Sending Signals to Space-Like Separated Regions
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Two recent works suggest a possibility of sending signals to a space-like separated region,
contrary to the spirit of special relativity. In the first work (J. Grunhaus, S. Popescu, and D. Rohrlich,
Phys. Rev. A 53, 3781 (1996)) it has been shown that sending signals to a particular union of
space-like separated regions cannot cause causality paradoxes. Another work (Y. Aharonov and
L. Vaidman, Phys. Rev. A 61, 052108 (2000)) showed that the relative phase of the quantum
superposition of a particle at two separate locations can be measured locally. Together with the
possibility of changing the relative phase in a nonlocal way using the potential effect we, apparently,
have a method of sending signals to space-like separated regions. These arguments are critically

analyzed in this paper.
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I. Introduction

Consider three space-like separated regions 4, B
and O, Figure 1. Assume that we are in O and we
want to send a signal to 4 and B. Obviously we can
send the signal neither to A nor to B. If we can, it
will mean that in some Lorentz frame the signal is
received before it was sent. Such a causality paradox
is so robust that it has no right to be considered even
in a conference on paradoxes.

But let us ask this Iess trivial question: is it possible
to send the signal from O to the union of regions
A U B? Let us spell out what we mean by that. Can
we make an operation in O which will lead to an
observable change in AU B? An observer in A alone
as well as an observer in B alone will not be able to
observe the change, but the information they both get
does represent the change. Any local observer might
know it only after the information from the other site
will reach him, but these pieces of information are
created and irreversibly recorded in A and B.

The simplest implementation of this situation is the
creation of a random bit in A and another random bit
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Fig. 1. A space-time diagram of space-like separated
regions A, B, and O. Sending signals from O to AUB
is considered.

in B. Since the bits are “random”, changing them does
not change the information each of them contains:
random bits contain no information. However, these
bits might be correlated or anti-correlated. The parity
of these bits is the information which is stored in the
union AUB. This information might exist in the union
even when no information is contained in A and B
separately.

Sending signals of this kind from O to AU B does
not lead to causality paradoxes: there is no Lorentz
frame in which the signal is arrived before it was sent.
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In every frame the signal has sent before some part
of the information encoding the arrived signal was
actualized.

Recently, Grunhaus, Popescu, and Rohrlich ana-
lyzed a similar situation [1]. They considered a “jam-
ming of nonlocal quantum correlations”. This “jam-
ming” is exactly this kind of producing an observable
change in the union of space-like separated regions.
They derived a simple criterion for jamming which
does not lead to causality paradoxes: the overlap of
the future cones of A and B has to be inside the future
cone of O, the region of the operation of the jammer.
The regions 4, B and O, shown in Fig. 1, obviously
fulfill this criterion.

Quantum theory does allow some kind of an in-
stantaneous change. If we have an EPR pair of spin—%
particles, one located in A and another located in B,
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then the spin measurement in B will change the state
of the spin in A from a mixture to a pure state. How-
ever, the information content of A is not changed.
The pure state which is created cannot be fixed at 5.
What is fixed is the choice between two states: one of
them is created at random. Thus, by the operation at
B, a statistical mixture is created out of the quantum
mixture at A. But the information content of this sta-
tistical mixture is equal to the information content of
the quantum mixture (it is zero, for the EPR case).

So the question is: “Can we, in the framework of
quantum theory, make an observable change in the
union A U B?” If we can, it will not lead to any
causality paradox. Still, it will be somewhat paradox-
ical, since the spirit of special relativity tells us that
there should be no “action at a distance”, i. e., one can-
not cause a change in a space-like separated region.
The change discussed in the preceding paragraph is
not so problematic. In the framework of the many-
worlds interpretation there is no change at all: the
statistical mixture in a particular world corresponds
to the quantum mixture in the context of the quantum
state of the Universe. Performing the spin measure-
ment in B on a particle from the EPR pair will not
change anything about the particle in A: it will remain
to be in a mixed quantum state. The change in the cor-
relation in the union A U B we discuss here is of a
different type: there is no interpretation according to
which no change takes place.

Our recent work on the non-locality of a quantum
wave [2] might suggest that, nevertheless, the quan-
tum theory does allow transmission of such signals.
We have found that a quantum wave of a single boson
in a superposition of being in A and B leads to the
EPR-type correlations between the two sites. These
correlations are governed by the relative phase be-
tween the two parts in the superposition. But this rel-
ative phase can be changed in a non-local way through
a potential effect such as the Aharonov-Bohm effect.
The effect can be generated by action in a space-like
separated region O. Therefore, it seems that one can
cause an observable change in the union of space-like
separated regions!

In the next section we describe the framework in
which the measurements of a quantum wave are con-
sidered. Section III describes a gedanken experiment
performed on a single photon. Section IV describes
a proposal for a realistic experiment performed on
a single photon and discusses the general structure
of this method. Section V describes the application of
the method for a single charged boson. Section VI an-
alyzes the changing of the relative phase of the quan-
tum state of the boson and, finally, in Section VII the
paradox is resolved.

II. The Framework of the Analysis

We consider a quantum wave which is an equal-
weights superposition of two localized wave packets
in two separate locations:

) = \—}2—<la> ¥ by, @)

We will analyze various simultaneous (in a particular
Lorentz frame) measurements performed in these two
locations; see Figure 2. We will denote by 4 and B
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Fig. 2. Space-time diagram of the measurements per-
formed on the quantum wave (2).






