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PHYSICS

Axion dark matter: What is it and why now?

Francesca Chadha-Day'#, John Ellis>***, David J. E. Marsh>*

The axion has emerged in recent years as a leading particle candidate to provide the mysterious dark matter in the
cosmos, as we review here for a general scientific audience. We describe first the historical roots of the axion in the
Standard Model of particle physics and the problem of charge-parity invariance of the strong nuclear force. We
then discuss how the axion emerges as a dark matter candidate and how it is produced in the early universe. The
symmetry properties of the axion dictate the form of its interactions with ordinary matter. Astrophysical consider-
ations restrict the particle mass and interaction strengths to a limited range, which facilitates the planning of
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experiments to detect the axion. A companion review discusses the exciting prospect that the axion could be

detected in the near term in the laboratory.

INTRODUCTION

The Standard Model of particle physics provides a successful
description of the visible matter in the universe, from stars to the
inner workings of atoms and nuclei. It categorizes the fundamental
constituents of matter, the quarks and leptons, and the electromag-
netic, weak and strong nuclear forces between them. The Standard
Model is a mathematically consistent quantum field theory that
allows theorists to calculate accurate predictions, which have, in
many cases, been verified experimentally with a precision below the
per mil level at the Large Hadron Collider (LHC) and other particle
accelerators. The crowning success of the Standard Model was the
discovery of the Higgs boson in 2012 (I, 2), a particle of a previously
unknown type whose existence was predicted in 1964 (3) to solve
theoretical problems associated with the masses of vector bosons
[see also (4)]. Precise experimental measurements in the decades
preceding 2010 verified many other predictions of the Standard
Model, including the existence and mass of the top quark. They also
confirmed the necessity of the Higgs boson and enabled its mass
to be estimated numerically. Following its discovery, experiments
have confirmed that it has zero spin, unlike any fundamental
particle known previously, and interactions with other particles
that are proportional to their masses, as predicted by the Standard
Model.

Despite these manifold successes, particle physicists are restless
and dissatisfied with the Standard Model because it has many
theoretical shortcomings and leaves many pressing experimental
questions unanswered. Here, we review the axion (5-7), a hypothet-
ical particle beyond the Standard Model that addresses some of
these unresolved issues and is the focus of growing experi-
mental interest.

One of these issues is how matter and antimatter are (and are
not) distinguished at the level of fundamental particles. For each
matter particle in the Standard Model, special relativity and quantum
mechanics require (8) the existence of a corresponding antimatter
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particle with identical mass and spin but opposite charge. Uncharged
particles such as photons may be their own antiparticles. The existence
of every antiparticle in the Standard Model has been confirmed
experimentally by observing their production in the collisions of or-
dinary particles. However, astrophysical and cosmological obser-
vations tell us that most of the visible material in the universe is
composed of the same matter particles as us on Earth and that there
are no large concentrations of antimatter. This cosmological matter-
antimatter asymmetry is thought to be because of differences in
the interactions of elementary particles and antiparticles (9),
which violate certain symmetries that distinguish particle from
antiparticle. These are charge conjugation (denoted by C) and its
combination with parity reversal (denoted by P; also known as
spatial inversion symmetry). A form of CP violation was found in
the laboratory over 50 years ago (10), and by now, it has been
observed in many decays via the weak interactions. These observa-
tions can be accommodated within the Standard Model with six
quarks (11), albeit without a profound explanation. However, this
Standard Model mechanism is insufficient to explain the cosmological
matter-antimatter asymmetry, and, moreover, it is a puzzle that CP
violation does not appear also in the strong nuclear interaction:
This is known as the “strong CP problem.” As we discuss below, this
puzzle could be resolved via the hypothetical axion particle. In this
review, we reserve the term “axion” for the particle arising from the
solution to the strong CP problem described below, also known as
the “QCD axion” (quantum chromodynamics axion). This will
be the main topic of this review. We will also touch briefly on
“axion-like particles” (ALPs), which do not solve the strong CP
problem. As a result, the properties of ALPs are less theoretically
constrained.

The failure to explain the cosmological matter-antimatter asym-
metry and the CP symmetry of the strong force are just two of the
Standard Model’s failures to describe the universe. Some might
regard them as “cosmetic” problems since they could be solved by
fiat within the context of the Standard Model. There is, however, a
much more pressing existential problem.

Multiple astronomical observations tell us that the visible matter
described by the Standard Model provides just a small part of the
total density of the universe. There is much more invisible “dark
matter” (DM) out there (12) that remains to be explained. This is
gross inadequacy of the Standard Model since the DM cannot be
explained without appealing to substantial amounts of new physics.

10f19

2202 ‘60 Yore |\l Uo Weynd 1o AlsiBAIuN e 610°80us 105" MMM//ST1IY LWoJ | papeo umoq


mailto:francesca.chadha-day@durham.ac.uk
mailto:john.ellis@cern.ch
mailto:john.ellis@cern.ch
mailto:david.j.marsh@kcl.ac.uk

SCIENCE ADVANCES | REVIEW

The existence of DM is inferred from its gravitational effects, and
astrophysical observations suggest that it is “cold,” i.e., it has been
moving very slowly for much of the history of the universe, and
there are experimental upper limits on how strongly it interacts with
the visible matter. Moreover, the agreement between independent
cosmological observations [including galaxy clustering and the tem-
perature anisotropies in the cosmic microwave background (CMB)
radiation (13)] and the corresponding theory of structure forma-
tion also tells us that DM must have been present since early in the
history of the universe, a year or so after the Big Bang or even earlier.
Jim Peebles’ share of the 2019 Nobel Prize in Physics was for the
theory of cosmological structure formation behind this under-
standing and the evidence it provides for the existence of cold DM
(14). Beyond these basic facts relating to the temperature and
longevity of the DM, we have very little information about its nature
and properties.

It may well consist of one or more types of fundamental particle,
although part or all of it might consist of macroscopic lumps of
some invisible form of matter such as black holes. The axion has
become one of the prime particle candidates for providing DM.

Historically, the first type of particle DM that was suggested was
some sort of weakly interacting massive particle (WIMP) such as a
massive neutrino. Minimal versions of this hypothesis within the
Standard Model were excluded experimentally, leading particle
theorists to consider possible candidates in extensions of the
Standard Model, e.g., based on supersymmetry (15). However, this
is not the only possibility. If the DM particle is a low-mass boson,
then it may populate the universe in a coherent wave-like state that
is also slow-moving and, hence, cold. The axion is the prototype for
such wave-like DM.

For many years following the proposals of the axion and WIMP
in the late 1970s, axion DM was a minority interest among particle
physicists, who were mainly focused on high-energy collider physics.
Their primary motivation was the search for the Higgs boson, but
WIMP searches were also an important consideration that could
often be pursued in parallel with the Higgs search. The search for
the Higgs boson culminated in its discovery at the LHC in 2012, but
WIMP searches at the LHC and elsewhere (16) have proved fruit-
less so far. These two developments have contributed to growing
theoretical and experimental interest in the axion. On the one hand, the
Higgs is an existence proof for an apparently elementary spin-zero
boson undergoing spontaneous symmetry breaking, something that
was somewhat controversial and unknown previously. This proof
of principle invalidated one possible theoretical prejudice against
the existence of the axion, which shares these properties with the
Higgs. Perhaps, the nonappearance of any WIMP at the LHC and in
other direct searches has diminished enthusiasm for that candidate
for particle DM, although some hope still springs eternal. In parallel,
there has been growing realization that ALPs appear quite generi-
cally in extensions of the Standard Model, e.g., those with their
roots in string theory (see Fig. 1). For these reasons, the axion has
now become a favored theoretical candidate for DM, motivating
this review.

