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Outline
• Terrestrial dark matter “astronomy”

• Example 1: WIMP directional detectors

• Example 2: Axion haloscopes

→ Non-directional axiostronomy

→ Directional axiostronomy 
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 Local dark matter distribution 
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1. Dark matter density (r = 8 kpc)

See J. I. Read [1404.1938]

2. Dark matter velocity distribution
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Determining f(v)

• Using models:
Standard halo model (SHM)
Mao+ [1210.2721] (fitting function)
Lisanti+ [1010.4300] (fitting function)
Kavanagh+ [1609.08630] (general polynomial)

• From simulations:
Bozorgnia [1705.05853] (WIMP-motivated)
Lentz+ [1703.06937] (axion-motivated)
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• Observationally:
Herzog-Arbeitman+[1708.03635] (stellar kinematics)

http://arxiv.org/abs/arXiv:1210.2721
http://arxiv.org/abs/arXiv:1705.05853
http://arxiv.org/abs/arXiv:1703.06937
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Substructure
Hierarchical galaxy formation by 
merger and accretion will (and has) 
lead to substructure in the MW.
The questions are: 
• Is there any nearby?
• Do we expect more/less 

substructure due to DM particle 
interactions?
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Some possibilities:
• Streams (from dwarf galaxies) Purcell+ [1203.6617]
• Debris flows Kuhlen+ [1202.0007]  
• Shadow bar Petersen+ [1602.04826]   
• Dark disk Schaller+ [1605.02770]
• Miniclusters Kolb & Tkachev+ [hep-ph/9303313]
• Ministreams (from miniclusters) Dokuchaev+ [1710.09586]
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Dark matter “astronomy”

Why?
→ Only way to resolve astro. uncertainties on DM signal
→ Only way to probe local halo on Solar System scale
→ Galacto-archaeology of MW
→ Information about cosmological production of DM
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Terrestrial measurement of f(v) with a dark 
matter experiment
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Example 1: WIMPs
WIMPs are vanilla thermally produced CDM
→ Subhalos down to ~ Earth mass Green+ [astro-ph/0503387]

→ No ultralocal structure (< milli pc) Vogelsberger+ [1002.3162]

→ Possible tidal stream (Sgt. stream) Purcell+ [1203.6617]

→ Unlikely dark disk Schutz+ [1711.03103]
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WIMP signals
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1. ~keV nuclear recoils
(rate/energy)

2. Annual modulation 
(rate/energy-time)

DM halo

3. Lab frame anisotropy
(rate/energy-time-direction)
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WIMPs: astrophysical uncertainties
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• Uncertainty in
exclusion limits
e.g. McCabe [1005.0579]
“What have I ruled out?”

• Biased parameter
estimation
e.g. Peter [1103.5145]
“What have I measured?”

• Neutrino floor 
e.g. O’Hare [1505.08061]
“Does my background mimic a signal?”
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Inelastic scattering: d=130 keV
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FIG. 4: (Colour online). The exclusion limits for v0 = 195 km/s (dotted), v0 = 220 km/s (solid) and v0 = 255 km/s (dashed).
Varying v0 leads to a larger vertical shift in the exclusion limits compared to varying vesc for all panels (cf. Fig. 2). The
horizontal shift for all experiments at masses ⇠ 10 GeV for elastic and momentum dependent scattering is ⇠ 1� 2 GeV, larger
than when vesc is varied (cf. Fig. 2). In contrast, when varying v0 in the inelastic case, the horizontal shift is smaller compared
to varying vesc.

kpc [61] and R0 = 8.33± 0.35 kpc [62]. Combining these
results, and using the new value of V~ = 12.24 km/s, we
find v0 = 242± 12 km/s and v0 = 239± 11 km/s respec-
tively. This is in comparison to the analysis of the GD-1
stellar stream which found v0 = 221± 18 km/s [63], and
the best fit to masers in the high mass forming regions
which found the range v0 = 225 ± 29 km/s [57]. Wary
of the possibility of unknown systematic errors a↵ecting
one of these measurements of v0, we take a conservative
approach by giving each the same weight and hence in
Fig. 4 we investigate how the exclusion limits change for

three values of v0; 195 km/s (dotted); 220 km/s (solid);
and 255 km/s (dashed), while keeping ⇢

