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Is the DM particle an axion?
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Steady growth in the interest on the axion
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Details on the 
temperature

dependence still debated
(semi-analytical,

lattice simulations)
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The axion angle                  evolves towards zero✓ = ✓(t,x)

⇢coherent / R�3

Axion: Late-Universe dynamics
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Scenario: Unbroken PQ symmetry during inflation

   LV,  PRD 96 023013 (2017) 
LV&Gondolo, PRL 113, 011802 (2014)
                     PRD 81, 063508 (2010)
                     PRD 80, 035024 (2009)

Wilczek, Turner ’91; Beltran+ ’06;
Hertzberg+ ’08; Wantz, Shellard ‘09
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Courtesy of J. Redondo
f�1
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Computationally challenging:
all scales from the size of the box     
to the string core       have to be resolved!

H
�1
QCD

f�1
a

The Kibble mechanism (Kibble76)

leads to string network formation

T ⇠ fa
Domain walls form and dissipate

(Sikivie82; Georgi+82)

T ⇠ TQCD

Courtesy of J. Redondo

Scenario II - Unbroken PQ symmetry during inflation
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Regions with overdensities

collapse at temperature
Density of miniclusters
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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
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Figure 7: The distribution of overdensities in each point of our simulation grid as a function of conformal time.
These results where obtained on grids of length L = 6L1 using n = 7 and N = 40963 (left) or N = 81923

(right) points. The dashed black line, labelled ’WKBed’, is obtaining by free-streaming the axion field at the
end of the simulation.
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In Fig. 7 we show how the distribution of values of �(xi) in each grid position xi evolves in time. The results
of our benchmark simulations with L = 6, N = 4096, msa = 1.5 are presented on the left and N = 8192 on
the right. For better display in the loglog plot, we use � + 1 as abscissa. The distribution peaks around � ⇠ 1,
decreases very sharply (��3.5) for intermediate values and hardens at � ⇠ 100. The slope of this high-density
tail is dP/d� / 1/�2, which turns out to be very important. Finally, one can identify a distinctive peak after
which the density drops faster again. It corresponds to a density % ⇠ VQCD(✓ = ⇡) = 2m2

A
f2

A
, which increases

in time as the axion mass grows.

Since dP/d� is a probability distribution, we can compute its moments and analyse which parts of the
distribution contribute the most to them. For instance, the first moment is the average contrast h�i, which by
definition (4.1) is zero. When we compute the average density / 1 + �,

h� + 1i =

Z
d�

dP (�)

d�
(� + 1) = 1 , (4.3)

we see that indeed this integral is dominated by values of � ⇠ O(1) and not a↵ected by the hard tail. However,
higher moments starting from h�2i, are indeed sensitive to the cut-o↵. As the cut-o↵ increases with time, so
does h�2i, see Fig. 8.

The explanation for this curious phenomenon is the presence of a few axitons [21] in the grid. Before
describing them let us first look at the spectrum of density fluctuations.

The Fourier transform of the density contrast field,

e�(k) =

Z
d3x eik·x �(x) , (4.4)
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Power injection at very small scales
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Figure 9: Time evolution of the dimensionless variance of axion energy density fluctuation as a function of
momenta. Results are shown for an average over L = 6L1, N = 8192 and n = 7 simulations. Di↵erent lines
show the time evolution. For simplicity the legends quotes only the earliest and latest time shown in each
plot, the remaining colors interpolate between these limits. The time di↵erence between steps is �⌧ = 0.1.
The three plots show the evolution through the three periods of our simulation: axions with strings, network
destruction, non-relativistic period with axitons.

as black lines in Fig. 9. The curve gives precisely what we expect from a free-streaming. The distribution at
relatively large scales is una↵ected by it, but small scale-fluctuations are erased roughly to the level they had
before the axitons formed. Small residual oscillations around k ⇠ 100/L1 can arise from a number of di↵erent
e↵ects. To date we have not elucidated their exact origin, but they do not modify significantly our conclusions.

Fig. 10 summarises some of our findings for varying string tensions, physical volumes and final times to our
simulation. In the left plot we observe how increasing the string tension or the resolution decreases the the
low-k tail. In the right plot we show that our choice of the time when we stop the simulations and perform the
WKB evolution has only a moderate influence around k ⇠ 100/L1. The blue line was evolved until ⌧ = 5 in
L = 6L1, N = 6144 grids, for which we have mAa = 1.4. The simulations corresponding to the black line were
stopped at ⌧ = 4.5, for which mAa = 0.63.

Overall the results are largely consistent and reveal a very clear picture. We discuss it in the remainder of
this section for the low-k, intermediate-k and high-k regions separately.