A companion article reviews the prospects for axion and ALP
searches driven by experimental and technological advances at the
so-called “precision frontier” of particle physics. These advances
make axion DM a viable candidate for discovery, which until
recently appeared impossible, and are important factors driving the
growing interest in the field.
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Fig. 1. Many extensions of the Standard Model predict additional massive
bosons, beyond the W, Z, and Higgs bosons of the Standard Model. They
might be scalar (even under both P and CP transformations), pseudo-scalar (odd
under both P and CP), or vector particles. The prototype for a pseudo-scalar boson
is the axion, which is “ultralight” with mass m < 1 eV. Other proposals include
pseudo-scalar ALPs, hidden photons, and scalar particles such as moduli and
dilatons. Any of these might provide the astrophysical DM.

What is known about DM?

* Cosmic density [strong evidence: CMB anisotropies (73)]. Expressed as a
fraction of the total density of the universe, DM makes up 26% of the
universe, compared to 6% in ordinary matter and 68% in vacuum energy.

¢ Local density (strong evidence: Milky Way stellar motions). The local den-
sity of DM is around 0.3 to 0.4 GeV cm ™3, equivalent to one proton every
few cubic centimeters or one solar mass per cubic lightyear. The density
is measured, on average, over a relatively large fraction of the galaxy. The
actual density at the precise location of Earth could be substantially dif-
ferent. This is particularly relevant to axions, as discussed below. The local
density is around 10° times the average cosmic density.

Local velocity dispersion (strong evidence: Milky Way stellar motions).
The velocity dispersion of DM is around o, = 200kms™", and our local
motion with respect to the galactic rest frame is in the direction of the
constellation Cygnus.

No preferred galactic length scale (strong evidence: galaxy clustering
and evolution). DM must be nonrelativistic (v ~ ¢ would allow DM to
move significant distances during galaxy formation) and have negligible
pressure (which would imprint sound waves during galaxy formation).
This discounts standard model neutrinos and other “hot” or “warm”
DM. For bosons, the de Broglie wavelength (which can be modeled as an
effective pressure) must be small compared to the galaxy clustering
scale.

Early appearance of DM (strong evidence: galaxy clustering). DM had to
be present, as well as gravitating, in the universe long before the CMB
formed, and its gravitational influence began before the universe was 1
year old. For light bosonic DM (such as the axion), this corresponds to the
latest epoch of particle creation (tolq in Fig.4).

e Lack of significant interactions [strong evidence: the “Bullet Cluster” (17)].
DM cannot interact with itself or ordinary matter too strongly.
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ENTER THE AXION

The strong CP problem

The strong CP problem may be posed simply as follows: Why have
we observed no electric dipole moment (EDM) for the neutron?
The neutron EDM is a quantity that would violate CP symmetry.
This is in contrast to most of the laws of fundamental physics, which
look the same after a CP transformation.

To understand the effect of a CP transformation on the neutron,
we can instead think about how a neutron would behave under a
time reversal transformation. This is because if quantum field theory
is Lorentz invariant (i.e., if it is consistent with Einstein’s theory of
special relativity), then all particles and processes must be invariant
under the CPT combination of discrete transformations, where
T reverses the arrow of time (this is known as the CPT theorem of
quantum field theory). So, if we find something that violates T sym-
metry, then it must also violate CP symmetry in such a way that the
combination CPT is not violated.

As an illustration, let us consider the effect of time reversal on
the energy of a neutron with an EDM d in an electric field E. This
energy is given by the Hamiltonian

(1)

If the neutron has a permanent EDM, then this EDM must be
aligned with the neutron’s spin. (This follows from the Wigner-Eckart
theorem in quantum mechanics.) When we reverse the direction of
time, the direction of the neutron’s spin is reversed, and therefore,
the direction of the EDM must also be reversed under a time reversal
transformation T. However, the electric field direction remains the
same under a time reversal transformation. So we can see from
Eq. 1 that if the neutron has a nonzero permanent EDM, then the
energy of a neutron in an electric field will change under a T trans-
formation. Hence, a neutron EDM would violate T symmetry and
therefore also CP symmetry.

Figure 2 shows the P and T transformations of a permanent
electric or magnetic dipole moment (which must be aligned with a
particle’s spin), of an electric field, and of a magnetic field. We
see that an EDM violates both T and P symmetry, as the spin trans-
forms with the opposite sign to the electric field under both these
transformations. Conversely, a magnetic dipole moment does not
violate P or T symmetry as the spin transforms in the same way as
the magnetic field.

Some experimentally observed processes within the Standard
Model do violate CP symmetry, i.e., the process and the corre-
sponding CP transformed process occur at different rates. These
CP-violating processes are generated by the weak interaction. How-
ever, CP violation has not been observed in any experiment on the
strong interaction, which describes the forces that bind quarks
together to form protons, neutrons, and other hadrons in the theory
of QCD. This is very unexpected because the Standard Model
predicts that the structure of the QCD vacuum itself should violate
CP. The CP violation of the QCD vacuum can be parameterized by
an angle denoted 6.

Furthermore, a neutron EDM should also receive a contribution
from the effect of the weak interaction (the interaction responsible
for radioactive decays) on the quarks. Thus, the total neutron EDM
can be expressed using the total CP-violating angle 6
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6 = strong interaction contribution + weak interaction contribution (2)

Within the Standard Model, the EDM of the neutron is propor-
tional to 0, with |d|~3.6 x 107'° 8 e cm. The two contributions
making up 6 are entirely unrelated within the Standard Model and
are simply set by hand. Note that, although 6 is the sum of these two
parameters, only the total 8 is experimentally observable. There is
no way to measure the strong interaction and weak interaction
contributions to 8 individually. Experiment tells us that |d| < 1.8 x
1072 ¢ cm (18), implying that 8 < 5 x 107", Thus, a very precise
cancellation between unrelated parameters is required to explain
the observations. This could merely be a coincidence, or it could be
a first hint of new fundamental physics.

The axion solution

Strong CP problem and the axion

* The Standard Model contains a constant, 8 , which is known to be an an-
gle and thus take values between 0 and 2n. Symmetry specifies no pre-
ferred angle.

¢ The value of this angle determines the neutron EDM, |d|=3.6 x 10 -6

8 ecm. Measurements are consistent with 8 <107'°, which suggests some
missing symmetry principle.

* The axion theory introduces a new field, a(t, x), such that 8 < a(t, x) and for
which the value a = 0 is energetically favorable.

The axion is the most popular solution to the strong CP problem. It
appeared first in a model proposed by Peccei and Quinn (5). Their
idea was to promote 0 to a dynamical quantity, rather than simply a
constant parameter as in the Standard Model. In practice, this means
adding a new field—the axion field—to the Standard Model that
couples to the strong nuclear force in the same way as 8. As we shall
see, the axion field relaxes to a value such that 0 is zero, and hence,
the total neutron EDM vanishes.

