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Much can be learned about hypothetical particles called axions by studying the evolution of massive
stars.
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In the cosmos, the most-weakly-interacting particles
may have the strongest presence. Dark matter particles
are estimated to constitute more than 80% of the matter in the Universe, but are so weakly interacting with
other matter that physicists have been unable to figure
out what they are. Likewise, neutrinos are the most difficult to detect of the known particles, yet they are known
to dominate the late stages of a star’s evolution and likely
drive the supernova explosion that follows the core collapse of a dying massive star.
Within this particle landscape is the axion, a hypothetical spin-zero boson with very small mass that is considered a strong contender for dark matter [1–4]. Axions
have never been detected, but the theory that describes
them predicts they are created when photons interact
with magnetic fields or electric charges—a condition overwhelmingly met in stars. Since this process would drain
energy from stars, astrophysicists can observe the evolution of stars to place bounds on the axion production rate
[5]. In Physical Review Letters, Alexander Friedland of
Los Alamos National Laboratory, New Mexico, and colleagues use this argument to provide the strongest upper
limit to date on the strength of the interaction between
axions and electromagnetic fields [6]. Their results provide feedback into theoretical models of axions and can
be used to assess the sensitivity of axion detectors. On
another level, their work highlights the role of stars as
particle-physics laboratories, complementary to those on
Earth.
At the beginning of its life, a star like our Sun burns hydrogen. The more massive a star is, the brighter it shines
and the hotter its surface. This relationship is captured
in the Hertzsprung-Russell (HR) diagram (see Fig. 1),
which plots the brightness of known stars on the vertical
axis and their surface temperatures (or color) on the horizontal axis. On such a plot, hydrogen-burning stars fall
along the “main sequence.” After hydrogen is used up,
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helium burning takes over in the center, hydrogen burns
in a shell, and the stellar envelope expands: the star ends
up in the red-giant region of the diagram with a colder
surface temperature (red color). Normally, it is at this
point that a massive star would begin its “blue loop,” a
short phase of contraction and re-expansion at the end
of helium burning that takes the star horizontally across
the HR diagram toward a hotter surface (blue color) and
back (Fig. 1). Based on a numerical analysis of these
evolution sequences, Friedland et al. show that, if the
photon-axion coupling were sufficiently strong, excessive
axion losses would prevent stars in the range between 8
and 12 solar masses from following this trajectory, which
would contradict a range of astronomical observation.
The authors show that the very existence of the blueloop phase puts a severe limit on the strength of the
axion-photon coupling. Generically, axions should decay
into two photons, although at an extremely low rate. The
same interaction also means an axion could convert into
a photon (or the other way round) in the presence of
electric or magnetic fields—the latter playing the role
of one of the two decay photons. As a result, thermal
photons in the hot plasma within a star could convert
to axions in the fluctuating electric fields provided by
charged particles. It is this process that produces axions
in stars and efficiently drains energy, provided the axionphoton coupling is sufficiently strong.
Friedland et al.’s work complements other tests of the
hypothesis that axions are abundantly produced in stars.
For example, following decades of successfully observing
solar neutrinos, researchers have also tried to detect axions directly from the Sun. The search for solar axions
began at Brookhaven National Laboratory in the US and
the University of Tokyo, but the largest “axion helioscope” is CERN’s Axion Solar Telescope (CAST), which
has taken data since 2003 [7]. CAST consists of one of
the Large Hadron Collider’s decommissioned superconc 2013 American Physical Society
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FIG. 1: This Hertzsprung-Russell (HR) diagram shows stellar populations ordered according to brightness (vertical axis)
and surface temperature or color (horizontal axis). Different types of stars populate characteristic regions in this diagram and a few specific nearby stars are indicated here.
The “main sequence” consists of hydrogen-burning stars like
our Sun, whose brightness and color depend on stellar mass.
Red giants are stars in advanced burning phases, notably the
helium-burning phase. At the end of this phase they execute a well-established “blue loop” of brief contraction and
re-expansion (white line with arrows). According to Friedland et al., this behavior would be suppressed by excessive
emission of the hypothetical axions. (Diagram, ESO; White
line overlay, APS/Alan Stonebraker)

ducting prototype magnets, which is oriented toward the
Sun and designed to look for x rays that would arise from
solar axions turning into photons as they travel 10 meters
down the magnet bores. This conversion would reverse
the original production process of axions from photons in
the Sun. CAST has not found a signal, though Friedland
et al.’s new blue-loop bound on the axion-photon coupling shows that CAST was not sensitive enough. The
International Axion Observatory (IAXO), which is currently in the design phase, will be a much bigger helioscope and have a sensitivity far exceeding CAST or the
new blue-loop limit [8].
Neutrino astronomy is another powerful tool with
which to learn about axions. When a star collapses, it
emits a huge amount of energy in the form of a short
burst of neutrinos. If axions were produced in nucleon
interactions, they would carry away some of this energy
and shorten the neutrino burst. On 23 February 1987,
astrophysicists observed about two-dozen neutrinos over
10 seconds from supernova SN 1987A. The duration and
strength of this burst agreed well with what was expected, suggesting that not too much energy could have
been produced in the form of axions [5]. Several multiDOI: 10.1103/Physics.6.14
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purpose neutrino megadetectors are in operation worldwide; proposals for others that would register a highstatistics neutrino signal from a galactic supernova (expected to occur every few decades) are under consideration. Besides learning about the astrophysics of core
collapse and the properties of neutrinos, these detectors
could validate and improve upon the axion limits obtained from observing SN 1987A.
The SN 1987A bound is, however, not restrictive
enough to say that axions don’t strongly affect the cooling of neutron stars. Moreover, if axions interact with
electrons (which is quite possible, but not required by
current theories) they could also noticeably impact the
evolution of other stars than the ones considered by
Friedland et al. There exist some indications that white
dwarfs—stellar remnants too light to become a neutron
star—might be cooling faster than expected by standard
processes alone, an effect that could be attributed to axion emission. This hypothesis certainly remains speculative for now, but could be tested with the IAXO project
by looking for solar axions [8]. It could also be tested
with more careful studies of globular cluster stars that
are currently under way at the Pontifical Catholic University in Chile, using modern astronomical data.
The biggest prize would be to not only detect axions
but to identify them as dark matter. If axions are the
particles that make up dark matter, it would mean their
interactions are too feeble for stars to produce them efficiently but strong enough that they could emerge from
the early Universe in just the right amount to account
for all the observed dark matter. Friedland et al.’s result,
which sets an upper limit on axion-photon interactions,
leaves this possibility open. Moreover, if axions are the
dark matter, they must be streaming through our laboratories in large numbers. Axion dark matter experiments,
like the CAST helioscope, look for the axions’ predicted
conversion into photons in the presence of a magnetic
field [9]. A vastly improved version of the Axion Dark
Matter eXperiment (ADMX) is being commissioned at
the University of Washington, Seattle. It uses a highquality microwave cavity in a 10-Tesla magnetic field as
a conversion volume and a novel, nearly quantum-limited
microwave amplifier [10]. Associated developments are
being pursued at Yale, while researchers at DESY in
Hamburg and at the Max Planck Institute for Physics
in Munich [11] are working on new ideas to search for
axion dark matter.
The search for axions and their particle relatives remains a showcase example of the power of the “heavenly
laboratories” to learn about particle-physics conjectures.
Friedland et al.’s new argument provides another beautiful case in point. The next generation experiments could
still turn up solar axions. The new round of axion dark
matter searches are poised to find them, if indeed they
are the main stuff making up our universe.
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