4.1 Low-k region: Patches

In the low-k regime, �2
k

seems to converge to the power law,

�2
k

' (3 ± 1) ⇥ 10�2(kL1)
3, (4.7)

which means that |e�(k)|2 becomes independent of momentum, i.e. a white noise power spectrum. We interpret
this low-k trend as the region where the density field is dominated by the misalignment axions. Di↵erent
patches of comoving size L1 have di↵erent initial values of the axion field and thus di↵erent DM densities. The
�2

k
/ k3 behaviour can be easily understood with a model where the total DM mass Mt in a comoving volume

V is put into Nc clumps of mass Mc, volume Vc (linear dimensions Lc ⇠ V 1/3
c ⇠ L1) in random positions. The

calculation of the Fourier mode �(k) with wavelength �k = 2⇡/k � Lc is a volume integral over density that

24
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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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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.
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Axion miniclusters

Eggemeier+2019
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Microlensing 4

FIG. 3. Expected Microlensing Events: Here we assume
that all the DM is composed of miniclusters on small scales.
Lines show the e↵ects of our modelling of the minicluster mass
function and density profile for HSC and the EROS survey.

Fig. 3 for HSC and EROS with fMC = 1. The number
of events in HSC is far larger than for EROS due to the
huge volume of DM between Earth and M31 leading to
a larger optical depth to microlensing for HSC [40]. To
show the e↵ects of our modelling we show four di↵erent
calculations of Nexp. for HSC.

In the first, we compute the event rate for PBHs (i.e
point like object) of fixed mass M0 (i.e. Dirac-delta-
function mass distribution) to normalise the exposure
and e�ciency.

We then compute the case of isolated miniclusters,
with density profiles determined by dn/d�. This reduces
the number of events by a factor of O(102) due to the
requirement of large � such that R > 0. We consider
this most conservative: miniclusters are too dense to suf-
fer much disruption on mergers, and MCHs are likely to
be a “plum pudding” of M0 objects. In this case, for the
HSC cadence and QCD axion, the modulating role of the
MCH mass function is not relevant

The dense MCH case includes in addition the e↵ects of
dn/dM . A microlensing survey is sensitive to objects of
fixed mass M . The mass function spreads the MCHs to
M > M0 (with more total mass at larger M), shifting the
central M0 to smaller values. The density profiles of the
dense MCHs are also computed using dn/d� i.e. mergers
forming MCHs are assumed to preserve the distribution
of halo concentrations.

Finally, the di↵use minicluster case uses dn/dM , but
assumes that all MCHs with M outside a small window
near M0 have too low density for microlensing. The cut
in dn/dM reduces the number of events. This is the
most pessimistic model, corresponding to an e↵ective re-
duction in fMC caused by mergers.

Taking both EROS and HSC to have observed zero
microlensing candidates the Poisson statistics 95% C.L.
limit on the number of expected events is Nexp  3 [40,
41]. Using this limit we find the constraints on fMC as a
function of axion mass ma presented in Fig. 4. We find
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FIG. 4. Limits on the Fraction of DM collapsed into
Miniclusters: The model adopted is for “isolated miniclus-
ters”, which we consider the most realistic. The shaded region
shows the allowed mass for the QCD axion in this scenario.
Where the n = 3.34 lines intersect this region, fMC is con-
strained for the QCD axion. The magenta (blue) line in the
inset shows a hypothetical improved observation by HSC ten
nights with an e�ciency ✏ ⇠ 1 in the case of isolated mini-
clusters (dense MHCs).

that EROS is unable to place a bound on fMC < 1.
HSC, on the other hand, does. The shaded band

shows the allowed mass for the QCD axion fixed by
ma = 6.6 µeV(1012 GeV/fa) [2, 3] and the relic density:
50 µeV . ma . 200 µeV [46]. The solid lines show the
HSC constraint: where the n = 3.34 line intersects the
shaded band, fMC is bounded for the QCD axion, and we
find fMC < 0.083(ma/100 µeV)0.12 in the isolated mini-
clusters case.

These results could be improved as shown in Fig. 4
(inset) where the magenta line shows a hypothetical
improved observation by HSC, extending to ten nights
with an e�ciency ✏ ⇠ 1, leading to a forecast bound of
fMC . 0.004 for the QCD axion in the isolated miniclus-
ters case. The improved observation would also able to
bound fMC . 0.1 in the more pessimistic dense MCH
scenario. We advocate a dedicated analysis of the HSC
microlensing data to place more rigorous bounds on fMC

than we have approximated, and for a longer microlens-
ing survey in order to improve those bounds further.
Ref. [1], includes the necessary light curves. Ref. [1] also
discusses various theoretical uncertainties and modelling
that can give small shifts in the constraints. The largest
uncertainty comes from our simplified modelling of the
lensing e�ciency. We are confident, however, that a more
thorough analysis by the observing teams will show that
HSC, and microlensing in general, is now a powerful tool
to constrain the QCD axion.