The behavior of particles is determined by their symmetries.
Emmy Noether showed that these symmetries correspond to
conservation laws, such as conservation of energy or charge. In the
Standard Model, symmetries lead to forces between particles: The
force “communicates” the symmetry from place to place between
particles. Forces are in turn mediated by bosonic particles: The

E B

v

Fig. 2. Effect of time and parity transformations on an electric or magnetic
dipole (proportional to the spin shown by the red arrow), on an electric field
and on a magnetic field.
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force is a field, and quantum mechanics associates a particle with every
field (e.g., the photon for the electromagnetic field and electromag-
netic gauge symmetry). Thus, to add the axion to the Standard
Model, we introduce a new symmetry, called the Peccei-Quinn
(PQ) symmetry (5), which is a global axial U(1) symmetry. “Global”
means that the symmetry transformation is the same everywhere
and for all time—in contrast to the gauge symmetries associated
with interactions in the Standard Model, whose transformations can
be made independently at different points and at different times.
“Axial” means that the symmetry transformation acts differently on
left-handed and right-handed particles. Roughly speaking, a particle’s
handedness tells us about the relative orientation of its spin and its
velocity. Last, a U(1) symmetry transformation is one that is math-
ematically equivalent to a rotation about a single axis.

Introducing the PQ symmetry corresponds to introducing a new
bosonic field beyond the single Higgs boson of the Standard Model.
At high temperatures, such as in the early universe, the PQ symmetry
is evident in all particle interactions. However, there is a phase
transition that “hides” the PQ symmetry when the temperature falls
low enough (the bosonic force carriers of the symmetry become
heavy and cannot be thermally excited). Similar phenomena of
“spontaneous symmetry breaking” are central to our understanding
of many areas of macroscopic physics, such as superconductivity,
and there are also examples in particle physics, such as the Higgs
mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball
rolling in the “sombrero” potential shown on the left of Fig. 3. If the
ball has enough energy (as at high temperature), then it is able to
roll over the hill in the center of the potential and occupies equally
all areas of the circular valley in the “brim” of the potential. Now,
imagine that the ball loses energy (as at low temperature), slows
down, and comes to rest. It will choose at random to sit in one
particular position in the potential well—although every position in
the circular minimum of the potential well is exactly equivalent.
This arbitrary choice (a “choice” made the random thermal state of
the early universe) is spontaneous symmetry breaking. Notice now
that, while it would take a lot of energy to get the ball over the
potential hill again, we can push the ball around the circle of the
potential well with the smallest of nudges. This is a generic feature
of spontaneous symmetry breaking. In particle physics, it corre-
sponds to the appearance following spontaneous symmetry break-
ing of a massless particle, which is called a Nambu-Goldstone boson
(19, 20). The Nambu-Goldstone boson of the spontaneously broken
PQ symmetry is the axion (6, 7). It is represented by a field, a, which
is proportional to the problematic 6 angle of the strong CP problem,
making the angle dynamical rather than a fixed and mysterious
constant (achieving this remarkable theoretical sleight of hand to
make a < 0 is described briefly in what follows and in more detail in
the Supplemental Materials).

We have not yet solved the strong CP problem, as the massless
axion field could a priori take any value. The next part of the story
is the QCD phase transition (strictly speaking, a cross over) that
occurs as the temperature falls. When the temperature is sufficiently
low, QCD becomes strongly coupled and confines quarks and
gluons into the bound-state protons, neutrons, and other hadrons
that we see today. This phase transition breaks the PQ symmetry by
distorting the sombrero potential as seen on the right in Fig. 3. The
potential now has discrete minima, and the energy is minimized by
the axion field, taking the value of one of these minima. Thus, after
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the QCD crossover, the axion field rolls to the newly created mini-
mum point, which is where the contribution of 8 to the neutron
EDM vanishes, setting the net neutron EDM to zero (the reason this
minimum has the right CP properties is discussed in the Supple-
mentary Materials) Notice that now, to make the ball move around
the sombrero potential, we would need to push it away and up from
its minimum point. The energy required to move the classical axion
field a small distance away from the minimum can be modeled as an
effective potential V(a)= m2a*/2. Upon quantization, we interpret
the parameter m, in the classical potential as the mass of the axion
particle.

The axion mass can be computed in terms of well-understood
physics of the strong nuclear force by considering the axion mixing
with the neutral pion—a bound state of quarks with the same quan-
tum numbers as the axion. The axion’s interactions with the neutral
pion mean that the pion’s mass generates a small mass for the
axion—this effect is only possible because the axion and the pion
have the same quantum numbers. This leads to the following
relation for the axion mass m,

Mafa ~ Mrfr 3)
where f, is proportional to the energy at which the PQ symmetry is
spontaneously broken, m;, is the pion mass, and f; is a constant that
is known from the rate of decay of the pion via the weak interaction.
(A deeper understanding of the origin of the axion mass relies on
the theory of “instantons,” strong-interaction effects that are dis-
cussed briefly in the Supplementary Materials.) Using the experi-
mental measurements of these pion properties, we can calculate the
axion mass. The axion mass, as most scales in particle physics, is
typically given in electronvolts, where 1 eV =~ 1.8 x 107°° kg, which
assumes # = ¢ = 1, but we restore units of 7 and ¢ in formulae for
clarity. Another useful conversion is between mass in electronvolts
and Compton frequency, such that 0.25 Hz ~ 10™" V. The axion
mass is

12
my = (5.70 + 0.007) peV(M> (4)

fa

where the error includes experimental and theoretical contribu-
tions appearing in a detailed calculation of axion-pion mixing (21).
The constant f, is related to the scale of spontaneous breaking of the
PQ symmetry (see the Supplementary Materials) and is measured

Fig. 3. Sombrero potential of the PQ field ® shown schematically before and
after the QCD phase transition. The axion corresponds to the angular direction
of this potential, shown by the orange line. The state of the field is given by a point
in the potential. Low-energy configurations are favored. For illustration, the potential
on the right is shown for a scenario with a large amount of PQ symmetry breaking.
More details are given in section SA.2.
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in gigaelectron volts. What values could this take? The electroweak
scale, =250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified
scale, 0(10'°) GeV, and the Planck scale, ~10* GeV, which is the
highest scale where ordinary quantum field theory could possibly
remain valid before quantum gravity becomes important. These
considerations give only very rough guidance as to the value of f,
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of
extensions to the Standard Model, which are the subject of much
current research (22). In any axion model, we must introduce a new
complex field @ = e, which gains a nonzero vacuum expectation
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of ®
by a = Nf,0, where N is an integer, the “color anomaly,” which varies
depending on the detailed realization of the PQ mechanism. Figure 3
is shown for N = 4.

For the axion to solve the strong CP problem, the model must
also include quarks that are charged under the PQ symmetry, which
in turn mediate an interaction between the axion and the gluon
force carriers of the strong nuclear force. There are two ways of
achieving this. In one class of axion models, the Standard Model
quarks are charged under the PQ symmetry (23, 24): These models
have N = 6. This means that we have to add an extra Higgs doublet
to the model to allow all of the Standard Model interactions to obey
the PQ symmetry. In another class of models, we instead add extra
heavy, electrically neutral quarks to the theory (25, 26). Only these
extra quarks are charged under the PQ symmetry: The canonical
version of this model has N = 1. The precise values of the axion’s
mass and interaction strengths depend on these details of the model
(see the Supplementary Materials).

