLB
Displacement in momentum ¢, = —AF't



Estimate of the minimum discrimination time (superposition of a mass)

Alice's Laboratory Bob's Laboratory
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Estimate of the minimum discrimination time (superposition of a mass)

Alice's Laboratory Bob's Laboratory
d Detector OFF
L)+ |R) T et
) = V2 10 I R C Y Detector ON G T d
AF = I}, — Fr ~ 23 B
The initial state of the test mass is Gaussian and characterized by | 2 ~ Wiiidth of the trap
. o AP ~ X
|<¢B|€ﬁHRt€_ﬁHLt\¢B>| < 1
@ AF 2
0 g or P g where e 2mss
/ AX AP 5p — _AF't
This condition is easier to get
since the trap is very narrow.
Sz AF T2 Maximum localization of a mass
— ~ 1
\/ C

- . R R 2
Causality inequality Ta+T> = = Ta>——T = >
C C



Estimate of the minimum discrimination time (superposition of a charge)

Alice's Laboratory Bob's Laboratory
gA \ | dB
d @ Detector OFF
) = L) + |R) R AT
NG L R o Detector ON || \ 1o 1o o qaqsd
Areg R3
The initial state of the test mass is Gaussian and characterized by | 2% ~ Wiiidth of the trap
o o AP ~ X
|<¢BI65HR’5€_%HLWB>| < 1
@ AF 2
0 g or P g where e 2ms
This condition is easier to get
since the trap is very narrow.
ox AF T3 . Minimal radius of a charge
AX  2mpAX o Ax > B h
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Causality inequality Ta+Tg > = = Ta>=——Tg = ==
c c 27\qgp c



Estimate of the minimum discrimination time

Summary of the results

d
mal ) ?<
L) +|R) ’
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I | Quantum superpOSItlon p(Q) ‘¢>< ‘

. . 1 1
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(superposition of a mass)

> md
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Result: The minimum duration, of EVERY experiment, discriminating p(Q) from p(o) IS:

(superposition of a charge)
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Consistency with QED

We have shown that Ty > q d| Whatis the physical origin of this bound?

Let us choose two specific experiments and see what happens.

How can we probe a spatial superposition ? 1) Interference experiment

2) Measure the momentum distribution



Consistency with QED

We have shown that Ty > q d| Whatis the physical origin of this bound?

Let us choose two specific experiments and see what happens.

How can we probe a spatial superposition ? 1) Interference experiment

2) Measure the momentum distribution

1) Interference experiment J

:¢§

L)1)+ R )
V2

[¥) =

t =0 Apply a spin dependent force which moves |L) to |?) within a time interval of T'p

DY+
RN

¥) = |R)
(@) = KD (D A+ DT

t =TA Perform a spin measurement discriminating between

(C) _ DA+ U
Ps =~ = 5



Consistency with QED

What happens if the experiment is too fast?

If the charge is accelerated too much it will radiate photons:

Hw(o)) — |L>|T>\—/|-§|R>|¢> R ?) > H@D(O» _ ’R> |T>|ph0to\;1§>+|¢>|0>
(C) _ D+
103 9

vacuum radiation field
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What is the minimum time such that radiation is not produced?



Consistency with QED

What happens if the experiment is too fast?

If the charge is accelerated too much it will radiate photons:

— L ortons
|%(0)) | >|T>\/§| M o (T)) > ||¥(0)) = |R) 1) Iph tﬁ>+|¢>|0>
(C) _ DA+
103 9

vacuum radiation field

What is the minimum time such that radiation is not produced?

SNISH

Non-trivial QED calculation ———» | 1'A ~ qip




Implications for quantum gravity

For superpositions of charged systems we have just shown:

Ty >

Y

q d
qp C

What is the physical origin of this bound? {

1) Photons

2) Vacuum fluctuations

For superpositions of massive systems, the analogy with QED would suggest:

Thz -t

mp C

What is the physical origin of this bound? {

1) Gravitons !

2) Metric fluctuations !