In this paper we have used microlensing to place the
first observational bounds on the DM axion minicluster
fraction, fMC. This quantity is poorly understood theo-
retically, and naively could be of order unity. If the mini-
cluster fraction were unity then axion DM detection in

Fairbairn+2017
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Axion radio-interferometry

!p(B) ⇡ ma
<latexit sha1_base64="qWVBPWJBJXHCp4bEZ31vVljKW9U=">AAACAHicdVDLSgMxFM34rPVVdeHCTbAIuikzHfGxK7pxqWBtoTMMd9K0BpNJSDJiKd34K25cKOLWz3Dn35g+BBU9cOFwzr3ce0+qODPW9z+8qemZ2bn5wkJxcWl5ZbW0tn5lZK4JrRPJpW6mYChnGa1bZjltKk1BpJw20pvTod+4pdowmV3anqKxgG7GOoyAdVJS2oykoF1I1O7JHo5AKS3vsEggKZX9yvEQB3hMwmNH/P3AD0McVPwRymiC86T0HrUlyQXNLOFgTCvwlY37oC0jnA6KUW6oAnIDXdpyNANBTdwfPTDAO05p447UrjKLR+r3iT4IY3oidZ0C7LX57Q3Fv7xWbjtHcZ9lKrc0I+NFnZxjK/EwDdxmmhLLe44A0czdisk1aCDWZVZ0IXx9iv8nV9VKEFaqF/vl2skkjgLaQttoFwXoENXQGTpHdUTQAD2gJ/Ts3XuP3ov3Om6d8iYzG+gHvLdPMvOWLQ==</latexit>

Goldreich & Julian NS 
magnetosphere model
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Axion radio-interferometry
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Axion stars

Levkov+2016
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Axion stars: mass-radius relations

⇥(r)

Visinelli+ PLB 777 64 (2018)

With K. Freese,  S. Baum

J. Redondo,     F.  Wilczek
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Solving by shooting method
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Soliton cores

Figure 1: Comparison of cosmological large-scale structures formed by standard CDM and by wave-
like dark matter, ψDM. Panel (a) shows the structure created by evolving a single coherent wave function
for ΛψDM calculated on AMR grids. Panel (b) is the structure simulated with a standard ΛCDM N-body
code GADGET-212 for the same cosmological parameters, with the high-k modes of the linear power spec-
trum intentionally suppressed in a way similar to the ψDMmodel to highlight the comparison of large-scale
features. This comparison clearly demonstrates that the large scale distribution of filaments and voids is in-
distinguishable between these two completely different calculations, as desired given the success of ΛCDM
in describing the observed large scale structure. ψDM arises from the low momentum state of the conden-
sate so that it is equivalent to collisionless CDM well above the Jeans scale.

CDM, including the surprising uniformity of their
central masses,M(< 300 pc)≃ 107 M⊙, and shallow
density profiles1–4. In contrast, galaxies predicted by
CDM extend to much lower masses, well below the
observed dwarf galaxies, with steeper, singular mass
profiles5–7. Adjustments to standard CDM address-
ing these difficulties consider particle collisions16, or
warm dark matter (WDM)17. WDM can be tuned to
suppress small scale structures, but does not provide
large enough flat cores18, 19. Collisional CDM can
be adjusted to generate flat cores, but cannot sup-
press low mass galaxies without resorting to other
baryonic physics20. Better agreement is expected
for ψDM because the uncertainty principle coun-
ters gravity below a Jeans scale, simultaneously sup-
pressing small scale structures and limiting the cen-
tral density of collapsed haloes8, 9.

Detailed examination of structure formation
with ψDM is therefore highly desirable, but, un-
like the extensive N-body investigation of standard

CDM, no sufficiently high resolution simulations of
ψDM have been attempted. The wave mechanics
of ψDM can be described by Schrödinger’s equa-
tion, coupled to gravity via Poisson’s equation13
with negligible microscopic self-interaction. The dy-
namics here differs from collisionless particle CDM
by a new form of stress tensor from quantum un-
certainty, giving rise to a comoving Jeans length,
λJ ∝ (1+ z)1/4m−1/2

B , during the matter-dominated
epoch15. The insensitivity of λJ to redshift, z, gener-
ates a sharp cutoff mass below which structures are
suppressed. Cosmological simulations in this con-
text turn out to be much more challenging than stan-
dard N-body simulations as the highest frequency
oscillations, ω , given approximately by the matter
wave dispersion relation, ω ∝ m−1

B λ−2, occur on the
smallest scales, requiring very fine temporal resolu-
tion even for moderate spatial resolution (see Sup-
plementary Fig. S1). In this work, we optimise
an adaptive-mesh-refinement (AMR) scheme, with

2

Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3− 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

Ultra-light axion DM 
is indistinguishable 
from CDM 
on large scales....

... galactic-size
self-gravitating
soliton cores are 
produced

Schive et al. Nature 10 496 (2014)

Veeltman et al. PRD 98 043509 (2018)
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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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