Interactions

The axion does interact not only with quarks and gluons but also
with the other particles in the Standard Model. We know that these
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the
axion’s interactions are set by its pseudo-scalar nature. A pseudo-
scalar field changes sign under a parity transformation, i.e., when
looking at the universe in a mirror. If we assume that the overall
interaction is unchanged by a parity transformation, then we find
that only certain interactions are allowed for a pseudo-scalar
particle. These can be expressed (schematically) by the nonrelativistic
Hamiltonian

H= %gaYYIaE ‘BdV + gagheVa - S +\eo (hc)® geomaS - E - (5)

where a is the axion field measured in units energy; g,y is the
axion’s coupling to photons, y (i.e., to electromagnetism), measured
in units of inverse energy; gaf is the axion’s coupling to matter
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gepm is the
strength of a nuclear EDM induced by the axion; E and B are
the electric and magnetic fields; and S is the direction of the spin of the
matter particle in question. g9 and pg are the permittivity and
permeability of free space, respectively, constants associated with
electromagnetism; 7 is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.
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These interactions are very different from the interactions of a
scalar particle, which can couple directly E* — B? (the scalar Maxwell
term) and to the masses of matter particles. This means that light
scalar fields can mediate extra long-range forces, and their interactions
with Standard Model particles are therefore very tightly constrained
by the nonobservation of these extra forces. In contrast, the couplings
of pseudo-scalar particles to E - B and to the spins of matter particles
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with
matter particles look like experimentally? Via its interaction with
E - B, axion DM would look like an additional electrical current or
anomalous magnetic field (29). More generally, Maxwell’s equations
of electromagnetism are modified by the addition of the axion field.
Further details on how axions modify Maxwell’s equations of
electromagnetism are discussed in the companion experimental
review. Via its coupling to nuclear and electron spins, axion DM
would cause these spins to precess, as they would in a magnetic
field, but now with an anomalous magnetization caused by the
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard
Model particles? How large are the coupling constants g; in the
Hamiltonian (Eq. 5)? We know that the interactions must be very
weak, or we would have found axions already. We expect the axion’s
couplings to be inversely proportional to the scale of symmetry
breaking

gi~+ 6)

fa

This is a consequence of one of the most fundamental ideas in
particle physics, namely, effective field theory (32), which tells us to
expect the axion’s interactions to scale inversely with the energy
scale at which the symmetry giving rise to it originates. As this
energy f, could be very high, the axion’s interactions could be very
weak, as required by the experimental constraints. Comparing
Egs. 3 and 6, we see that the axion’s couplings obey

8i o< My (7)

This is true for most models of the QCD axion, whose couplings
are generally proportional to its mass, although this relationship
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader
class of ALPs discussed in more detail below. These ALPs need not,
in general, solve the strong CP problem or couple to gluons. This
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ
wildly for different ALPs. ALPs could therefore be very weakly
coupled and hence extremely difficult to detect experimentally.
Alternatively, nature may provide us with more strongly coupled
ALPs that can be detected more readily, as discussed below. By
contrast, for a canonical QCD axion of a given mass, we can predict
the approximate size of the couplings to Standard Model particles,
providing a definite target for experimental searches. Further details
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and
forces in the Standard Model leads to a wide variety of ways to
search for them. Initially, in the 1980s up to 2010 or so, experiments
were few and far between. There was just one viable method, the
microwave cavity haloscope, and the axion interactions are too
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feeble to produce a signal measurable with technology of the time.
Now, the landscape has changed. Microwave photon detection and
cavity design have allowed the haloscope concept to break ground
to exclude regions of the QCD axion parameter space and expand
the search over a wider frequency range (33-35). In tandem, new
methods to detect axions have been conceived of and developed,
including magnetic resonance (31, 36-39), broadband antennas (40),
dielectrics and metamaterials (41, 42), and lumped circuit technology
(43, 44). These new technologies are at various stages of maturity,
with some only existing on paper, others being prototyped, and
others already making competitive measurements of axion param-
eter space and excluding theoretical models. Technologies now in
development should be able to cover almost all of the viable axion
parameter space in the coming decades: the fuel for the growth of
interest in this field. The companion experimental review covers
this topic in detail.

In addition to searching directly for axion DM in the experi-
ments described briefly above and in the companion experimental
review, the effects of axions and ALPs may be seen indirectly in
telescope observations of stars, galaxies, and galaxy clusters. These
astrophysical systems offer extreme environments that would be
impossible to replicate on Earth and are therefore ideal places to
search for new physics.

The interaction aE - B means that axions or ALPs can intercon-
vert with photons in the presence of a background magnetic field.
This process is mathematically similar to neutrino oscillations, with
the crucial difference that the strength of the mixing depends on the
size of the external magnetic field. The possibility of interconversion
between ALPs and photons in space places the strongest current
bounds on g,y for very low mass ALPs (m, < 1078 eV).

One such bound arises from observations of distant point sources
such as active galactic nuclei shining through foreground galaxy
clusters. Galaxy clusters host strong magnetic fields over very large
distances. If ALPs exist, then some of the photons from these point
sources would convert into ALPs as they move through the galaxy
cluster. From our point of view, some of the light from point sources
shining through galaxy clusters would go missing. The nonobserva-
tion of this effect can be used to place bounds on the axion photon
coupling [e.g., (45)], requiring guyy S 1072 GeV™! for ALP masses
m, < 10711 eV. However, it should be noted that this method
relies on the accuracy of our knowledge of the galaxy cluster mag-
netic field.

We can also bound g,y using observations of SN 1987A, a super-
nova observed in 1987 in the nearby (astronomically speaking)
large magellanic cloud. A supernova is an explosion at the end of a
star’s life, which produces vast quantities of neutrinos and photons.
If ALPs exist, then a supernova would also produce them copiously via
nuclear interactions between ALPs and the supernova constituents.
Some of the ALPs produced by SN 1987A would have been converted
into y-ray photons in the Milky Way’s magnetic field. No such extra
v-ray photons have been observed, which allows us to set a bound
Gayy < 5.3 x 10712 GeV™! for ALP masses m, < 4.4 x 10710 eV
[e.g., (46)]. As we will see below, SN 1987A can also be used to
constrain the interactions of higher-mass axions.

The constraints outlined above apply only to rather low-mass
ALPs. Photons traveling through the plasmas of galaxies and galaxy
clusters acquire a low effective mass, but axions or ALPs with masses
higher than this effective mass cannot mix efficiently with the pho-
ton. For this reason, astrophysical axion-photon mixing constrains
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the ALP parameter space, but not the standard QCD axion for
which gy o< m,.

The coupling between axions and photons would also allow
axions to be copiously produced in stars. This would create an
additional cooling mechanism for the star and would therefore alter
the course of stellar evolution. This effect can also be used to
constrain g,yy, requiring gayy < 6.6 X 107" GeV™! over a very wide
range of masses (47), thus constraining both the QCD axion and a
more general ALP. Our nearest star, the Sun, would also copiously
produce axions, which could be observed experimentally via con-
trolled axion-photon conversion in the laboratory. This is the aim of
the CERN Axion Solar Telescope experiment (48), and other so-called
“helioscopes,” discussed in the companion experimental review.

AXION DM WAVES

The advent of quantum mechanics in the early 20th century taught
us that for every particle, there is a wave, and for every wave, there
is a particle. The wavelength, A, and frequency, f, of the wave are
related to the particle mass m and velocity v (in the nonrelativistic
limit) by

A= me? + Lmy? (8)

h ' nf=E = !

mv
where / is Planck’s constant. When the particle is relatively heavy
compared to the axion, as in the case of the electron, the wavelength
is small, and so in our day-to-day lives, we do not notice the particle
behaving as a wave. Electrons are also fermions (particles of half-
integer spin). This means that they must obey the “exclusion principle,”
more than one electron cannot occupy the same state, and so collec-
tive wave-like behavior does not occur (except when they bind to
form pairs with integer spin, as in superconductors).

