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Abstract

In quantum measurement theory, the wavefunction
collapse is traditionally viewed as an instantaneous
event across all of space. This raises concerns about
its compatibility with the principles of relativity. We
demonstrate that this longstanding issue can be
resolved positively. We develop a simple covariant
formalism for quantum measurements and the
associated wavefunction collapses.



The Problem & Solution

Collapse Relativistic Covariance:
» No problem at the level of physical predictions.

» But wavefunction collapse is superluminal:
instantaneous across the whole space.

The covariance of relativistic quantum theories resides
exclusively in the experimental probabilities, and not in
the underlying quantum states (Aharonov&Albert 1981).

Still, | argue for Covariance of Collapse:

» Collapse knows no reference frame.
» Outcome a is available in the forward lightcone.

» Postmeasurement state j|, and probability of
outcome a are both encoded in hybrid state

p(a) = p(a)pls -



Measurement

Kraus operators f((a): >, RT(a)R(a) —
Kraus superoperator: K(a)p = K(a)pKT
= fla= —K(a)p
p p a p(a) p

p(a) = tr(K(a)p)

Same in hybrid formalism (D. 2014):

p = K(a)h= j(a)
N .C)]
Pl = p(a)

p(a) = tri(a)



| ocal Measurement

Interaction picture

Initial state p.

Space-time location x = (t, r)

Attribute x to Kraus operators and outcomes:

ZKT ay, X K(ax,x) — 1

scalars, for simplicity
(aX,X)p = K(ax;x)pKT(aX; x)
Local measurement in hybrid formalism:
p = K(ax; x)p = p(ax)
Remember starting observations:
» Collapse knows no reference frame.
» a, is available in forward lightcone of x.



| ocal Measurement Covariant Form

\ /(Clx) ' D(ay)
X 6 M

N p x=<X
Pr=9 play) x+=X

Remember interpretation:

ﬁ(aX)
p(ax)
plax) = trp(ax)
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Two Local Measurements

K(ax;x1)p = p(ax)
post-meas’ states K(ax,; x2)p = p(ay,)
TK(ax; x1)K(ax,; x2)p = p(ax,; ax,)
N playax)
dx, ax,
x1, Xo spacelike: p(ax,ax)
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x1 < xo timelike:




Multiple Local Measurements Cov’ Form

State evolution under multiple local measurements
at discrete locations {x} = {x1, %, ... }:

pr,({axix<Xr}) =T (H K(ay; X)) p

= 1 T Rem)etfncx <2

Y p=x<Y;

Remember: ﬁ({ax})

et = oa )
p{ad) = wril{a})




Nonlocal Measurement
R(BXIXZ,Xl,XQ) : function of op's at both x;&x;
post-meas’ state: K(ayx,; X1,%2)0=(ax.x,)

X1, X» spacelike:




Nonlocal Measurement Covariant Form

Post-measurement state: KC(axx,; X1, %2)p = P(axx,)
Vertex vy, x,: apex of narrowest backward lightcone

containing both x;&x;

ﬁ (Z < X17X2)
. ) depends on K-details (X A x1,x0; X < Vyx,)
oz = Zaxlx2 ﬁ(axle) (X xp <X < VX1X2)
ﬁ(axl)Q) (VX1X2 = Z)



Field Measurement Covariant Form

x = domain g

Vx = Vg apex of
narrowest backward
lightcone containing

domain g

K(ag: g)p = pag)

post-meas’ state
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Summary: Key to Covariance
t

)

non-relativistic relativistic
Covariance of collapse:
A p x=<X
pz_{ﬁ(ax) X3
» Collapse does not happen in a specific frame.
» Outcome a is available in the forward lightcone.
» Hybrid state p(a) = p(a)p|, encodes both
quantum state and outcome’s probability



