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But so far, that hasn’t been possible. “I don’t 
know,” he sighs. “There’s a missing element.”

Hints as to what that might be are 
coming from work by Flavio Mercati at the 
University of Burgos in Spain and Giovanni 
Amelino-Camelia at the University of Naples 
Federico II in Italy. Their research seems 
to suggest that by exchanging quantum 
information, observers can create a shared 
reality, even if it isn’t there from the start. 

The duo were inspired by research carried 
out in 2016 by Markus Müller and Philipp 
Höhn, both then at the Perimeter Institute in 
Waterloo, Canada, who imagined a scenario 
in which two people, Alice and Bob, send each 
other quantum particles in a particular state of 
“spin”. Spin is a quantum property that can be 
likened to an arrow that can point up or down 
along each of the three spatial axes. Alice sends 
Bob a particle and Bob has to figure out its spin; 
then Bob prepares a new particle with the same 
spin and sends it back to Alice, who confirms 
that he got it right. The twist is that Alice and 
Bob don’t know the relative orientation of 
their reference frames: one’s x-axis could 
be the other’s y-axis.

If Alice sends Bob just one particle, he will 
never be able to decode the spin. Sometimes 
in physics, two variables are connected in such 
a way that if you measure one precisely, the 
other no longer exists in a definite state. This 
tricky problem, known as the Heisenberg 
uncertainty principle, applies to particles’ 
spin along different axes. So if Bob wants to 
measure spin along what he thinks is Alice’s 
x-axis, he has to take a wild guess as to which 
axis that really is – if he is wrong, he erases 
all the information. The pair can get around 
this, however, if they exchange lots of 
particles. Alice can tell Bob, “I’m sending you 
100 particles that are all spin ‘up’ along the 
x-axis.” As Bob measures more and more of 
them, he can begin to work out the relative 
orientation of their reference frames.

Here is where it gets interesting. Müller 
and Höhn realised that, in doing all this, 
Alice and Bob automatically derive the 
equations that enable you to translate the 
view from one perspective to another in 
Einstein’s special relativity. We tend to think 
of space-time as the pre-existing structure 
through which observers communicate. 
But Müller and Höhn flipped the story. Start 

travel through two slits in a grating at once. 
“We see that, relative to the electron, it is the 
slits themselves that are in a superposition,” 
says Pienaar. “To me, that’s just wonderful.” 
While that might all sound like mere 
theorising, one thing that gives Brukner’s ideas 
credence is that they have already helped solve 
an intractable problem relating to quantum 
communication (see “Flying qubits”, left).

Quantum reference frames do have an 
Achilles’ heel though, albeit one that might 
ultimately point us to a deeper appreciation 
of reality. It comes in the form of “Wigner’s 
friend”, a thought experiment dreamed up in 
the 1950s by physicist Eugene Wigner. It adds 
a mind-bending twist to Schrödinger’s puzzle. 

Faced with the usual set-up, Wigner’s 
friend opens the box and finds, say, that 
the cat is alive. But what if Wigner himself 
stands outside the lab door? In his reference 
frame, the cat is still in a superposition of 
alive and dead, only now it is entangled with 
the friend, who is in a superposition of having-
seen-an-alive-cat and having-seen-a-dead-cat. 
Wigner’s description of the cat and the friend’s 
description of it are mutually exclusive, but 
according to quantum theory they are both 
right. It is a deep paradox that seems to 
reveal a splintered reality.

Brukner’s rules are no help here. We can’t 
hop from one side of the Heisenberg cut to 
the other because the two people are using 
different cuts. The friend has the cut between 
herself and the box; Wigner has it between 
himself and the lab. They aren’t staring at 
each other from across the classical-quantum 
divide. They aren’t looking at one another at 
all. “My colleagues and I were hoping that the 
Wigner’s friend situation could be rephrased  
in quantum reference frames,” says Brukner. 
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 Alice and Bob’s 
communication 
may forge the 
structure of 
space-time
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with observers sending messages, and you 
can derive space-time.