On the other hand, for light and massless particles, the wave-
length of the matter waves can be large, and their frequency can be low.
If these particles are also bosons (particles of zero or integer spin; see
Fig. 1), then many particles can occupy the same state. When the
occupation number is macroscopic, the bosons can be described
using classical, rather than quantum, field theory. This gives rise to
macroscopic wave-like behavior. Historically, we were first aware of
photons in their guise as the classical electromagnetic radio waves
of H. Hertz. Our technology to observe electromagnetic waves be-
gins in this realm of wavelengths larger than 1 mm or so and fre-
quencies lower than around 1 THz.

The axion field, g, is just one massive bosonic field among many
possibilities, as also is its parent PQ field, ®. The energy density of
DM in the universe is one of the most macroscopic quantities
imaginable, which in Einstein’s theory of general relativity affects
the very geometry of space time and the expansion of the universe.
The theory of axion DM is the theory of classical waves in the fields
®, g, and their dynamics under the influence of gravity. We begin
this section by considering the origin of the energy density in these
fields in the very early universe.

What is axion DM and how did it get here?

* Axion DM consists of the energy stored in spatial and temporal gradients,
as well as potential energy, of the axion field, a(t, x).

¢ Initial fluctuations of the axion field arose from a phase transition involv-

ing spontaneous symmetry breaking that occurred in the early universe.
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Two roads to axion DM

Observations of the CMB tell us that to a very good first approxima-
tion, the early universe was homogeneous, isotropic, flat, and hot.
Under these approximations, Einstein’s equations of general relativity
reduce to a single ordinary differential equation, the Friedmann
equation (see the Supplementary Materials). This equation relates
the temperature of the plasma in the early universe to its expansion
rate, expressed in terms of the Hubble parameter H(t).

The isotropy of the CMB on the largest scales also provides
evidence that this hot, dense state of the early universe must have
been preceded by a far more mysterious epoch that sets the large-
scale initial conditions of the universe. That such an epoch must
have existed is the only relevant point at present: Which theory
describes it (for example, inflation or a cyclic universe) has no bear-
ing on our story (although in the case of inflation, the axion could
be used to test key predictions of the theory). After the initial condi-
tions of the universe were set, the well understood “hot Big Bang”
phase began, at some finite time #,or when the temperature of the
universe was at its maximum, Tho. When cosmologists refer to the
“age of the universe” or “time after the Big Bang,” this is in reference
to the time since to; and not dependent on how much time there
was, or was not, before this (for example, the universe could be
infinitely old in its past). Thus, in the box “What is known about DM3,”
the “creation of DM” refers to the amount of time At = t — 0. The
key distinction for the origin of axion DM is whether the PQ phase
transition occurs for Tpq > Thet OF Tpq < Thot. This is summarized in
Fig. 4. The fact that the oscillations of the axion field caused by
spontaneous symmetry breaking leads to a viable DM candidate
was first realized in 1983 by three separate groups working inde-
pendently (49-51). This happy accident, a DM candidate “for free”
from a particle postulated only to solve the strong CP problem, is
now a main virtue of the theory. There are two scenarios for sponta-
neous symmetry breaking that we must consider, shown schemati-
cally in Fig. 4.

In scenario A, (Tpq > Thot), the PQ phase transition occurs in the
epoch during which the initial conditions were set, before the hot
Big Bang. This is the simplest case to describe mathematically, as
this epoch serves to smooth the universe on the largest scales, in
accordance with observation. This removes all “memory” of the
details of the phase transition (e.g., all the spatial gradients in the
axion field) and replaces all that complexity with just two quantities:
a single random number, the initial value of the axion field, 8(thot),
and the axion mass, m,. With these two inputs, the evolution of the
classical axion field, as well as the subsequent DM density, is deter-
mined by a simple wave equation in which the expansion of the
universe acts as a friction term damping the waves (see the Supple-
mentary Materials).

In scenario B (Tpq < Thot), the PQ phase transition occurred
during the hot Big Bang phase, after the initial conditions epoch
ended. Thus, the axion field is not smoothed, leaving a messy field
configuration. The physics involves the Kibble mechanism (52) for
the formation and subsequent disposal of “topological defects” in
the PQ field [the very same mechanism occurs in the superfluid
phase transition of helium; (53)]. Topological defects are axion field
configurations that occur between regions where the axion field
takes different values, which may subsequently decay into axion
DM. There is also more model dependence in this case, as different
models of the axion lead to different kinds of topological defect. The
dynamics in scenario B is highly nonlinear. However, in scenario B,
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Fig. 4. Production of axion DM. The initial conditions epoch before the hot phase
serves to smooth the universe on the largest scales. The axion dynamics and resulting
DM density depends on when the PQ phase transition at the temperature Tpq takes
place relative to the onset of the hot phase of the evolution of the universe at T,
leading to two scenarios, A and B. Axion production occurs during the period
between the two times tqyn and tcoiq and is complete in around 1 year at most. After
teold, @xions are described by the cold DM model on length scales larger than their
de Broglie wavelength. The axions then “free stream” up to the time of formation
of the CMB and beyond into the epoch of galaxy formation and the present day. In
scenario A, the axion mass is not fixed by the observed DM density, since there is
an additional free parameter, 6(thot). In scenario B, there is no additional free
parameter and the mass can, in principle, be predicted [some images are adapted
from (87, 82)].

the random number, 0(tyo), of scenario A is averaged over in the
initial distribution and is no longer a free parameter. In scenario B,
large density variations in the initial state of the axion field lead to
the formation of compact DM objects known as “miniclusters” (54).
These objects not only offer new opportunities to find the axion
by astrophysical means but also lead to an increased theoretical
uncertainty in the local axion density for DM detection in the
laboratory.

In both scenarios A and B, an important change happens to the
axion field when the expansion rate of the universe (which is falling
during cosmic time) drops below the natural frequency of axion
oscillations, which is determined by its mass. At this time, tqyn, the
axion field becomes highly dynamical (the wave equation becomes
underdamped) and begins to oscillate. Before t4yn, there were no
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nonrelativistic axions: On the length and time scales of the expan-
sion of the universe, the axion field was effectively static. This is
because the expansion of the universe is responsible for damping
the axion field oscillations.

Thus, it is at tqy, that we think of axion DM as being produced.
In scenario A, the axion field undergoes damped simple harmonic
motion, while in scenario B, we think of axion field oscillations
being emitted from the decaying topological defects. This epoch of
particle production lasts only for a relatively short period, as the
large scale energy density in the axion field, stored up from the
phase transition, is converted into field oscillations, which, in quan-
tum theory, are equivalent to axion particles. From gy, up to some
later time t14, the number of axion particles grows. Then, from f.q1q
up to the present day, the number of axion particles in any suffi-
ciently large “comoving” volume (a volume that increases in
proportion with the expansion of the universe) in the universe is
conserved, i.e., the axion number density is simply diluted by the
expansion of the universe just like any other particle would be.
Axion cold DM is born and starts to form cosmic structures such
as galaxies.

