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State updates in spacetime

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?
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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

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

o Update along the past lightcone of the measurement [1]

» This is the proposed update by Hellwig and Kraus

ct

» Update along the future lightcone of the measurement

» May intuitively appear to respect causal propagation of information

[1] K. E. Hellwig and K. Kraus, Formal Description of Measurements in Local Quantum Field Theory, Phys. Rev. D 1, 566 (1970).
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» This is the proposed update by Hellwig and Kraus

Let’s test them ot

» Update along the future lightcone of the measurement

» May intuitively appear to respect causal propagation of information

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



Update along the Past Lightcone?

» 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 guantum mechanics?, Phys. Rev. D 24, 359 (1981)
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Update along the Past Lightcone?

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

Criticism of Aharonov and Albert:

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

Charge conservation problem

Consider an electron initially spatially delocalized, equally distributed between
two distant regions, A and B.

A measures at x,(7))and finds the electron localized around her. According to
HK, the state collapses outside the causal past of the measurement

On a spatial slice passing through the causal past of A’s measurement, the state
around A’s position does not yet reflect the measurement result while the state

around B has been updated

Integrating the local charge densities across the slice, one gets less than the total
electron charge.

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?

» Consider an EPR pair

T .
‘(I) > — \/—(H\A> ‘TB> + H/A> H/B>) c Hi R Hg
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Updates along the Future Lightcone?

o+) = % 1) o)+ [a) o)) € H 6 Ha

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

-Suggestive of a notion of causal propagation of update

-No retrocausation arguments

-In a way it captures where information can propagate

Is it also problematic?
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o+) = % 1) o)+ [a) o)) € H 6 Ha

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

-Suggestive of a notion of causal propagation of update

-No retrocausation arguments

-In a way it captures where information can propagate

Is it also problematic? Yes!



Updates along the Future Lightcone?

1
o Measuring a Bell pair |®7) = ﬁ(m Te) + [4a) [4s)) € Ha @ Ha

| Ta) | Ts)

Consider the expectation values of 6, , at some 77" > 7, and of 7,5 at
a point spacelike separated from x, (7)), at some 7 € (7, ,7). Then, an
update along the future lightcone of the measurement on A predicts the following

expectation values:

(G.a) =1 at x\(777), (6.5)=0 at xg(7y),
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Updates along the Future Lightcone?

1
 Measuring a Bell pair |®7) = ﬁ(!TQ T6) + [4a) Hs)) € Ha @ Hp

| Ta) | Ts)

Consider the expectation values of 6, , at some 77" > 7, and of 7,5 at
a point spacelike separated from x, (7)), at some 7 € (7, ,7). Then, an
update along the future lightcone of the measurement on A predicts the following

expectation values:

(G.a) =1 at x\(777), (6.5)=0 at xg(7y),

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

<6-Z,A ® &Z’B> — ].

No density operator p,s € L(H, ® Hy) can simultaneously satisfy both predicitons




How to update then?

o Arepresentation of multipartite system in terms of density operators does not leave room for a
covariant update rule that is:

(¢) is fully predictive, i.e., captures the outcome, correlations, and sequen-
tial measurements applied to both the joint system and its subsystems,

(i7) respects ignorance, i.e., information from measurements becomes avail-
able only through the causal structure.
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How to update then?

o Arepresentation of multipartite system in terms of density operators does not leave room for a
covariant update rule that is:

(¢) is fully predictive, i.e., captures the outcome, correlations, and sequen-
tial measurements applied to both the joint system and its subsystems,

(i7) respects ignorance, i.e., information from measurements becomes avail-
able only through the causal structure.

» Future-lightcone updates respect ighorance 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 informatior
in spacetime, while remaining fully predictive and respecting ignorance?

State Distribution
(marginal statistics of information
and correlations) in spacetime

—pe— 1 ﬁ I y%_

Fully S\ Respects
@ predictive @ 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:

o Individual observables those that can be measured independently on A or
B, and their expectations can be computed using local states p, and pg

e Joint observables are those for which predicting their outcomes requires
knowledge of the composite system AB, and computing their expectations
requires a joint state p,g
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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:

o Individual observables those that can be measured independently on A or
B, and their expectations can be computed using local states p, and pg

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

» Implementing this distinction forces us to consider that the two following operators are different:

o Ae L(H,): An individual observable

e AR 1, € L(H, ® Hg) as a joint observable

Measuring an observable of A while having access to information from B is
different from measuring the same observable without knowledge about B.
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Polyperspective formalism

» A convenient way of implementing this distinction is to consider the extended Hilbert space

Houp = Ha @ Hs & (Ha @ Hy)

« And the polyperspective state Pap ‘= ,5A D ,513 S> ,5AB

In general p, # trg Pap, Pp = tTa Pan

 How do we determine the poly(perspective) state?
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Polyperspective formalism

