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In non-relativistic quantum mechanics with a notion of absolute time a measurement 
happens at some time and the whole state is updated at the same time

Consistency with relativity is usually justified by the no-signalling theorem and  
an external causal structure

State updates in spacetime



In relativistic settings there is no notion of absolute time

Is there a relativistic notion of state update that we can build?  
Where/When does it happen?

State updates in spacetime



In relativistic settings there is no notion of absolute time

Can a state-update rule be both relativistically covariant and fully predictive

State updates in spacetime



State updates in spacetime

• Update along the future lightcone of the measurement

• Update along the past lightcone of the measurement [1] AII I
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P• May intuitively appear to respect causal propagation of information

• This is the proposed update by Hellwig and Kraus

[1] K. E. Hellwig and K. Kraus, Formal Description of Measurements in Local Quantum Field Theory, Phys. Rev. D 1, 566 (1970).

If we insist on covariance, there are really only two canonical hypersurfaces 
attached to an event: its past lightcone and its future lightcone.



State updates in spacetime
If we insist on covariance, there are really only two canonical hypersurfaces 

attached to an event: its past lightcone and its future lightcone.

• Update along the future lightcone of the measurement

• Update along the past lightcone of the measurement [1] AII I
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• This is the proposed update by Hellwig and Kraus

Let’s test them

[1] K. E. Hellwig and K. Kraus, Formal Description of Measurements in Local Quantum Field Theory, Phys. Rev. D 1, 566 (1970).

• May intuitively appear to respect causal propagation of information
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FIG. 1. Schematic representation of the Bell pair example.

parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

• Hellwig & Kraus: Measurements alter the state everywhere outside causal past of the measurement 

Criticism of Aharonov and Albert:

 Y. Aharonov and D. Z. Albert, Can we make sense out of the measurement process in relativistic quantum mechanics?, Phys. Rev. D 24, 359 (1981)



Update along the Past Lightcone?

2

FIG. 1. Schematic representation of the Bell pair example.

parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
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neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

• Hellwig & Kraus: Measurements alter the state everywhere outside causal past of the measurement 

Criticism of Aharonov and Albert:

 Y. Aharonov and D. Z. Albert, Can we make sense out of the measurement process in relativistic quantum mechanics?, Phys. Rev. D 24, 359 (1981)

<latexit sha1_base64="Tb6lNNDzK5VUVrwlN234gkHDrPg="></latexit>

They argue that no state can at the same time reproduce all
observable statistics and be covariant (foliation independent)
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Criticism of Aharonov and Albert:

 Y. Aharonov and D. Z. Albert, Can we make sense out of the measurement process in relativistic quantum mechanics?, Phys. Rev. D 24, 359 (1981)

<latexit sha1_base64="Tb6lNNDzK5VUVrwlN234gkHDrPg="></latexit>

They argue that no state can at the same time reproduce all
observable statistics and be covariant (foliation independent)

Charge conservation problem
<latexit sha1_base64="EBEF7o72uNGfCzY96fB/8s2+030="></latexit>

Consider an electron initially spatially delocalized, equally distributed between
two distant regions, A and B.
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Charge conservation problem
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Consider an electron initially spatially delocalized, equally distributed between
two distant regions, A and B.
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A measures at xa(ω→a )and finds the electron localized around her. According to

HK, the state collapses outside the causal past of the measurement
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time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

• Hellwig & Kraus: Measurements alter the state everywhere outside causal past of the measurement 

Criticism of Aharonov and Albert:

 Y. Aharonov and D. Z. Albert, Can we make sense out of the measurement process in relativistic quantum mechanics?, Phys. Rev. D 24, 359 (1981)
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

• Hellwig & Kraus: Measurements alter the state everywhere outside causal past of the measurement 

Criticism of Aharonov and Albert:

 Y. Aharonov and D. Z. Albert, Can we make sense out of the measurement process in relativistic quantum mechanics?, Phys. Rev. D 24, 359 (1981)
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They argue that no state can at the same time reproduce all
observable statistics and be covariant (foliation independent)
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A measures at xa(ω→a )and finds the electron localized around her. According to
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FIG. 1. Schematic representation of the Bell pair example.

parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

-Suggestive of a notion of causal propagation of update

Is it also problematic?

-In a way it captures where information can propagate

• In many ways an update along the future light cone is nice:

-No retrocausation arguments
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is

-No retrocausation arguments

Is it also problematic? Yes!