For Mercati and Amelino-Camelia, 
who first came across the work a few years 
ago, that flip was a light-bulb moment. It 
raised a key question that turns out to have 
a crucial bearing on Brukner’s work: are 
Alice and Bob learning about a pre-existing 
space-time or is the space-time emerging 
as they communicate?

Make some space
There are two ways in which the latter could 
play out. The first has to do with the trade-off 
in quantum mechanics between information 
and energy. “To gain information about a 
quantum system you have to pay energy,” says 
Mercati. Every time Bob chooses the correct 
axis, he loses a bit of energy; when he chooses 
wrong and erases Alice’s information, he gains 
some. Because the curvature of space-time 
depends on the energy present, when Bob 
measures his relative orientation he also 
ends up changing the orientation a tiny bit. 

There could be a more profound sense 
in which quantum communication creates 
space-time. This comes into play if space 
is what’s called “non-commutative”. If you 
want to arrive at a point on a normal map, it 
doesn’t matter in which order you specify 
the coordinates. You can go over five and up 
two; or up two and over five – either way you 
will land on the same spot. But if the laws of 
quantum mechanics apply to space-time itself, 
this might not be true. In the same way that 
knowing a particle’s position prevents you 
from measuring its momentum, going over 

five might prevent you from going up two. 
Mercati and Amelino-Camelia say that 

if space-time does work in this way, Alice 
and Bob’s attempts to find out their relative 
orientation wouldn’t merely uncover the 
structure of space-time, they would actively 
forge it. The choices they make as to which 
axes to measure would alter the very thing 
their communication was meant to reveal. 
The pair have also devised a way to test 
whether this is really the case (see “Does 
space-time commute?”, left). 

All this work points towards a startling 
conclusion: that as people exchange 
quantum information, they are collaborating 
to construct their mutual reality. It means that 
if we simply look at space and time from one 
perspective, not only do we miss its full beauty, 
but there might not be any deeper shared 
reality. For Mercati and Amelino-Camelia, 
one observer does not a space-time make. 

That leads us back to the Wigner’s friend 
paradox that flummoxed Brukner. In his work, 
observers can be treated as having perspectives 
on the same reality only when they are gazing 
at one another from across the Heisenberg cut. 
Or, put another way, only when it is possible for 
them to communicate, which is precisely what 
Wigner and his friend can’t do. Perhaps this is 
telling us that until two people interact, they 
don’t share the same reality – because it is 
communication itself that creates it.  ❚

Amanda Gefter is a science 
writer based in Massachusetts. 
She is the author of Trespassing 
on Einstein’s Lawn
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In ordinary space, it isn’t the 
journey that matters so much as 
the destination. If you’re trying to 
arrive at a given place, it makes 
no difference whether you head 
5 kilometres south and then 
3 kilometres west, or vice-versa. 
That is because the coordinates 
“commute”; they get you to the 
same spot regardless of the order. 

At very small scales to which 
quantum theory applies, this 
might not be true. In quantum 
theory, measuring a particle’s 
position erases information 
about its momentum. Similarly, 
it could be that the order in which 
movements are made could affect 
the structure of space. If this is so, 
it makes no sense to talk about 
space-time as a fixed arena.

Physicists Flavio Mercati 
and Giovanni Amelino-Camelia 
think they have a way to find out 
whether space-time commutes. 
They were inspired by research 
that imagined two people 
exchanging quantum particles 
and measuring their properties to 
deduce their relative orientation 
(see main story). What would 
happen, Mercati and Amelino-
Camelia asked, if this game 
were played for real?

As the people exchange 
more and more particles, their 
uncertainty about their orientation 
should decrease. But will it ever 
get to zero? In ordinary space-
time, it will. But if space-time 
is non-commutative, some 
uncertainty will always remain, 
since their orientation is ever 
so slightly rewritten with each 
measurement. The pair might have 
to exchange trillions of particles 
before we will have an answer – 
but Mercati thinks it is worth a try. 

Does  
space-time 
commute?


