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ancestral animals that gave rise to Mammalia,
or whether it evolved independently (by con-
vergent evolution) in different groups as their
middle ears became detached fromtheir jaws.

Although their research is a major contri-
bution to the understanding of Haramiyida,
Wang and colleagues’ study will not settle the
debate about the placement and composition
of this group. The striking increase in fossil
discoveries, in particular new specimens from
China, hasfuelled routine revision of the mam-
malian tree of life during the past few years'® 2,
In the end, the lasting impact of Wang and
colleagues’ research will probably lie in their
detailed evaluation of fossiland developmen-
tal morphologies of the middle ear, and the
establishment of new terminology thatis con-
sistent with current evidence. Their work is a
foundational reference for future studies that
provides a framework on which to evaluate
the evolution of the middle ear and new fossil
discoveries.
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Shedding squeezed light

ondark matter

Igor G. Irastorza

Hypothetical particles called axions could constitute

dark matter — the unseen component of the Universe. An
experiment shows how quantum-manipulation technology
canimprove the sensitivity of axion detectors. See p.238

The Universe is filled with an invisible,
unconventional form of matter, whose pres-
ence is betrayed by its gravitational attrac-
tion to ordinary matter. Scientists now have
overwhelming evidence for the existence of
such dark matter at galactic and cosmological
scales. However, none of the known fundamen-
tal particles has the right properties to com-
poseit. Asaresult, the nature of dark matter is
one of the biggest puzzlesin modern physics.
For decades, researchers have struggled and
failed to find signs of particles beyond the
established catalogue. On page 238, Backes
et al.' report an innovative way to accelerate
future searches using quantum-manipulation
techniques.

Among the particles suggested by theorists,
the axion is a favourite for particle hunters?,
Axions were originally proposed? to explain
a somewhat obscure aspect of the current
theory of particle physics, related to the fact
that the dynamics of some particles seem
to be unchanged when the arrow of time is
reversed, contrary to expectation. More excit-
ingly, axions are predicted to have the right
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properties to constitute dark matter. They
would havebeen producedinlarge quantities
after the Big Bang, and would permeate the
Universe and behave exactly like dark matter.

If dark matter is made of axions, we would be
embedded in a vast sea of these particles. An
axion haloscope*is an instrument that looks
for axions in our Galaxy’s dark-matter halo (a
roughly spherical region that extends beyond
the stellar disk). In this device, a resonant
cavity — a hollow metal structure that con-
fines light of a particular frequency called a
resonant frequency — is placed in a strong,
uniform magnetic field. Inside the cavity, a
potential axion can scatter from a quantum
fluctuation of the magnetic field, known as
avirtual photon, and produce a single real
photon that has a frequency proportional
to the axion mass (Fig. 1). If this frequency
matches the resonant frequency of the cavity,
the otherwise negligibly small axion signal will
be amplified.

Even with this amplification, the signal
expected for axions in the most realistic mod-
els of these particles is tiny and often buried
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under the ‘noise’ of the experiment. This noise
has historically come from thermal radia-
tion emitted from the cavity walls, or been
introduced by the sensor technology used.
Lowering the experimental noise is an effective
way to improve the sensitivity to axions. As
aresult, the leading axion haloscopes®” are
cooled to cryogenic temperatures to reduce
thermal emission, and use ultralow-noise sen-
sor technologies. Unfortunately, until now,
physics seemed to pose afundamental barrier
to thisimprovement.

Heisenberg’s uncertainty principle of
quantum physics® states that certain pairs of
properties of a quantum system cannot be
determined simultaneously with unlimited
precision.Such properties are called comple-
mentary variables and include, for example,
position and momentum. The uncertainty is
sometimesreferred to asquantumnoiseand is
presenteveninthe absence of any photons—a
vacuum state. Consequently, quantum noise
representsalimit totheachievable noise level
inaxion haloscopes. Itis already atechnologi-
calfeat that the leading haloscopes reach noise
levels extremely close to this quantum limit.
But Backes and colleagues have now gone one
step beyond the limit using a quantum state
known as a squeezed state.

Squeezed states are specially prepared so
thatone of the propertiesin a pair has reduced
uncertainty. Torespect Heisenberg’s principle,
the complementary variable must then have
larger-than-normal uncertainty. Squeezed
states of light were first produced in the
laboratory in the 1980s°'°. However, their
potential to overcome the quantum limitin
axion searches has been studied only in the
past few years".

In the case of Backes et al., the property
being squeezed is the component of the
quantumnoise that resembles amathematical
curve called asine wave, and the complemen-
tary variablereceiving extra uncertainty isthe
component akinto a cosine wave. Fortunately,
what is won by squeezing the former com-
ponent is much greater than what is lost by
‘unsqueezing’ the latter. Therefore, prepar-
ing the vacuum state in the cavity of an axion
haloscopeinsuch asqueezedstate enablesthe
noise level to be reduced below the quantum
limit.

Backes et al. have now implemented this
conceptinareal axionsearch.Indoingso, they
have proved that delicate quantum-manipu-
lation technology is compatible with the envi-
ronment of suchasearch. The authors report
that a given region of axion parameter space
(aplot of the axion—photon coupling versus
the axion mass) can be explored in half the
time when squeezing is included compared
withwhenitis not.

This improvement might seem relatively
modest, but it paves the way for further
leaps forward in sensitivity. In principle,
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Figure 1| Operation of an axion haloscope. Axions are hypothetical particles that could make up dark
matter, the ‘missing’ mass in the Universe. Such particles might be detected using a device called an axion
haloscope, which consists of a hollow metal structure known as a resonant cavity, embedded in a strong,
uniform magnetic field. A potential axion can enter the cavity and interact with a virtual photon (a quantum
fluctuation of the magnetic field) to generate a real photon. The resulting signal could then be detected as an
excess of power in the cavity at the photon frequency, which is proportional to the axion mass. Backes et al.!
demonstrate how the detection of such a signal can be improved using quantum technology (not shown).

arbitrarily large enhancements are possible,
depending on the quality of the squeezing.
Advances inthis areaare continuous, pushed
by developments in quantum-informa-
tion technologies. Therefore, improved

squeezingis just around the corner.

Backes and colleagues’ work is the first
step towards quantum-enhanced particle
searches. In the past few years, axions have
attractedincreased attention, in part because

experiments worldwide are reaching sufficient
technological maturity to start probing
realistic axion candidates, although admit-
tedly only marginally so far. The authors’ result
will certainly influence future searches, pro-
viding aboostinsensitivity that will be crucial
for testing the hypothesis that dark matter is
made of axions. Therefore, the work will help
to shed light (in this case, squeezed light)
on one of the biggest mysteries in modern
science.
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