-In a way it captures where information can propagate

• In many ways an update along the future light cone is nice:

-Suggestive of a notion of causal propagation of update
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is
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Consider the expectation values of ω̂z,a at some ε→→a > ε→a , and of ω̂z,b at
a point spacelike separated from xa(ε→a ), at some ε→b → (ε↑b , ε+b ). Then, an
update along the future lightcone of the measurement on A predicts the following
expectation values:

↑ω̂z,a↓ = 1 at xa(ε
→→
a ), ↑ω̂z,b↓ = 0 at xb(ε

→
b ),
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is
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and yet, because A and B are initially correlated, it must hold that

→ω̂z,a ↑ ω̂z,b↓ = 1.
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Consider the expectation values of ω̂z,a at some ε→→a > ε→a , and of ω̂z,b at
a point spacelike separated from xa(ε→a ), at some ε→b → (ε↑b , ε+b ). Then, an
update along the future lightcone of the measurement on A predicts the following
expectation values:

↑ω̂z,a↓ = 1 at xa(ε
→→
a ), ↑ω̂z,b↓ = 0 at xb(ε

→
b ),
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parametrizing the evolution of all systems at once, and
the post-measurement state becomes |→a↑ |→b↑, with par-
tial states |→a↑ and |→b↑. However, in relativistic setups,
there is no absolute time. While we still need to up-
date the joint state following Lüders’ rule to guarantee
the compatibility between sequential measurements, we
must choose the hypersurface along which this update
shall be performed.

A natural analogue to using an absolute time parame-
ter is to update the state along the hypersurface contain-
ing the measurement event xa(ω→a ), relative to some space-
time foliation. This prescription is non-covariant, since
it depends on a specific foliation. The only hypersurfaces
along which the update can be performed covariantly are
the future and past lightcones of the measurement event
(see [11]).

To decide which option is more adequate, let
ω
↑
b and ω

+
b be the proper times at which B’s worldline

intersects the past and future lightcones of A’s measure-
ment, respectively [12] (see Fig. 1). If one chooses to
update along the past lightcone, the partial state of B
changes from ε̂b = Tra |!+

↑↓!+
| = 1b/2 for ωb < ω

↑
b ,

to |→b↑ for ωb > ω
↑
b . If we choose the future lightcone

instead, the change would happen at ωb = ω
+
b .

In [13], the following three-step argument was used to
justify that updating along the past lightcone is the only
viable choice:

(1) Because the initial state of A and B is
∣∣!+

〉
, once

ϑ̂z,a is measured with outcome +1, a measurement
of ϑ̂z,b can only possibly yield +1, even if performed
before ω

+
b .

(2) Even if B has no access to A’s measurement out-
come, its partial state should still reflect (1) and
yield correct predictions.

(3) To satisfy (1) and (2), the partial state of B must be
|→b↑, anytime after ω↑b . Since the update along the

future lightcone prescribes that B is in the maxi-
mally mixed state for ωb < ω

+
b , it yields the wrong

statistics, and should be discarded.

However, this reasoning can also be used to logically jus-
tify a retroactive update:

(4) If the partial state of B is |→b↑ for ω
→
b ↔ (ω↑b , ω

+
b ),

then again, because the initial joint state of A and
B is

∣∣!+
〉
, a measurement of ϑ̂z,a can only possibly

yield +1, even if performed before ω
→
a .

(5) The partial state of A should reflect (4), and predict
outcomes correctly.

(6) To satisfy (4) and (5), the partial state of A must
be |→a↑ even before the measurement on A is per-
formed.

This does not imply a contradiction: once we condition
our predictions on obtaining a +1 outcome for ϑ̂z,a at
ωa = ω

→
a , updating A’s state to |→a↑ even for ωa < ω

→
a

ensures the correct statistics for earlier measurements,
provided the measured observables commute with ϑ̂z,a,
which all measurements on B satisfy.
The argument above suggests that updating the state

along the past lightcone is equivalent to updating it
everywhere—assuming that no incompatible observables
were measured in the causal past. While retroactive up-
dates will not lead to inconsistencies under these con-
ditions, they imply accepting that either the measure-
ment result was predetermined, or that the whole uni-
verse including its past has been post-selected to be
compatible with measurement outcomes—in which case,
the state update loses its meaning as a physical process
where the system goes from a pre-measurement to a post-
measurement state.
In contrast, an update along the future lightcone re-

spects the causal structure by fiat and accounts for where
the information about the outcome of the measurement
is available. However, it fails to account for the cor-
relations between subsystems: Consider, for instance, a
second measurement of ϑ̂z,a performed at some ω→→a > ω

→
a ,

and a measurement of ϑ̂z,b performed on B while space-
like separated from xa(ω→a ), at some ω→b ↔ (ω↑b , ω

