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PATRAS @ DESY 2018PATRAS @ DESY 2009

Steady growth in the interest on the axion

Recent work by the group

Recent focus on light particles as the dark matter: the QCD axion
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Early-Universe dynamics of the axion
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The parameter space of the QCD axion

Depends on particle physics Depends on cosmology
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One-parameter theory, falsifiable

Effective axion-photon coupling
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KLoe magnet for Axion SearcH (KLASH)
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Multi-messenger axion-GW astrophysics

T.D.P. Edwards et al. 1905.04686
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The dark matter axion mass

T. Tenkanen & LV, JCAP 1908, 033 (2019), 1906.11837
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Figure 2. The value of the axion mass (in µeV, colour scale to the right of the figure) that yields
the observed dark matter abundance as a function of the tensor-to-scalar ratio r (horizontal axis)
and the primordial isocurvature fraction � (vertical axis), as obtained from Eq. (4.6). The horizontal
black dashed line marks the region excluded by the non-observation of � & 0.035 at 95% CL from
Planck, while the vertical dashed lines mark the regions excluded by the measurement of the scalar
spectral tilt nS when assuming Higgs inflation within the Palatini approach and a quartic Higgs self-
coupling �� = 0.1. We also show the sensitivity that is expected to be reached by ABRACADABRA
in configurations 1 and 2 (orange thick lines, see text), KLASH (within the red dashed lines), and
ADMX (within the blue dot-dashed lines).

CORE [179], and the Simons Observatory [180], the Palatini approach leads to a sensibly
small value of the tensor-to-scalar ratio r ⇠ 10�12 which is not possible to be probed directly
with any near future experiment. For this reason, the discovery of a light axion of mass
m . 0.1µeV could provide evidence for the Palatini-Higgs inflation scenario, in which the
scale of inflation and the associated value of the tensor-to-scalar ratio are su�ciently low
as to satisfy the inequality in Eq. (4.7). In fact, in the Palatini scenario we have predicted
H⇤ ⇠ 108 GeV for �� ⇠ 0.1 and Ne ⇠ 50, which is exactly what is required for the axion
field to constitute all DM in the above mass range.

5 Conclusions

In this paper we have constructed a particularly simple model in which the Standard Model
Higgs field is non-minimally coupled to gravity and acts as the inflaton, leading to a scale
of inflation H⇤ ⇠ 108GeV when Palatini gravity is assumed. When the PQ symmetry is
incorporated in the model and the energy scale at which the symmetry breaks is much larger
than the scale of inflation, we found that in this scenario the required axion mass for which the
axion constitutes all DM is m0 . 0.05µeV for a quartic Higgs self-coupling �� = 0.1, which
correspond to the PQ breaking scale v� & 1014GeV and tensor-to-scalar ratio r ⇠ 10�12.
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Present work
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Review on axion models
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Regions with overdensities

collapse at temperature
Density of miniclusters

Axion miniclusters

⇢ ⇠ 140(1 + �)�3⇢eq

Tcollapse = �Teq

� = �⇢/⇢
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Figure 1. Mass fraction f(�) of axions in miniclusters with a given value of �.

distribution is summarized in Fig. 1 which shows a di↵erential probability f(�) to find an
axion in a clump with a given value of �, as a function of �. According to this plot, 70%
of all axions are in miniclusters with � > 1. Contribution from the decay of the domain
wall -string network is likely to modify this distribution only quantitatively. Indeed, since
i) the axion string network decays completely at the epoch when the axion oscillations start
ii) the process is highly inhomogeneous being dominated by the horizon scale iii) produced
axions are non-relativistic, see e.g. [15], one can expect that the change in the miniclusrer
distribution will not be qualitative.

3 Tidal destruction of miniclusters by stars

Small-scale clumps in the Galaxy may be tidally disrupted by the gravitational field of the
halo, of the disc and in encounters with stars. These processes were studied by many authors,
for a review see [7]. The axion miniclusters are too dense to be disrupted by the halo
gravitational field. Here we estimate the rate at which they are disrupted in stellar encounters,
which is the dominant process for the relevant range of masses.

When a minicluster traverses the stellar field, interactions with individual stars increase
the velocity dispersion of dark matter particles and reduce the clump’s binding energy. Fol-
lowing Refs. [12, 13] we introduce a critical impact parameter, bc, such that for b < bc a
single encounter is su�ciently strong to unbind the minicluster. This parameter was found
to be [12, 13]

b
2
c ⇡

GMsRmc

vrel vmc
, (3.1)

– 3 –
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Mass                           (enclosed at          )
Radius                        .

