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This talk: Are the standard 
assumptions made in direct/
indirect detection about the 
distribution of dark matter in 
the galaxy correct if dark matter 
is a QCD axion?



Production of QCD axion DM: The misalignment mechanism

Present-day abundance of axions controlled by initial angle: Ωa ∝ θ2
i

Spontaneous Symmetry breaking 
(PQ phase transition)

Time

QCD phase transition
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Scenario 2: 
SSB after inflation

Inflation

PQ unbroken → axion 
doesn’t exist yet

After PQ breaking

Post-inflationary scenario
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Predictable DM abundance 
dependent on a single parameter  
(axion mass)

Scenario 2: Post-inflationary axion



Uncertainties:  and topological defects∇θ
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 Cosmic strings  
from axion field 
winding around  

⇒

2π
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 Domain walls 
where the field is 
stuck at  
saddle point

⇒

θ = π
⇡
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Evolution of the axion 
field in the post-
inflationary scenario

(movie)

Projection through 3D co-moving 
box, coloured by integrated axion 
energy density:



Gravitational collapse in the post-inflationary scenario

Initial conditions from  
lattice simulation 

WKB evolve + Schrodinger-Poisson system for 
linear growth 

N-body methods for non-linear gravitational collapse 

Axion distribution is highly inhomogeneous: isocurvature density fluctuations with 
masses set by the DM contained in the horizon at . Collapse and growth of these 
fluctuations leads to enhanced small-scale dark matter structure: “axion miniclusters” 

TQCD



AU—mpc sized gravitationally bound clumps of axions with masses  M ∈ [10−15,10−9] M⊙

Axion miniclusters



Miniclustersz = 3400
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z = 270
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0.05 pc/h
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0.01 pc/h
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Minivoids

If we extrapolate this to the present day then 
miniclusters would contain >80% of the DM 
by mass but fill only a tiny (<1%) fraction of 

the volume. 

Earth travels through galaxy at about 0.2 mpc 
per year, so our experiments sample the 

minivoids not the miniclusters 

This is fairly disastrous for direct detection 
prospects because accessible DM density is 
suppressed by up to an order of magnitude   



R. Sanderson

b

Not the full story…
Miniclusters are highly susceptible to 
tidal disruption, e.g. when passing stars

Energy injected into minicluster 

Axions with >Binding energy will 
evaporate away → form tidal stream 

E
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Direct detection 
Presence of axion streams 
and substructure implies a 
qualitatively different local 
distribution of dark matter 
than the conventional 
“SHM” assumption. 
Important for experimental 
analyses.
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But the oscillations also have a coherence time set by the DM velocity distribution: 
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But the oscillations also have a coherence time set by the DM velocity distribution: 
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But the oscillations also have a coherence time set by the DM velocity distribution: 
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But the oscillations also have a coherence time set by the DM velocity distribution: 
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Signal power spectrum depends on local DM speed distribution, , and integration time, f(v) T
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Standard Halo Model
1 spectrum (Tint = 20tc)
100 stacked spectra

FFT

Frequency resolution is  so taking FFTs of longer time-series samples may 
reveal fine-grained features in the speed distribution that are not resolved otherwise

Δω = 2π/T

Time domain Frequency domain
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ADMX Collaboration [2410.09203]

High-resolution analyses by axion haloscopes
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Summary
• Miniclusters and their tidal debris are a 
consequence of the post-inflationary axion dark 
matter scenario so any observational/experimental 
test of this scenario must account for them to perform 
a self-consistent search 

• Direct detection is significantly impacted by the 
fact that axion DM distribution was once highly 
clustered in small scale substructures which are now 
mostly disrupted. 

• Leads to a lineshape containing many narrow 
features which can be resolved in specialised high-
resolution analyses of haloscope data. Searches are 
being done by collaborations like ADMX — enhanced 
prospects to discover the axion. 
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Axion oscillation 
period

Coherence time 
(SHM)

Coherence time 
(Stream)

What timescales are we talking?

Compare to integration time for the ALPHA experiment perform 95%CL 
exclusion of KSVZ axion at this mass:   
→ Detecting these features requires a reanalysis of data not more data.

T ∼ 7 s
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Short integration times 
→ signal models look almost 
identifcal 

Long integration times 
→ signal models look very different.  
→ If a frequency bin lands on a 
narrow feature it can get a huge 
signal-to-noise boost in that bin.



Bonus: fine-grained structure of CDM halos
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Fine-grained streams
Vogelsberger & White (2010)
Skewed log-normal fit
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Fine-grained structure is actually a generic expectation 
for all CDM halos. We should have similar features 
present even in the pre-inflationary scenario 
→ wave-DM experiments should exploit this!

https://arxiv.org/pdf/1002.3162


Daily modulation

1.490 1.495 1.500 1.505 1.510 1.515 1.520 1.525 1.530

(w/ma ° 1) £ 106

0.2

0.4

0.6

0.8

1.0
S(

w
)

[a
.u

.]
sstr = 0.5 km s°1 sstr = 0.1 km s°1 sstr = 0.01 km s°1

Time average
0.00 0.25 0.50

t ° t0 [days]



10°5 10°4 10°3 10°2 10°1 100
T [sec] for ma = 100 µeV

10°2

10°1

100

101

102

103

104

R
equired

T
tot [sec]for

m
a
=

100
µeV

10°1 100 101 102 103 104 105

Integration time, T/TSHM
coh

102

103

104

105

106

107

108

109

R
eq

ui
re

d
T t

ot
/T

SH
M

co
h

Ttot < T

Nstr = 100
SHM
sstr = 10 km/s
sstr = 1 km/s
sstr = 0.1 km/s
sstr = 0.01 km/s
sstr = 0.001 km/s

10°5 10°4 10°3 10°2 10°1 100 101
T [sec] for ma = 100 µeV

10°2

10°1

100

101

102

103

104

R
equired

T
tot [sec]for

m
a
=

100
µeV

10°1 100 101 102 103 104 105

Integration time, T/TSHM
coh

102

103

104

105

106

107

108

109
R

eq
ui

re
d

T t
ot

/T
SH

M
co

h

Ttot < T

Nstr = 1
SHM
sstr = 10 km/s
sstr = 1 km/s
sstr = 0.1 km/s
sstr = 0.01 km/s
sstr = 0.001 km/s