+
b ). Then,

an update along the future lightcone of the first measure-
ment on A predicts the following expectation values:

↓ϑ̂z,a↑ = 1 at xa(ω
→→
a ), ↓ϑ̂z,b↑ = 0 at xb(ω

→
b ), (2)

and yet, because A and B are initially correlated, it must
hold that

↓ϑ̂z,a ↗ ϑ̂z,b↑ = 1. (3)

No joint density operator ε̂ab ↔ L(Ha ↗Hb) can simulta-
neously satisfy Eqs. (2) and (3). Therefore, a representa-
tion of multipartite systems in terms of tensor products
does not leave room for a covariant update rule that is
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and yet, because A and B are initially correlated, it must hold that

→ω̂z,a ↑ ω̂z,b↓ = 1.
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No density operator ω̂ab → L(Ha ↑Hb) can simultaneously satisfy both predicitons
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Consider the expectation values of ω̂z,a at some ε→→a > ε→a , and of ω̂z,b at
a point spacelike separated from xa(ε→a ), at some ε→b → (ε↑b , ε+b ). Then, an
update along the future lightcone of the measurement on A predicts the following
expectation values:

↑ω̂z,a↓ = 1 at xa(ε
→→
a ), ↑ω̂z,b↓ = 0 at xb(ε

→
b ),
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How to update then?

• A representation of multipartite system in terms of density operators does not leave room for a 
covariant update rule that is:
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(i) is fully predictive, i.e., captures the outcome, correlations, and sequen-
tial measurements applied to both the joint system and its subsystems,

(ii) respects ignorance, i.e., information from measurements becomes avail-
able only through the causal structure.
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(i) is fully predictive, i.e., captures the outcome, correlations, and sequen-
tial measurements applied to both the joint system and its subsystems,

(ii) respects ignorance, i.e., information from measurements becomes avail-
able only through the causal structure.

• Future-lightcone updates respect ignorance but are not fully predictive. 

• Past-lightcone updates try to be fully predictive but fail to respect ignorance*. 
  
*Past-lightcone updates justify conditioning outside the future lightcone, and the same reasoning can 
then be used to justify retroactive updates. 

• Both are subject to the Aharonov–Albert charge-conservation argument



How to update then?

• What is the minimal object that represents both the quantum state and the distribution of information 
in spacetime, while remaining fully predictive and respecting ignorance?



Polyperspective formalism

• To resolve this tension and prescribe a state update that is fully predictive and causal, we need to 
introduce a formal distinction between:
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• Individual observables those that can be measured independently on A or
B, and their expectations can be computed using local states ω̂a and ω̂b

• Joint observables are those for which predicting their outcomes requires
knowledge of the composite system AB, and computing their expectations
requires a joint state ω̂ab
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• To resolve this tension and prescribe a state update that is fully predictive and casual, we need to 
introduce a formal distinction between:
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• Individual observables those that can be measured independently on A or
B, and their expectations can be computed using local states ω̂a and ω̂b

• Joint observables are those for which predicting their outcomes requires
knowledge of the composite system AB, and computing their expectations
requires a joint state ω̂ab

• Implementing this distinction forces us to consider that the two following operators are different:
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• Â → L(Ha): An individual observable

• Â↑ 1b → L(Ha ↑Hb) as a joint observable
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Measuring an observable of A while having access to information from B is
di!erent from measuring the same observable without knowledge about B.
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• A convenient way of implementing this distinction is to consider the extended Hilbert space
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Polyperspective formalism

• A convenient way of implementing this distinction is to consider the extended Hilbert space
<latexit sha1_base64="009oPz8BEHkfQYMyF3jkjGc7Ck4="></latexit>

H̃ab := Ha →Hb → (Ha ↑Hb)

<latexit sha1_base64="GaKbopAbTngDqUXV4YsYLOunWi0="></latexit>

ω̃ab := ω̂a → ω̂b → ω̂ab• And the polyperspective state

• How do we determine the poly(perspective) state? 