Axion miniclusters

MMC ⇠ 10�10M� H
�1
QCD

RMC ⇠ 1AU/�

KCL-PH-TH/2017-03

Searching for the QCD Axion with Gravitational Microlensing

Malcolm Fairbairna,⇤ David J. E. Marsha,† and Jérémie Quevillona‡
a Kings College London, Strand, London, WC2R 2LS, United Kingdom

The phase transition responsible for axion dark matter production can create large amplitude
isocurvature perturbations which collapse into dense objects known as axion miniclusters. We use
microlensing data from the EROS survey, and from recent observations with the Subaru Hyper
Suprime Cam to place constraints on the minicluster scenario. We compute the microlensing event
rate for miniclusters treating them as spatially extended objects. Using the published bounds
on the number of microlensing events we bound the fraction of DM collapsed into miniclusters,
fMC. For an axion with temperature dependent mass consistent with the QCD axion we find
fMC < 0.083(ma/100µeV)0.12, which represents the first observational constraint on the minicluster
fraction. We forecast that a high-e�ciency observation of around ten nights with Subaru would be
su�cient to constrain fMC . 0.004 over the entire QCD axion mass range. We make various
approximations to derive these constraints and dedicated analyses by the observing teams of EROS
and Subaru are necessary to confirm our results. If accurate theoretical predictions for fMC can
be made in future then microlensing can be used to exclude, or discover, the QCD axion. Further
details of our computations are presented in a companion paper [1].

The QCD axion [2–7] remains one of the most well-
motivated and viable candidates for particle dark matter
(DM). The axion is a pseudo-Nambu-Goldstone boson of
a spontaneously broken global U(1) symmetry, known as
a Peccei-Quinn (PQ) symmetry [8]. PQ symmetry break-
ing occurs when the temperature of the Universe drops
below the symmetry breaking scale TPQ ⇠ fa. The cos-
mology of the axion is determined by the cosmic epoch
during which symmetry breaking occurs [9, 10]. If the
PQ symmetry is broken after smooth cosmic initial con-
ditions are established (by, for example, inflation) then
topological defects and large amplitude axion field fluc-
tuations will be present on scales of order the horizon size
at symmetry breaking [11–13]. For models of inflation,
the observational bound on the cosmic microwave back-
ground tensor to scalar ratio of rT  0.07 [14] implies
this scenario for symmetry breaking is only possible for
fa . 1013 GeV.

The Kibble mechanism [15] smoothes the axion field on
the horizon scale until such a time that the axion mass
becomes cosmically relevant: 3H(T0) ⇡ ma(T0), where
H(T ) is the Hubble rate and we have allowed tempera-
ture dependence of the axion mass. At this epoch, the
topological defects decay (we consider only the case with
domain wall number equal to unity) [16], and the axion
field is left with large amplitude isocurvature fluctuations
on the horizon scale.

Once cosmological structure begins to grow at matter-
radiation equality, the isocurvature perturbations are
converted into curvature perturbations, and promptly
collapse into dense bound structures of DM known as
axion miniclusters [11, 17–22]. The characteristic mini-
cluster mass, M0, is given by the total mass of DM con-

⇤ malcolm.fairbairn@kcl.ac.uk
† david.marsh@kcl.ac.uk
‡ jeremie.quevillon@kcl.ac.uk
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FIG. 1. The Characteristic Minicluster Mass: We plot
M0, as a function of the axion mass, ma, for di↵erent temper-
ature evolutions of the axion mass parameterised by index n.
Solid lines show the most realistic assumptions about the relic
density, while dashed lines relax those assumptions slightly.
When the axion mass is temperature independent (n = 0), the
two scenarios are equivalent for minicluster mass. Lines ter-
minate at a lower bound onma set by the DM relic abundance
and the constraint fa . 1013 GeV for minicluster production.

tained within the horizon at the epoch T0:

M0 = ⇢̄a
4

3
⇡

✓
⇡

a(T0)H(T0)

◆3

, (1)

where a is the cosmic scale factor of the Friedmann-
Lemâıtre-Robertson-Walker metric, and we have consid-
ered a spherical patch of radius R = ⇡/k0 for comov-
ing wavevector k0 = a(T0)H(T0) (here and throughout
~ = c = 1). The definition of M0 depends upon filtering
of the mass function [1]. Ours di↵ers from others in the
literature that take a cubic volume ⇠ k

�3

0
.

The temperature T0 sets the time when the axion field
goes from having equation of state w = �1 to w = 0, and
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Neutron stars “eating up” axion miniclusters
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encounters
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Neutron stars “eating up” axion miniclusters

We are working on the signature of NS- axion MC 
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Neutron stars “eating up” axion miniclusters
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The future? Axions-neutrino connections?
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Axions and neutrinos can share properties in 
some minimal BSM setups

Recent e.g. Peinado+ 1910.02961

Type I Dirac See-Saw leads to an upper bound to the 
axion energy scale



Conclusions

• It is an exciting period to work on dark matter compact objects!

• Details require much further efforts. Work in progress...

• Miniclusters and axion stars are possible laboratories!
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