Consider the completely positive map Ws : L(Hs @ Hy) — L(Hs @ Hy)
encoding all the transformations undergone by A and Bin § C M

Set an initial state of the system p,p
The local components of the polystate are
Pa(Ta) o< Try \I’J—(XA(TA))(:@AB)a pu(78) o< Try \IJJ—(XB(TB))(/@AB)a

where J ~(x) denotes the causal past of x € M

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

Pan(Tas To) X W 7= (s, (7)) U T (x (7)) (D)




Polyperspective formalism

Pa(Ta) o< Try ‘I’j—(xA(TA))(ﬁAB)a

pu(7s) o< Try qjj—(xB(TB))(ﬁAB)a

Pan(Tar Ts) X V7, (7)) U T~ (xa (7)) (PaB)-

P(Tas To) = Pa(Ta) @ Pu(Ts) @ Pan(Ta, Ts)

Information about Local observables

Information about Non-local observables




Two foliations one polystate

Alice measures 7, at 7, = 77, and Bob measures ¢, at 73 = 7., such that
x

X% = x,(7¥) is spacelike separated from x; = x5 (7¥). Both measure +1

0y 1)
( ﬁ ifXA<T:)7X ( )¢87
) TaXTal A1Ta)XTal if X, (77) € S, xs(737) ¢ S,
Ps(p) = ) . )
+p)X+s| O |+ )+5] if X, (75) & S,xs(13) € S,
U [T e )(Tal{Fsl o 1T [HFe)Tal{+s] i xa(73), x4 (55) €S-
( %]IA@%]IB@\(I)JFXCI)JF\ if 7y < 75,1 < 78,
[TaXTal @ 516 ® (JTa)Tal © [Ta)Tel) if 74 > 70,78 < T,

ﬁab(TAaTB) — < .
s1a @ [t © ([Fa)Fal @ [Hu)ftsl) i 7 <787 > 7,

L TaXTal @ [Hu)X+sl @ ([TaXTal @ [+u)+s|) if 74 > 70,7 > 7.




Two foliations one polystate

Alice measures 7, at 7, = 77, and Bob measures ¢, at 73 = 7., such that
* — x

X% = x,(7¥) is spacelike separated from x; = x5 (7¥). Both measure +1
oY DT if £ < 1,

P /32(?5) = 9 +A+B><—|—A+B‘ if tg <t <ty

- [ TaFs)ta 45| i8>

(M, e i1, 0 |0t) 0T if 7y < 78,1 < T,
DX Tal @ 315 @ (|Ta)Tal @ |Te)1s]) if 7y > 75 < T,
SLy @ [+u)+s| @ (|[4al+al @ [+e)+s|) i 7a <781 > 77,

L TaXTal @ [Hu)X+sl @ ([TaXTal @ [+u)+s|) if 74 > 70,7 > 7.

ﬁab(TAa TB) — <




Two foliations one polystate

Alice measures 7, at 7, = 77, and Bob measures ¢, at 73 = 7., such that
* — x . : x — x
X% = x,(7¥) is spacelike separated from x; = x5 (7¥). Both measure +1

(|B+Y DT if 5 < s,

p=(s) = q [TaTe)TaTsl it 5, <5 < sp

Xf\ s Fa)(Ta 4ul if s> s
-~

\

( %]IA@%]IB@\CI)JF)(CI)JF\ if 7y < 78,1 < T,
[TaXTal @ 315 @ ([Ta)Tal @ [Ta)Tsl) if 7o > 73,78 < T4,
sIa @ [H)+sl @ ([4a)+al @ [+a)+s])  if 7o <78, 7 > 7

B

L TaXTal @ [Hu)X+sl @ ([TaXTal @ [+u)+s|) if 74 > 70,7 > 7.

ﬁab(TAa TB) — <




Generalization to Recollections

t 4

Observer’s
worldline

II'J_(%) (o) State at x5 depends only on

p(x3) - operations in its causal past

Ty [‘I’J—(a;g,) ('50)] J~(x3):

. \I’J_(mz) (po) State at x, depends only on
p(x2)= T [\Il (o) operations in its causal past
r ~(x2) \PO ] 4
e T~ (x2).
) ‘IJJ‘(xl) (po) State at x; depends only on
p(xy)= T [‘I’ (o) operations in its causal past
P [¥)-y(Bo)] -
i T~ (x1).
- N
Po : initial state specified on a past boundary
‘IJJ_(:C) : completely positive map encoding all transformations
in the causal past .J~ (z)
J () : causal past (including ) of the spacetime point z
J

The state assignment is a function of spacetime:

p: M — D(Hs), =z p(x).




Polyperpesctive formalism and Aharonov

{ Aharonov & Albert’s concern: A relativistic state-update prescription should not spoil conserved charges.}

Local vs non-local observables Polystate bookkeepin |
y ping |
) |
A ) Local predictions use : 2
g Wqle))
| q (X) J local charge density B a SN aEiore } < ( )> P |
A A global charge Global predictions use A |
QE) = Phaes) (non-local) Py S e dx¢(x) |
= the joint sector >y Py,
\&

Global charge is computed from the joint sector

</2t dy c}(x)>p2t = ¢ = /Zt d2 (4(x)),.