Cosmic structure formation

Because of the very large number of axions needed to supply the
observed DM density, there are a large number of axions occupying
each quantum state. This means that axion DM is described to a
very good approximation by the classical scalar field a(t, x). Averaged
over cosmic scales (distances of more than 10 megaparsecs), the
axion field is very uniform, and its energy density is stored in
harmonic oscillations: p = %[dz/(hc3) +m§a2/(fz3c3)], with a = aq
cos muc’t/h, thus p = m? a(z)/(2h3c3). The value of g is determined
by the early evolution of the axion field as described above. Crucially,
for the axion to behave as cold DM with weak self-interactions, we
require ag < f,, which permits the harmonic motion approximation
for small displacements. The frequency of oscillation of the field
is determined by the particle mass and is given by the Compton
frequency.

On smaller scales, gravity causes the axion field to develop
inhomogeneities, and it clusters into so-called “DM halos.” On larger
scales, the halos are linked by filaments and sheets in the so-called
“cosmic web.” The process of structure formation begins very early
in the history of the universe: The gravitational potential wells of
the DM halos began to form at very high temperatures, when ordi-
nary matter was still completely ionized (i.e., before the CMB
formed). The development of inhomogeneities in the axion field is
governed by gravity and the (small) axion self-interactions. The
equations describing this evolution are known as the Gross-Pitaevski-
Poisson equations, a form of nonlinear Schrédinger equation for
the mean field occupation, where the potential is determined by the
density of the field itself via the Poisson equation (see the Supple-
mentary Materials).

It is here that axion DM begins to take on some unique charac-
teristics compared to heavier particle DM such as WIMPs. These
features are as follows:

1) The De Broglie wavelength. Gradient energy dominates
over gravitational energy on small scales. The axion field is uniform
on small scales, and there is a minimum mass for a DM halo (55).

2) Axion stars. At very high density, the axion forms a kind of
soliton (a stable wavepacket-like field configuration) supported by
an equilibrium between gravity and gradients (56, 57).
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3) Wave turbulence and interference. In the structures of the
cosmic web, axion waves have dynamic velocities. Where there are
coherent flows, this leads to interference patterns in filaments.
In thermalized/virialized environments (halos), the velocities are
Maxwell-Boltzmann distributed and are described by wave turbu-
lence (58, 59).

A numerical simulation of axion structure formation is shown in
Fig. 5, where the above mentioned effects can be seen. Similar
phenomena showing the formation of solitons and “incoherent”
turbulent solitons occur in certain nonlinear optics systems (60).

Inside the Milky Way, at the location of Earth, the axion field is
in the turbulent regime. It is given as

L2 L 2
a :l(\Pe—lmnc tIh + ¥ e+lmu(, t/h)

L ©)

The amplitude field ¥ is Rayleigh-distributed (up to small
corrections) with a coherence length and time governed by the de
Broglie wavelength at the local galactic orbital velocity and an
amplitude fixed by the local DM density. The overall frequency fis
determined by Eq. 8, with the velocity drawn from the Maxwell-
Boltzmann distribution, leading to a frequency dispersion Af/f~107°.
The frequency dispersion leads a natural linewidth for axion DM.

WHAT IS THE AXION MASS?

The QCD axion has a single free parameter in the low-energy theory,
the decay constant f,, which in turn sets the axion particle mass
(at zero temperature), m,, according to Eq. 3. To try to detect the
axion in the laboratory, one would like to know the approximate
mass scale, so that experiments can be appropriately targeted to the
mean oscillation frequency, f = m,c*/h, which in turn determines
the frequency of any radiation or other associated phenomenon
(as discussed elsewhere in this review and in the experimental
companion review). Currently, astrophysical considerations provide

“"Axion star’/
soliton

“Incoherent
soliton”/
turbulence

\ Interference

fringes

Fig.5.Zoom in to part of the cosmic web formed by gravitational interactions
and the interference of axion waves. The dense, almost spherical nodes of the
web are DM halos, which host galaxies such as our own. The inset shows a volume
rendering of such a halo. Notice the interference of coherent waves outside of DM
halos forming interference fringes. Inside halos, there are self-bound solitonic
objects at high density (“axion stars”) and turbulent waves in the outer regions
(“incoherent solitons”). To make the unique wave effects visible on cosmic scales
(kiloparsecs), a very low-particle mass, m, ~ 10722 eV, is used in this simulation. The
same physics operates, and the same effects occur, however, for all types of bosonic
DM, with the length scale set by the particle de Broglie wavelength. Figure adapted
from work presented in (67, 62).
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Fig. 6. Constraints on the axion mass, measured in electronvolts. Red arrows and the shaded region indicate exclusions. The region outside that marked “The QCD
axion” corresponds to more exotic ALPs. “Fuzzy dark matter” shows a simulation of cosmic structure formation with very low particle mass DM (adapted with permission
from (83)], at the lower limit of what is acceptable observationally for the dominant DM component. “Black hole spins” shows the ergoregion and horizons of space time
around a spinning black hole, the geometry of which allows very light bosonic particles to extract angular momentum from the black hole. These last two constraints
apply under the assumption that axion self-interactions are negligible. The SN 1987A constraint applies only to the QCD axion, where the axion-nuclear coupling is

proportional to the particle mass and not to ALPs [image is acomposite (84)].

the best clues to the range of allowed values for the axion mass,
summarized in Fig. 6, which we now elaborate on.

Beginning at the lightest end of the scale are bounds on so-called
“fuzzy” DM. When the particle mass is very low, the de Broglie
wavelength is cosmologically large and affects the formation and
internal dynamics of galaxies. Galaxies cannot form below the
de Broglie wavelength, which suppresses galaxy formation in the early
universe (where low-mass galaxies form first). Conservative con-
straints on the axion mass in this scenario are m > 10> €V, although
the bounds can be tightened by up to three orders of magnitude
including more data, and better knowledge of the structure forma-
tion process and galactic dynamics (61, 62). This limit also applies
to other forms of bosonic DM (not just axions; see Fig. 1) and is the
fundamental lower limit on DM particle mass. If DM is to be lighter
than 107** eV, then, observationally, it can be only a subdominant
fraction of the total DM density, with current bounds around the
2% level (63).

The lack of a significant observed length scale in cosmic struc-
ture formation is one of the key facts known about DM, as described
in the box “What is known about DM?.” Similarly, there is no
evidence of a preferred time scale related to the formation of DM,
and only a bound on when this must have been complete. Demanding
that axions or other ultralight bosons (see next section) were formed
early enough sets t.,1q 2 1 year and, similarly, bounds m 2> 1072 eV.

The next important constraint on the particle mass results from
a property known as “black hole superradiance.” When the Compton
wavelength of a boson is resonant with the radius of the “ergoregion”
of a spinning (Kerr) black hole, the so-called “Penrose process” (64)
operates, and vacuum fluctuations of the boson extract angular
momentum from the black hole, reducing its rate of spin. (The
ergoregion is a region close to a spinning black hole in which
objects are necessarily forced to corotate with the black hole.) The
radius of the ergoregion is fixed by the black hole mass and spin,
while the spin of the black hole can be inferred, for example, from
the Doppler shift in the emission of x-rays from its accretion disk.
Rapidly spinning black holes would quickly spin down if a resonant
boson existed, and so the observation of spinning and old black
holes places exclusions on boson masses. The most robust, and also
most important, range of these exclusions comes from stellar mass
black holes with spins measured from x-ray images and, for spin-0
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bosons, excludes the range of 1 x 1077 eV < m <2 x 107" eV
(65, 66), with a similar range excluded for massive spin-1 (vector)
bosons. The importance of this bound is that it overlaps the range of
the masses allowed for the QCD axion with spontaneous symmetry
breaking scale below the Planck scale, 10'* GeV. Since it is widely
believed that symmetry breaking above the Planck scale is forbidden
in quantum gravity and string theory (67), superradiance leads to a
solid lower bound to the mass range of the QCD axion.

