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The mystery of time’s arrow

Quantum demons defying the laws of physics

Why does time move forwards? The 2nd law of
thermodynamics says that any system will probably move
from order to disorder, giving time its forwards arrow.
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For example, eggs go from a yolk and a white to a
scrambled egg, and not the reverse, because there are lots
more ways the egg particles can be arranged to be mixed
(disordered) than a yolk and white (ordered).
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• A hypothetical “demon” can extract
useful, ordered energy (work) from
disordered mixed qubits – like extracting
an ordered yolk and white from a
scrambled egg. This seems to defy the 2nd
law of thermodynamics!
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• However, the demon needs to store
information about the mixed qubit in its
memory. A blank memory corresponds to
a pure qubit, and a full memory to a
mixed qubit.
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Figure 1: The standard type of irreversibility.

But this type of irreversibility is probabilistic and only works
for large scales. On a microscopic or quantum scale, the laws
of physics are completely reversible, hence symmetric with
time. The standard arrow of time is an approximation!

• To extract work from a new mixed qubit,
Figure 3: A demon could extract useful work from mixed the demon’s memory must be erased
from a mixed to a pure state. This requires
qubits by storing information in its memory.
work, which balances the work extracted
by the demon, saving the 2nd law.

Wiping a demon’s memory - again
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Is there an exact irreversibility that works at all
scales?
Or is time’s arrow inherently approximate?
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A new type of irreversibility
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A new type of irreversibility was recently proposed,
whereby a transformation is possible (
), and the inverse
transformation is not possible ( ), even with reversible
laws of physics.
A transformation is defined to be possible if it could be
performed by some entity that retains the ability to
perform the transformation again: a catalyst. For
instance, a whisk is a catalyst for mixing eggs, because it is
reusable, so mixing eggs is possible.
This irreversibility is exact and works at all scales:
The fundamental units of quantum information are qubits.
They have two types: undisturbed, pure states (like a yolk
and white), and noisy mixed states (like a mixed egg).
Pure qubits are a rare and precious resource, essential for
tasks such as quantum computation.

Figure 4: Erasing a demon’s memory from a mixed state
to a pure state may have an additional cost.

To repeatedly and reliably erase the demon’s memory, we need a catalyst for transforming a
qubit from a mixed to a pure state. But my research shows that such a catalyst may not exist,
even though a catalyst exists for the reverse (pure to mixed) transformation. There could
therefore be an additional constraint on the resources required to repeatedly purify the
quantum demon’s memory:
The new type of exact, quantum irreversibility could mean there is an additional
cost to repeatedly erasing quantum information.

The future of quantum machines
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Characterising an additional cost to quantum
erasure could help optimise future quantum
technologies, from quantum computers to
programmable nanomachines.
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There is a catalyst for transforming pure qubits to mixed qubits
but there is not necessarily one for the reverse process.
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An exact, scale-independent irreversibility
that is compatible with the reversible
quantum laws would also have profound
implications for the foundations of physics,
revealing whether the arrow of time is exact
or an approximation.

Figure 5: Classical computers need blank bits, and
quantum computers need pure qubits.

Impossible?
Figure 2: There exists a “quantum whisk” for the pure-to-mixed
transformation, but not necessarily for mixed-to-pure..

Exploring a new approach to irreversibility could help us both answer
age-old fundamental questions about time, and design the
transformative quantum technologies of the future.