<latexit sha1_base64="59OkxA3Gv5IVpwXuDjBQZIweS64="></latexit>

In general ω̂a →= trb ω̂ab, ω̂b →= tra ω̂ab



Polyperspective formalism
<latexit sha1_base64="DUVemFoWpghWDStjhdUC+/7YKug="></latexit>

Consider the completely positive map !S : L(Ha →Hb) ↑ L(Ha →Hb)
<latexit sha1_base64="nLBYzqXdFph2vnp+crI4KBKUxro="></latexit>

encoding all the transformations undergone by A and B in S → M



Polyperspective formalism
<latexit sha1_base64="DUVemFoWpghWDStjhdUC+/7YKug="></latexit>

Consider the completely positive map !S : L(Ha →Hb) ↑ L(Ha →Hb)

<latexit sha1_base64="kZ+/ok9ekm2Q8prZv2K0HniLlmE="></latexit>

ω̂a(εa) → Trb !J→(xa(ωa))(ω̂ab), ω̂b(εb) → Tra !J→(xb(ωb))(ω̂ab),

<latexit sha1_base64="y0a6frZT6VJGGCt8/Ipu9yqomEo="></latexit>

where J→(x) denotes the causal past of x → M

<latexit sha1_base64="hg4JM2TDTkc1eBSb9CnzHNmutcA="></latexit>

The local components of the polystate are

<latexit sha1_base64="nLBYzqXdFph2vnp+crI4KBKUxro="></latexit>

encoding all the transformations undergone by A and B in S → M

<latexit sha1_base64="uocQ6esFM+GKnCoGRPwbbTNWkrM="></latexit>

Set an initial state of the system ω̂ab



Polyperspective formalism

<latexit sha1_base64="sz6s+AN5tV6CGIP6Q00KKDEjAE0="></latexit>

The joint state assigned to A and B should account only for transformations
within both of their causal pasts, this prescribes:

ω̂ab(εa, εb) → !J→(xa(ωa))→J→(xb(ωb))(ω̂ab).

<latexit sha1_base64="DUVemFoWpghWDStjhdUC+/7YKug="></latexit>

Consider the completely positive map !S : L(Ha →Hb) ↑ L(Ha →Hb)

<latexit sha1_base64="kZ+/ok9ekm2Q8prZv2K0HniLlmE="></latexit>

ω̂a(εa) → Trb !J→(xa(ωa))(ω̂ab), ω̂b(εb) → Tra !J→(xb(ωb))(ω̂ab),

<latexit sha1_base64="y0a6frZT6VJGGCt8/Ipu9yqomEo="></latexit>

where J→(x) denotes the causal past of x → M

<latexit sha1_base64="hg4JM2TDTkc1eBSb9CnzHNmutcA="></latexit>

The local components of the polystate are

<latexit sha1_base64="nLBYzqXdFph2vnp+crI4KBKUxro="></latexit>

encoding all the transformations undergone by A and B in S → M

<latexit sha1_base64="uocQ6esFM+GKnCoGRPwbbTNWkrM="></latexit>

Set an initial state of the system ω̂ab



Polyperspective formalism

<latexit sha1_base64="kZ+/ok9ekm2Q8prZv2K0HniLlmE="></latexit>

ω̂a(εa) → Trb !J→(xa(ωa))(ω̂ab), ω̂b(εb) → Tra !J→(xb(ωb))(ω̂ab),

<latexit sha1_base64="DrBU+JUlU9If68MkNLr0zPWe99c="></latexit>

ω̃(εa, εb) = ω̂a(εa)→ ω̂b(εb)→ ω̂ab(εa, εb)

Information about Non-local observablesInformation about Local observables

<latexit sha1_base64="NVA7qSUd8i7GPZkSFV+saJX2QB8="></latexit>

ω̂ab(εa, εb) → !J→(xa(ωa))→J→(xb(ωb))(ω̂ab).



Two foliations one polystate

A B

|!+→

|↑a→ |↑b→

ω ↓a

ω+b

ω↔b

ω ↓b

<latexit sha1_base64="F6YMIcPuib4Arp6OwNpNATLla1o="></latexit>

Alice measures ω̂z at εa = ε→a , and Bob measures ω̂x at εb = ε→b , such that
x→a → xa(ε→a ) is spacelike separated from x→b → xb(ε→b ). Both measure +1

<latexit sha1_base64="xh0QilqYzqeXCp+RorY7i+Ar0Ck="></latexit>

ω̃ab(εa, εb) =






1
21a → 1

21b → |!+↑↓!+| if εa < ε→a , εb < ε→b ,

|↔a↑↓↔a|→ 1
21b → (|↔a↑↓↔a|↗ |↔b↑↓↔b|) if εa ↘ ε→a , εb < ε→b ,

1
21a → |+b↑↓+b|→ (|+a↑↓+a|↗ |+b↑↓+b|) if εa < ε→a , εb ↘ ε→b ,

|↔a↑↓↔a|→ |+b↑↓+b|→ (|↔a↑↓↔a|↗ |+b↑↓+b|) if εa ↘ ε→a , εb ↘ ε→b .