An upper bound on the QCD axion mass can be derived using
the relationship between the mass and the coupling strength to
nuclear matter, g,yn; and is derived from observations of the super-
nova SN 1987A (68). The axion-nucleon coupling leads to emission
of axions from neutrons and protons inside a collapsing supernova
core in the Bremsstrahlung process N+ N - N + N + a. The
produced axions interact only very weakly with the surrounding
nuclear matter and so can escape from the supernova core, leading
to excess cooling compared to the case without axions. Neutrinos
are also produced inside supernovae and provide a known cooling
channel. If axions are also produced, then the supernova cools more
quickly and thus has less time to emit neutrinos, leading to a lower
neutrino flux. The neutrinos produced in SN 1987A were observed
in neutrino detectors on Earth, and the duration and timing of the
neutrino burst are known and are consistent with predictions of
standard supernova models. Thus, the axion production rate must
be low, leading to an upper bound on g,yy and thus an upper bound
on m, (see Eq. 7), which is m, $ 2 X 1072 eV.

The superradiance and SN 1987A bounds thus limit the QCD
axion natural frequency, of critical importance for direct searches,
to the range

10kHz < £ < 10 THz (10)

The QCD axion mass can be further narrowed down by appeal
to the DM density, p,, in the two cosmological scenarios discussed
in the previous section. Observationally, we have the restriction that
the axion density cannot be larger than the observed DM density
(although it could be smaller, if the axions are not all of the DM).

The important difference between scenarios A and B is one of
predictability. In both cases, the DM density depends inversely on the
axion mass. In scenario A, there are two continuous free parameters
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6; and m,. Thus, it is possible to reproduce the correct cosmic den-
sity of axions for (almost) any value of the mass m,, with smaller
values of the mass having 6(,,1) < 1. Without a prediction for the
axion mass, the experimental task of searching for the axion could
be long and arduous. This scenario is probed by experiments
operating in the 10-kHz to 10-GHz regime.

In scenario B, on the other hand, there is only one continuous
parameter, m,, and the discrete parameter N. In principle, the
observed cosmic DM density then predicts the value of m,. The
problem with trying to make such a prediction is the computational
complexity: The nonlinear dynamics of the axion field in scenario B
cannot be solved exactly. Unfortunately, computational limitations
even with modern supercomputers prevent a complete, end-to-end,
ab initio simulation, and the resulting predictions for the mass vary
considerably depending on the theoretical methods used.

Demanding that the axion is all the DM, the predicted value of
the mass is in the range 0.025 meV < m, < 0.5 meV when N =1
[where the range covers approximately the predicted regions from
the simulations of (69, 70), which span those also of other groups].
The case N > 1 predicts a slightly higher range 0.1 meV < m, S
20 meV (the upper bound comes from SN 1987A) (71). Lower values
of the axion mass are excluded in scenario B. The theoretical uncertainty
is large, but, in general, these predictions provide motivation to search
for axion DM using experiments in the 10-GHz to 10-THz frequency
range. This promise to predict the axion mass uniquely in this sce-
nario is driving many theoretical investigations and is happening
now due to advances in computer simulation techniques.

ALPs EVERYWHERE

It has been realized since the proposal of the axion that light spin-zero
particles with properties resembling those of the axion may appear
in a number of different theoretical contexts. These ALPs may
either be pseudo-scalar bosons, whose couplings are odd under
parity transformations (reversing spatial directions), or scalar bosons,
whose couplings are even under parity. The latter are sometimes
referred to loosely as dilatons or moduli and may be thought of as
lower-mass siblings of the Higgs boson of the Standard Model.
Generically, both classes of ALPs have, similar to axions, couplings
with fermion-antifermion pairs and also with pairs of photons,
gluons, and the other vector bosons via their field strengths, of the
forms E - B for pseudo-scalars and |E|* + |B|?* for scalars (where
E and B are generalized for the other forces of the Standard Model).
ALPs are distinguished from the QCD axion of our previous discus-
sion since ALPs do not solve the strong CP problem. ALPs do,
however, still make excellent DM candidates.

There is a single scalar Higgs boson in the Standard Model asso-
ciated with the generation of particle masses via breaking of the
underlying electroweak symmetry. However, including another
symmetry-breaking Higgs field requires the appearance of an addi-
tional scalar particle and a pseudo-scalar partner particle. The
original axion model is an example of this feature, but it can be
generalized by including more Higgs fields of different types. This
scenario occurs in many theories, including supersymmetry, and
grand unified theories.

Another theoretical framework where ALPs appear is provided
by string theory (72). Generic four-dimensional particle physics
models obtained from string theory, by the compactification of
extra dimensions of space on small manifolds, contain many additional
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pseudo-scalar and scalar fields, which may have (very) small masses.
A useful and famous analogy for compact dimensions of space is to
imagine our world as a tightrope. From the perspective of large
humans, the rope is one-dimensional, and one can only move along
its length. However, a small creature such as an ant can circle the
“extra dimension” of the rope’s circumference. In quantum me-
chanics, length is inversely proportional to energy, and thus, the
small length scales of extra dimensions of space tend to be associated
to large energy scales, possibly even the Planck scale of quantum
gravity. The sizes and shapes of the compact spaces are unspecified
a priori, since general relativity and quantum mechanics tell us that
the compact dimensions must vary in size and shape at different
places. These changes in size and shape can be described, from a
four-dimensional perspective, by a collection of new fields, analo-
gous to the Newtonian gravitational field, which, in general relativity,
describes the curvature of space time. Futhermore, there must be
some dynamical energy principle that fixes the average size and
shape of the compact dimensions; as the potential in Fig. 3 fixes the
axion angle and also gives it a mass, so these dynamics give masses
to the ALPs. This new dynamics is by nature extremely speculative,
and (due to the vast array of possibilities for the topology of the
compact space) even the most predictive approaches to this
problem currently make only statistical statements about the masses
of the resulting ALPs. However, the existence of extra dimensions
of space is one of the central predictions of string theory and, since
it leads to the existence of ALPs, they can also be considered a pre-
diction of the theory.

Although the forms of ALP couplings are similar to those of the
original axion, their strengths are quite model dependent, and even
less is known about them than about the ALP masses. For this
reason, there is great interest in designing experimental searches for
axions that are sufficiently general to also be sensitive to wide ranges
of the parameter spaces of ALP couplings to both fermions and
gauge bosons.

We also mention the growing interest in the possible existence of
light vector (spin 1) bosons. In the Standard Model, there is, on the
one hand, the photon whose mass is thought to be exactly zero and
is very tightly constrained by experimental observations, and, on
the other hand, there are massive vector bosons responsible for
the weak interactions, with no vector bosons of intermediate mass.
However, it is possible that there might be additional light vector
bosons that are very weakly coupled to the particles of the Standard
Model, so-called “dark” or “hidden” vector bosons, as also appear in
some string theory models, for example. Their couplings to Standard
Model particles would take different forms from those of ALPs. For
example, couplings to pairs of photons or gluons would be forbidden,
and their couplings to fermion-antifermion pairs would be vector- or
axial-vector-like. For this reason, different types of experimental
strategies are required to search for them, and we do not discuss
them further in this review.