�

= 0.3 GeV/cm3

and v

esc

= 544 km/s fixed. Again the left and right up-
per panels shows elastically scattering dark matter while
the lower left and right panels show momentum depen-
dent and inelastically scattering dark matter for � = 130
keV. We see that varying v0 has more of an e↵ect on �

n

than changing v

esc

for all cases (cf. Fig. 2), and that once
again there are two principal features to note: increasing
(decreasing) v0 causes the exclusion curves to shift down
(up) and left (right).
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FIG. 6: Marginalized probability distributions for mχ and D. The 68% C.L. contours are darker than the 95% C.L. contours.
The lighter pair of contours is associated with WIMP searches in the analysis windows described in Sec. II C, and the darker pair
are associated with extending the analysis window to 1 MeV. The top panels represent the SHM + SDD benchmark WIMP
speed distribution, and the bottom panels represent the SHM + SDD + 2 streams benchmark WIMP speed distribution.
Parameters inferred using the hypothesis of a single Maxwell-Boltzmann population of WIMPs. See text for details.

in the cases of mχ= 50 and 100 GeV. The bias decreases
with increasing Qmax, though. The second thing to note
is that the shape of the degeneracy contours is quite dif-
ferent than with the Maxwell-Boltzmann ansatz used in
Sec. III A. This is because the shape of the mapping be-
tween mχ and D and a fixed recoil spectrum depends on
the form of the speed distribution. Third, for mχ = 50
GeV there are disconnected regions. This is an artifact
of the “realization noise” in the data.

The reconstructed speed distributions are shown in
Fig. 8. Each column in the figure represents a different
WIMP mass. The error bars represent the marginalized
68% probability limits for each gi. Note that the proba-
bility contours are in fact correlated. The solid error bars
denote the limits obtained with the fiducial Qmax, and
the dotted error bars denote those obtained if Qmax= 1
MeV. In the upper panels, the WIMP mass is only con-
strained to be somewhere between 1 MeV and 100 TeV,
but in the bottom panels, I impose a Gaussian prior on
the WIMP mass centered on the true value and with a
width of 0.1mχ. The solid line shows the SHM speed dis-
tribution. In general, using the higher Qmax leads to bet-
ter fits to the SHM speed distribution, with the exception
of the case in which mχ= 50 GeV. I note that a similar

trend towards a larger low-speed population is also seen
in the Maxwell-Boltzmann analysis in Sec. III A for this
particular benchmark. Figures 3 and 5 show that the
true speed-parameter point barely lies within the 95%
C.L. contour. This high inferred density of low-speed
particles is an artifact of this particular realization of the
data for this set of benchmark parameters.

Although the inferred speed distributions look reason-
able, one might want to ask if the inferred speed distri-
bution were consistent with Maxwell-Boltzmann distri-
bution. The issue of model selection is tricky for both
the frequentist and Bayesian perspectives if one cannot
use χ2 to determine the goodness of fit (e.g., [82, 101]). In
general, the goal is to determine the relative fit between
hypotheses instead of determining the absolute quality
of fit for a single hypothesis. I use three different crite-
ria to assess the relative quality of fit between the single
Maxwell-Boltzmann and step-function speed-distribution
hypotheses: the Bayes factor, the Akaike information cri-
terion (AIC) [102], and the Bayes information criterion
(BIC) [104]. However, for reasons stated below, I will
emphasize the Bayes factor in particular.

In the Bayesian context, the ratio of Bayesian evi-
dences [Eq. (11)] for two hypotheses (“Bayes factor”)
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Directional detection
• Reconstruct full 3-d 
velocity distribution

 Kavanagh & O’Hare [1609.08630]

10

Nadir-75◦
-60◦

-45◦

-30◦

-15◦

15◦

30◦

45◦

60◦
75◦ Zenith

N̂ N̂Ŝ ŴÊ
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Directional detectors
Disadvantages (gas TPCs):
xHard to reconstruct complete recoil directions
xNeed to balance large target mass vs. accurate tracks
xSignals often disappear at low energies

Advantages:
✓Confirmation of Galactic DM discovery
✓Enhanced signal discrimination
✓Exploration of DM velocity distribution

13
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Axion astronomy
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The local axion field
•  Axion dark matter behaves as a classical field 
oscillating in (x,t), with modes (p = mav)  that 
“explore” the astrophysical distribution:

15

Axion power spectrum

•  Define a “coherence” length and time, within 
which all modes of the field are in phase,

a(x, t) =

p
2⇢a
ma

Z
d

3
p

(2⇡)3
|A(p)| cos (!t� p · x+ ↵p)

a(x, t) ⇡
p
2⇢a
ma

cos (!t� p · x+ ↵)
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Axion dark matter

16

•If we measure the field over time/length scales larger than 
those that dephase the tail of the axion oscillations we 
effectively measure the distribution of modes
     > coherence time:                            > coherence length

|A(!)|2 / f(v)