<latexit sha1_base64="u5pe+p1AQNGf+itiobxCC9aQrbw="></latexit>

!S(ω̂) =






ω̂ if xa(ε→a ), xb(ε
→
b ) /→ S,

|↑a↓↔↑a| ω̂ |↑a↓↔↑a| if xa(ε→a ) → S, xb(ε→b ) /→ S,

|+b↓↔+b| ω̂ |+b↓↔+b| if xa(ε→a ) /→ S, xb(ε→b ) → S,

|↑a↓|+b↓↔↑a|↔+b| ω̂ |↑a↓|+b↓↔↑a|↔+b| if xa(ε→a ), x+(ε
→
b ) → S.



Two foliations one polystate

<latexit sha1_base64="dcNzNdKIb3cpTmEqw2MJxunKRXI="></latexit>

ω̂!(t) =






|!+→↑!+| if t < tb

|+a+b→↑+a+b| if tb ↓ t < ta

|↔a+b→↑↔a +b| if t ↗ ta

<latexit sha1_base64="xh0QilqYzqeXCp+RorY7i+Ar0Ck="></latexit>

ω̃ab(εa, εb) =






1
21a → 1

21b → |!+↑↓!+| if εa < ε→a , εb < ε→b ,

|↔a↑↓↔a|→ 1
21b → (|↔a↑↓↔a|↗ |↔b↑↓↔b|) if εa ↘ ε→a , εb < ε→b ,

1
21a → |+b↑↓+b|→ (|+a↑↓+a|↗ |+b↑↓+b|) if εa < ε→a , εb ↘ ε→b ,

|↔a↑↓↔a|→ |+b↑↓+b|→ (|↔a↑↓↔a|↗ |+b↑↓+b|) if εa ↘ ε→a , εb ↘ ε→b .

<latexit sha1_base64="F6YMIcPuib4Arp6OwNpNATLla1o="></latexit>

Alice measures ω̂z at εa = ε→a , and Bob measures ω̂x at εb = ε→b , such that
x→a → xa(ε→a ) is spacelike separated from x→b → xb(ε→b ). Both measure +1



Two foliations one polystate

<latexit sha1_base64="xh0QilqYzqeXCp+RorY7i+Ar0Ck="></latexit>

ω̃ab(εa, εb) =






1
21a → 1

21b → |!+↑↓!+| if εa < ε→a , εb < ε→b ,

|↔a↑↓↔a|→ 1
21b → (|↔a↑↓↔a|↗ |↔b↑↓↔b|) if εa ↘ ε→a , εb < ε→b ,

1
21a → |+b↑↓+b|→ (|+a↑↓+a|↗ |+b↑↓+b|) if εa < ε→a , εb ↘ ε→b ,

|↔a↑↓↔a|→ |+b↑↓+b|→ (|↔a↑↓↔a|↗ |+b↑↓+b|) if εa ↘ ε→a , εb ↘ ε→b .

<latexit sha1_base64="6oJn2JOfTjOoyT6ExLvePgNIyXA="></latexit>

ω̂!(s) =






|!+→↑!+| if s < sa

|↓a↓b→↑↓a↓b| if sa ↔ s < sb

|↓a +b→↑↓a +b| if s ↗ sb

<latexit sha1_base64="F6YMIcPuib4Arp6OwNpNATLla1o="></latexit>

Alice measures ω̂z at εa = ε→a , and Bob measures ω̂x at εb = ε→b , such that
x→a → xa(ε→a ) is spacelike separated from x→b → xb(ε→b ). Both measure +1



Generalization to Recollections 



Polyperpesctive formalism and Aharonov

• The Polystate update does not suffer from the issues identified by Aharonov and Albert

• Charge conservation 

<latexit sha1_base64="I99Zm/9i9aU9hqGa7A2SApPp2dw="></latexit>

Charge density q̂(x) is a local operator

<latexit sha1_base64="0Bo9HSK2qscQZiTKPWLNzBsUG5A="></latexit>

Total charge in a spatial section Q̂(t) =
∫
!t
d! q̂(x) is a non-local operator

<latexit sha1_base64="BVuCxsXBvm8xiBLcEgAUwlXv4Rc="></latexit>〈∫

!t

d! q̂(x)

〉

ω̃

→=
∫

!t

d! ↑q̂(x)↓ω̃

<latexit sha1_base64="TLYs8Pkk94htDyAy4rBLCsqnyWw="></latexit>

ω̂(x) (the individual sectors) on the r.h.s.

<latexit sha1_base64="Ua/tJfkynnOYsaT2KCIHJItP+Lo="></latexit>

ω̂!t(t) (the joint sector of the polystate) on the l.h.s,



Localizable systems
• One can replace finite subsystems by spacetime regions. Heuristically:



Bonus: AQFT extension



Summary


