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Abstract: <p>In general relativity causal relations between any pair of events is uniquely determined by locally predefined variables
distribution of matter-energy degrees of freedom in the events' past light-cone. Under the assumption of locally predefined causal order,
performing freely chosen local operations on an initially local quantum state cannot violate Bell inequalities. However, superposition of m:
objects can effectively lead to "entanglement” in the temporal order between groups of local operations, enabling the violation of the inequ
This shows that temporal orders between events can be "indefinite" in non-classical space-times.</p>
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Quantum physics violates Bell’s “local causality”

Violation of Bell's inequalities as a theory-independent tool for
demonstrating ,nonclassicality”

Proven for spin, polarization, energy, momenta ... temporal order?
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Notion of an “event”

Output
Sk
-'j- M, € {M(.’L}ﬁzl

L}

Input

= Event“ = an operation M, performed at local time 7
=  Laboratory” = Label that includes reference frame information

,Local time“ = An abstraction of the entire internal state of the
temporal reference frame
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Classical causal order

Operation
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Classical causal order

Operation

Mp ” M 4 before Mpg”

/ MpoMa(w) = Mp(My(w))

Operation = Theory-independent notion of a
M 4 classical (=definite) causal order
= QOperational definition: classical causal
wT order implies one-way signaling “from
“State” the past to the future”
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GR: Dynamical causal structure
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GR: Dynamical causal structure
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GR: Dynamical causal structure
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GR: Dynamical causal structure

- A Proper times at A and B
; oA d St

. ' goo(rB)

B

Coordinate time of photon propagation

@ @ Q between A and B

1 .,
Event at A Event at B T.=- / dr
measured by A measured by B B

Grr (")
qo0 ('F"_)

doo (‘I‘A) *
i

T 2> + T/ Goo(T )
goo(rB) L |
. 1 . Photon’ T ti
oton’s propagation
Event at B 9

time measured by A
measured by A

Pirsa: 17110045 Page 26/94



GR: Dynamical causal structure
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GR: Dynamical causal structure
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Dynamical causal structure
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Dynamical causal structure
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= Causal structure depends on the stress-energy tensor of the matter
degrees of freedom in the causal past of the events
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Dynamical causal structure
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= Causal structure depends on the stress-energy tensor of the matter
degrees of freedom in the causal past of the events

= The order between the events is swapped in all reference frames
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Quantum controlled temporal order
(gravitational quantum switch)

Assumptions:

1) Macroscopically distinguishable states of physical systems can be
assigned orthogonal quantum states

2) Gravitational time dilation in a semiclassical limit reduces to that
predicted by general relativity

3) The quantum superposition principle holds regardless of the mass
of the superposed systems
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Assumptions:

1) Macroscopically distinguishable states of physical systems can be
assigned orthogonal quantum states

2) Gravitational time dilation in a semiclassical limit reduces to that
predicted by general relativity

3) The quantum superposition principle holds regardless of the mass
of the superposed systems

Due to 1) one can assign quantum states |K1<p),|K<a) to the two
mass configurations, s.t. (Kp<a|Ka<p) = 0.
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Assumptions:

1) Macroscopically distinguishable states of physical systems can be
assigned orthogonal quantum states

2) Gravitational time dilation in a semiclassical limit reduces to that
predicted by general relativity

3) The quantum superposition principle holds regardless of the mass
of the superposed systems

Due to 1) one can assign quantum states |Ks<p), | K<) to the two
mass configurations, s.t. (Kp<a|Ka<p) = 0.

Each of the states is ,semiclassical®. Following 2) preparation of the
states produce different causal orders.
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Quantum controlled temporal order
(gravitational quantum switch)

Assumptions:
1) Macroscopically distinguishable states of physical systems can be
assigned orthogonal quantum states

2) Gravitational time dilation in a semiclassical limit reduces to that
predicted by general relativity

3) The quantum superposition principle holds regardless of the mass
of the superposed systems

Due to 1) one can assign quantum states |K <p),|K<a) to the two
mass configurations, s.t. (Kp<a|Ka<p) = 0.

Each of the states is ,semiclassical®. Following 2) preparation of the
states produce different causal orders.

| S . :
Due to 3) the state 7(|[\'",Hg) + |Kp<a)) is possible.