Expectation of the total charge (a non-local observable) Sum of local expectations computed in different

computed using the joint sector. local sectors. In general, not equal to the global result.

-— = - : : - - = =

O Local and non-local observables are evaluated in different sectors of the polystate.
0 The equality on the left is the correct prediction for the non-local observable Q(Zt).

0 Therefore, charge conservation is preserved in the polystate framework.




Localizable systems

» One can replace finite subsystems by spacetime regions. Heuristically:

7

t A

Region states

define the region state

3 ;-0 (Po)
ge= =
s [‘I’J—(O) (PO)]

where ‘I'J_(O) is the completely positive map encoding all

dynamics in the causal past J~(O).

For any spacetime region O C M (open, with suitable boundary),

Past boundary

Initial state pg

PO A

e/

\ : Pop

\ \ ) —

17 A
m

Information accessible to observers

in region O4 (local observables in O4).

Information accessible to observers

in region Op (local observables in Og).

Information required to predict

joint observables across @4 and Op

(correlations).

Polystate for regions

The polystate is the direct sum

of region states:

[,BAB = 150,4 57 /303 D /30/1 UOB]

Local predictions use po, or Pog.

Non-local predictions use po, UO.

Generalization to an
arbitrary number

of regions

For regions Oq, ...

their causal pasts:

, Op,, assign states using only

Y- (on) (Po)

Por =

Tr [‘I’J—(OI) (f’O)]

) OI:UOi

1€l

for any non-empty subset I C {1,...,n}.

/ / Aol \ 7/ X W, / \
y Qg SN ¥ RS U A Vg ' S G S

Polystate for the collection:

S>

0£IC{1,...,n}

Pron = do;

All predictions (local and non-local)

\ | follow from this decomposition.
i




Bonus: AQFT extension

t A
@ @
P\ e\ /I \ /\
oA 7R\ N e\
‘, \ / \ ,l \ / \
/ \ / \ / \ / \
/ g/ \ / \ / \
/ I\ \ / A\ \
/ \\_/J gy, \y7 \
/
/ o\ V /\ \
/ M\ N 7]\ \
/ / \ I\ / \ \
/ / \ AN / \ \
/ / \ T\ / \ \
/ / \ / \ / \ \
/ / N/ \ / \ \
/ / \ g/ 7! \
/ / \/ \\ \
/ / y \/ \
/ / i\ v \
/ / i\ N \
L e N N A N LN e e AP
0 Past boundary x*

Region of interest A
Region of interest 3

e J(S): causal past of aset S C M.

1. State assignments to regions
Let w be a global state on the algebra A(M) of observables on spacetime M.
For any region O C M, define a (global) state we by

“’(‘I’Tf—(O) (A))
W(WJ-(O) (1)) ,

Here W J—(0) is a completely positive map encoding all operations in the causal past J~(O).

wo(A) = VA€ AM).

we is the global state associated with the information available to O.

In practice, it is used to compute observables of interest in O (or in unions containing O).

2. Analogue of the polystate (two regions)

For two regions, the complete specification of predictions for local and joint observables
is the collection of states

[ ‘PAB = {CUOA, wOB’ wOAUOB}° J

Interpretation:
® we , ¢ all local predictions (expectations) in O 4.
® Wop:
® Wo, Uy | joint predictions and correlations across O4 and Op.

all local predictions (expectations) in Op.

Local predictions use we , or Wy, ; non-local (joint) predictions use We , e, .
This is a family of compatible state assignments, not a state on a single algebra.

3. Generalization to many regions
., O, }, define for any non-empty subset 7 C {1,...,n}
the union O = UieI @;. The polyperspective specification is the family

For a collection of regions {O1, ..

[ Pi..n = {wor}tericn,...,n}. ]

All predictions for observables in any region O follow from we ;.




Summary

The polyperspective formalism extends standard quantum states to include
subsystem-specific information. It provides the minimal extension of the
density-operator formalism required to consistently represent different
informational situations, differentiating clearly between individual and joint
measurements.

Fully predictive and respects ignorance: Incorporates measurement outcomes
and correct statistics while respecting the causal propagation of information.

Covariance and conservation: Respects covariance and resolves prior issues
(e.g., charge conservation, Aharonov-Albert objection).

Natural framework for detector-based measurement theory: Provides a natural
framework for relativistic quantum information protocols and measurement theory.

Extends to quantum field theory: The same construction admits a natural
formulation in QFT through spacetime-dependent completely positive maps.

The problem is not solved by choosing a better update surface; it is solved by
recognizing that a single density operator is insufficient to represent
all relevant informational situations.
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