Conclusions

“No progress without a paradox”

— T

Experiments testing macroscopic Alice's Laboratory Bob's Laboratory
quantum superpositions must be slow:

N qg d m d d . Detector OFF
TaZ q_P c Taz m—P ° i E____E R N Detector ON

® Fully consistent with quantum electrodynamics
e |ndirect evidence of a quantum gravity effects: gravitons, metric fluctuations.

e Above a certain scale macroscopic superpositions are not observable
Outlook
® Use linearized quantum gravity to verify the bound

YO

' ?
e Other thought experiments .‘“a“

Mari, De Palma, Giovannetti, Sci. Rep. 6, 22777 (2016)
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Consistency with QED

2) Measure the momentum distribution (second experiment)

h(x) =

The precision required in the measurement of momentum is

d(x) + ¥ ¢(x —d) momentum distrib. (k)|
v2 > (27)3

k-d-— )
:2cos2< 5 14

-
Interference fringes with distance of the order of E

$(k)|”

AP <

mh

d

(2m)°



Consistency with QED

2) Measure the momentum distribution (second experiment)

 o(x) + ¢ ¢(x —d) momentum distrib. (k)| 5 o <k d—o¢\ oK)
h(x) = 7 > (2r)3 2 (2)3

-
Interference fringes with distance of the order of E

mh

The precision required in the measurement of momentumis | A P < —

d

From the minimal coupling Hamiltonian P — 1, V + q A (X)

The velocity is gauge invariant \

[13 . [1) . . . . . '
and locally measurable Noise” term with infinite variance !

O1A (%) 10) = (f iy ) L




Consistency with QED

2) Measure the momentum distribution (second experiment)

 o(x) + ¢ ¢(x —d) momentum distrib. (k)| 5 o <k d—o¢\ oK)
h(x) = 7 > (2r)3 2 (2)3

-
Interference fringes with distance of the order of —

The precision required in the measurement of momentumis | A P < @

d

From the minimal coupling Hamiltonian P — 1, V + q A (X)

The velocity is gauge invariant \ o _
and |Ocally¥neagsurgble “Noise” term with infinite variance !

| O/A (X)10) = (f i &) i
Slow measurement of averaged velocity
Averaged noise:

AN

:fA<X,t) o(t) dt O|A2, [0y = — At > 1 (1]

47T2T2 V373 qp C
62?2/

The same bound, again!
V2m T




Planck units

In this talk:

Planck mass: Mmp = \/% ~ 2.18 x 1078 kg

Planck length: 1p = \/f}:—? ~ 1.6 x 107°°m

Planck charge: qp = /4meghc ~ 11.7 e ~ 1.88 x 10718 C  (~ 12 positrons)

Physical operational interpretations:

Quantum gravity is relevant for: 70 = mp

Minimal universal length: AX > lp

h
Minimal radius for a charge: AX > 4
qp mc



Estimate of the minimum discrimination time (superposition of a mass)

Alice's Laboratory

L) + |R) S

[¥) =

The initial state of the test mass is Gaussian and characterized by

(e Mnte™

5_96N1®
/AX_ or

This condition is easier to get
since the trap is very narrow.
ox

AF T

Bob's Laboratory

Detector OFF

AX B 2mB AX

0< 1

< 1 gmad

CTB
"="FR 5

TBQ
mp C

L : R
Causality inequality T + Ty > — == T >
C

\N’l G d
AF = F — Fg ~ m;‘gB
{AX ~ width of the trap
h
AP~ ——
LH AX
Lt‘¢B>| < 1
AF t?
op Oz = 2m
Ap ~ 1 where B
P 5, = —AFt

Maximum localization of a mass
~ 1
hG
C
TB 1 ma d 2
2 _ T, =__27= 2 _ .3 —
n B 2 mp ¢ (7 " ”77:% 2



Consistency with QED

What happens if the experiment is too fast?

If the charge is accelerated too much it will radiate photons:

— L ortons
|%(0)) | >|T>\/§| M o (T)) > ||¥(0)) = |R) 1) Iph tﬁ>+|¢>|0>
(C) _ DA+
103 9

vacuum radiation field

What is the minimum time such that radiation is not produced?

Non-trivial QED calculation ——» |TA ~ qip % bound saturated !
Sketch of the calculation:
Fix the trajectory of the charge to be e.qg. x(t)=d sin” (g %) for 0 <t <t
Classical current density  J(k,t)~ g v(¢) » |0) — |f) (coherent field)

2 oo 2 2
L = exp (~ i J5° V@) w d) = exp (-2 8 )

()
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