7
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Quantum controlled temporal order
(gravitational quantum switch)
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Quantum controlled temporal order
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Generalized probabilistic theories (GPTs)
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Generalized probabilistic theories (GPTs)
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Generalized probabilistic theories (GPTs)

[Rli [Rd
State space: w € () classical classical  real qubit  generalized
bit 3-level bit bit
system

Joint state space: wap € up wap = (wa,wp, T, \)

/ |

State State Correlation ,Global
A B tensor parameter”

Transformations: for all w €  one has M(w) € ()
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Generalized probabilistic theories (GPTs)

[Rr.i

Y - X-

State space: w € () classical classical  real qubit  generalized
bit 3-level bit bit
system

Joint state space: wap € Qup wap = (wa,wp, T, \)

/o

State State Correlation ,Global

A B tensor parameter”

Transformations: for all w €  one has M(w) € )

Order of transformations: M, o ... o Mo M;(w)
” M, before M, ... before ... M,,”
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Local transformations in GPTs

Local transformations (LTs): (Ma, Mp)(wag) = (Ma(wa), Mpe(wg),T",\)
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Local transformations (LTs): (M4, Mpg)(wap) = (Ma(wa), Mp(wg),T",\)

= LTs are reversible and form a group
= LTs obey the no-signalling condition
= M, and M commute with each other; there is one corr. tensor y i

* The degree of violation of Bell‘s inequalities cannot increase
under LTs (by definition as it is optimized over local transformations)
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Local transformations (LTs): (M4, Mp)(wap) = (Ma(wa), Mp(wg),T",\)

= LTs are reversible and form a group
= LTs obey the no-signalling condition
= M, and M gcommute with each other; there is one corr. tensor T

* The degree of violation of Bell‘s inequalities cannot increase
under LTs (by definition as it is optimized over local transformations)

Example of qubits (LTs are SO(3) rotations): 7" = M,TM}%
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Local transformations in GPTs

Local transformations (LTs): (M4, Mp)(wap) = (Ma(wa), Mp(wg),T",\)

= LTs are reversible and form a group
» LTs obey the no-signalling condition
= M, and M zcommute with each other; there is one corr. tensor 7"

* The degree of violation of Bell‘s inequalities cannot increase
under LTs (by definition as it is optimized over local transformations)

Example of qubits (LTs are SO(3) rotations): 7" = M,TM%
Horodecki's criterion for violation of the CHSH inequality:
diag(T") = diag(T) = (T11, Taz, Ts3), Ti1 > Tog > T3

(CHSH operator) = ‘_)\/'1 ‘121 7 2’3
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Classical temporal order

Definition: A set of events is classically ordered if, for each pair of
events A and B, there exist a space-like surface and a A variable
defined on it that determines the causal relation between A and B:

eitherA < B,or B<Aor A| B.
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Classical temporal order

Classical order can be dynamical
A and stochastic.

Definition: A set of events is classically ordered if, for each pair of

events A and B, there exist a space-like surface and a A variable
defined on it that determines the causal relation between A and B:

eitherA < B,or B<Aor A| B.
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Assumptions for Bell's theorem

1. Local state: The initial state wap of two systems A and B does not
violate Bell's inequality.
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Assumptions for Bell’'s theorem

1. Local state: The initial state w4p of two systems A and B does not
violate Bell's inequality.

2. Local transformations: Local transformations M 4 on system A and Mp
on system B cannot increase the amount of violation of Bell's inequalities
of the state (not even upon post-selection at space-like separated events).
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2. Local transformations: Local transformations M 4 on system A and Mp

on system B cannot increase the amount of violation of Bell's inequalities
of the state (not even upon post-selection at space-like separated events).

3. Classical causal order: The order of (local) transformations is classical.

4. Free-choice: The measurement choices are independent of the rest of
the experiment.
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Assumptions for Bell's theorem

. Local state: The initial state w45 of two systems A and B does not

violate Bell's inequality.

. Local transformations: Local transformations M 4 on system A and Mp

on system B cannot increase the amount of violation of Bell's inequalities

of the state (not even upon post-selection at space-like separated events).

. Classical causal order: The order of (local) transformations is classical.

. Free-choice: The measurement choices are independent of the rest of

the experiment.

No-go theorem: No states, set of transformations and measurements
which obey assumptions 1.-4. can result in violation of Bell's inequalities.
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time

space

Local state + p(a,blz,y,wap) = / dAp(A)p(alz, A\, wap)p(bly, \,waB)
free choice: -
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Proof

D [k
(Mp1, Mpa)(Ma1, Maz2)(wap)

(May, Ma2)(wag)

time

space

Local state + p(a,blz,y,wap) = / dAp(A)p(alz, A\, wap)p(bly, \,waB)
free choice: -

Classical order + (g p|z, y,wap) = / dA\p(N)p(a|z, N\, 'y 5)p(bly, A\, W'y 5)
Local transformation: : ' '
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time

space

Local state + p(a,blz,y,wap) = / dAp(A)p(alz, A\, wap)p(bly, A\,waB)
free choice: -

Classical order + (g plz,y, wap) = / dA\p(N)p(a|z, A\, W'y 5)p(bly, A\, W'y 5)
Local transformation: T
wWap = (MproMy,MpaoMasz)(wag)

(._-"\/l“| > .."\/r[;'_j )(_\/1\ 15 --\/[_l'_f MW‘ \ B ))
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