Last, we discuss the possibility of axion-like quasiparticles appear-
ing in certain exotic materials in solid-state physics. Quasiparticles
such as phonons (quanta of vibrational modes of solids) and
magnons (quanta of magnetization) have been staples of condensed
matter theory since the earliest days of quantum mechanics. For a
quasiparticle to behave as an axion, it must be a pseudo-scalar,
which requires the parent solid to have certain specific symmetry
properties under parity and time reversal. The would-be axion
quasiparicle should also have the trademark axion-like couplings,
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particularly to E - B, giving rise to axion electrodyanmics. The
possibility of axion electrodynamics in solids was identified already
by Wilczek (73), one of the fathers of the axion theory, in the 1980s,
but only recently has the quest to realize this idea in the laboratory
picked up pace.

Mixing of parallel electric and magnetic fields occurs, in general,
in magnetoelectric materials, and particularly in topological insula-
tors. The existence of the axion quasiparticle requires the breaking
of time reversal symmetry and is provided by magnetic ions and
antiferromagnetic order. Candidate materials to host the axion
quasiparticle include Bi(Fe),Se; and Mn,Bi,Tes (74, 75). The axion
quasiparticle has yet to be observed in the laboratory, although
various experiments have been designed to hunt for it, and there is
growing interest in these candidate materials with possible applica-
tions to high-speed computer memory (76). Furthermore, as discussed
in the experimental companion to this review, axion quasiparticles
could also prove useful in the detection of axion DM.

SUMMARY AND FUTURE DIRECTIONS

The DM zeitgeist is in flux. For many years, experimental and theo-
retical efforts were directed at WIMPs and similar particle candi-
dates. The technology to detect WIMPs was readily available in the
form of the LHC, and the experimental programme of direct WIMP
searches also developed rapidly (15, 16). Theories attempting to
explain the origin of the Higgs mass seemed to predict naturally the
existence of WIMP DM, with mass comparable to that of the Higgs
itself, providing a very tantalizing prospect. The experimental
searches for WIMPs performed excellently yet, to date, have found
nothing. While there are still important parts of the parameter
space left to explore, initial optimism has been dampened by experi-
mental cold water.

Almost in parallel to the WIMP story, there was, somewhat
behind the scenes, the ever-present and developing story of the axion.
Supersymmetric WIMPs were also proposed in the 1970s as a stick-
ing plaster for problems in the Standard Model (5-7), and with a
DM candidate for free (49-51), but that is where the shared story of
axions and WIMPs ends. The axion is far lighter and more weakly
coupled than the WIMP, and initially experimental searches for the
axion made slow and painful progress toward the theoretically de-
fined goals. All of this is changing at present and the axion’s star is
in ascendance. Theorists are working hard trying to hem in the pre-
dictions of the axion model, while new technological advances of-
fer prospects for detection in the near future (see the companion
experimental review).

Axion DM is an ultralight bosonic field, which manifests itself
on Earth primarily as exotic oscillating phenomena violating CP
symmetry. The primary and defining oscillation is in EDMs, the
neutron EDM being of particular interest. The axion also acts as an
oscillating source in Maxwell’s equations and can be detected as an
anomalous electric or magnetic field. The oscillations in the axion
field were set up in the early universe by a process of symmetry
breaking and phase transition, and the discovery of the axion could
shed light on those extremely high-energy processes in the most
distant cosmic past.

The parameter space of axion models is relatively well defined.
Astrophysical considerations hem in the oscillation frequency (and
thus the particle mass) to a range between kilohertz and terahertz,
tightening to gigahertz to terahertz given some assumptions about
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the phase transition (see Fig. 4). Intense theoretical efforts are being
made at present to try and tighten this range still further, limited by
computational resources. Experimental searches for the axion often
rely on resonant effects (29), and it is the task of tuning these experi-
mental “radios” over the wide range of available frequencies that
makes axion searches so long and laborious. If the theorists could
predict the axion mass accurately, which might be within reach,
then the experimental search could be tuned and accomplished
within a very short period. However, we should temper our optimism.
The theoretical predictions rely on a large number of assumptions,
which could be violated in nature.

Axion theorists are also intensely engaged in thinking about the
axion couplings, g, to ordinary matter (22). Astrophysical constraints,
for example, from stellar evolution, often provide a good guide for
how large these couplings can be, in general, without theoretical
bias. The axion theory predicts g o< m,, but the constant of propor-
tionality varies for different models. A given experiment or obser-
vation constrains the value of the constant of proportionality, and it
is for theorists to interpret which, if any, of the available axion models
has been excluded. Again, efforts to pin down the range of allowed
couplings are starting to reach some degree of consensus, just in time
for the data onslaught that is coming our way from new experiments.

As described in the companion experimental review, this onslaught
of data is already beginning and should reach a conclusion in the
next decade or so. Experiments with resonant circuits and nuclear
magnetic resonance operate in the kilohertz range and below,
microwave cavities in the gigahertz range, and the use of dielectrics
and novel materials can push into near terahertz and above. If these
experiments succeed, then the next task will be to identify the axion
precisely. One would like to measure the axion via all its interac-
tions (Eq. 5). Fortunately, once one experiment succeeds and finds
the right axion “radio station” (i.e., the value of the axion mass), all
the others will quickly be able to tune in and measure the different
couplings of the axion. For example, with the axion photon and
electron couplings in hand, it should be possible to determine whether
the axion speaks to the Standard Model via new heavy quarks (25, 26)
or via the Higgs boson (23, 24) (see the Supplementary Materials).

An axion DM experiment in reality measures a combination of
the axion coupling and the DM density, so another key task will be
to use overlapping experiments that do not rely on the DM density
to break this degeneracy. Fortunately, ideas are available using
nuclear magnetic resonance, electric dipole measurements, searches
for new forces, and combinations of searches for axions from the
Sun and other astrophysical sources (see the experimental companion
to this review). Axion searches also offer a wealth of information
about the frequency structure of the DM, which would provide a
detailed view of DM in our galactic neighborhood, and open a new
field of DM astronomy (77). This combination of astrophysics and
particle physics could eventually determine not only whether the
axion is the DM but also what fraction of the DM it is and how it is
distributed. If the axion is just one part of the DM, then a new series
of more challenging problems arise since all DM searches are harder
when aimed at subcomponents.

Fortunately, theorists are prepared for such an eventuality. Many
theories having the axion also have a zoo of related ALPs, all or
none of which could also contribute to the DM, and some of which
could even be related to hidden dimensions of space time (72). If the
axion is found, then it will open up the doors to experimentally
testing these far reaching theories. The interest in these related
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particles, as well as experimental searches for them, is also reaching
new heights, but that is a story too varied for this review.

The story of the axion, like much of modern particle physics,

began in the 1970s, rooted in ideas of symmetry. The Standard
Model is a symmetry success story, but other theories based on
symmetry have failed. Does nature really play by these rules? The
popularity of the axion has risen as a prime candidate to explain
DM, the cosmic glue that, in many ways, is responsible for our own
existence. What composes this mysterious substance? And how did
it get here? The discovery of the axion seems tantalizingly close,
promising answers to these deepest of questions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3618
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