1. Frequency of photons
→ Axion speeds 

2. Coherence loss across experiment
→ Axion directions (weighted by geometry)

�a =
2⇡

mahvi
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Ideally we measure both effects
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted form the
cavity.

signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2
v ⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
noise,

Pn = Tsys�⌫ = Tsys
ma

2⇡Qa

(7.3)

= 3.3⇥ 10�21

✓
Tsys

K

◆✓
ma

µeV

◆✓
106

Qa

◆
(7.4)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin �⌫ is given by Dicke’s radiometer
equation

S

N
=

Ps

Tsys

r
�t

�⌫
, (7.5)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time �t = (S/N)2(Tsys/Ps)2�⌫ is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width �⌫ = ma/Q, we need a number (Q/Qa)(dma/ma) of �t measurements,
and so the scanning rate is

dma

dt
=

Qa

Q

2⇡�⌫

�t
=

Qa

Q

✓
S

N

◆2 ✓Tsys

Ps

◆2

. (7.6)
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(1) couple axion 
oscillation to the resonant 
mode of a cavity
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [569]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [568].

the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [570] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,
while preparations for a second stage with a 30L detector are ongoing. The ABRACADABRA [568]
experiment at MIT is also preparing a small 10 cm prototype and have also scaling-up plans. The sensi-
tivity lines shown in Fig. 18 to represent this technique are extrapolations to a large magnet of 5 T and
1 m3, as well as more ambitious 20 T / 1 m3 and 5 T / 100 m3 combinations, taken from [568]. The latter
suggests the implementation of this technique in a large toroidal magnet like the one foreseen for IAXO
(see section 6.1). Of course, these projections rely on successful experience with the ongoing small scale
prototypes, whose sensitivity (not shown in the figure) is not yet enough to reach QCD axions. Finally,
there are plans at the University of Florida to explore the concept with the possibility of implementing
this type of search in the AMDX magnet as part of the future program of the experiment [571].

7.4 NMR techniques

The fact that the gradient of the axion DM field couples to non-relativistic fermion spins like a ficticious
magnetic field Ba, see (5.10), which can be searched by NMR techniques was already known since the
90’s, see for instance [572]. We do not know why this idea was not pursued before, but very recently
the idea resurged [569] and, what is more important, reached the ears of several groups of dashing
experimentalists that have responded to the challenge. Something completely new to us is the idea
of detecting the oscillations of nuclear electric-dipole-moments (EDMs) produced directly by axion
DM [573], i.e. probing the same axion coupling that would reflect its relation with the Pececi-Quinn
solution of the strong CP problem. This turns out to be extremely challenging, but certainly not
impossible and has become a most exciting venue for testing axions. Another novel aspect to discuss
is a new experiment that would be sensitive to the axion DM coupling to the electron spin, which was
doomed as impossible in a number of works including [569,572], but not completely forgotten [574] and
is now one of the core proposals of the recently formed QUAX collaboration [575].
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Mirror Dielectric  Disks Receiver 

Be 

Figure 21: Left: sketch of the dielectric haloscope experiment. Photons in the Be field are emitted from
the dielectric surfaces and reflected in the leftmost mirror and other surfaces to be measured coherently
by a receiver, from [561]. Right: Adjusting the distances between the layers, the frequency dependence
of the boosted sensitivity can be adjusted to di↵erent bandwidths, from [566].

of ⇠ 20µm
p
100/�(100µeV/ma) is required to avoid modifications of the boost factor at the 10%

level. An automatic tuning mechanism is being developed in a small demonstrative setup at the Max
Planck Institute Munich with 20-cm diameter Sapphire disks. A first rough adjustment is performed
first and and smaller corrections are performed while measuring reflectivity and phase delay of a wave
send from the detector side. Distances between the mirrors are adjusted to minimise a chi2 between
the measurements and a 1D lumped element circuit model. Disks are moved by precision pico motors
with 100 nm precision. First results are very promising but di↵raction losses into empty space are
noticeable and expected to play a much smaller role in the 60 cm diameter version. The collaboration
also considers optical interferometry measurements to feedback on the tuning of the apparatus. The
thickness of the layers defines an O(1) frequency range where the dielectric haloscope can work because
at a frequency corresponding to � inside the disks, the EM wave radiated by axion DM vanishes. To
cover this gap in sensitivity MADMAX would surely need at least two thickness of disks to cover the
whole projected mass range. The collaboration is however mostly motivated by the predictive post-

inflation scenario where mA ⇠ 100µeV seemed the best prediction for the axion mass [16] until the
recent claims of 26 µeV [212] so the thickness of the first set can be optimised to one of these values.
The magnet design shown in Fig. 22 is by no means definitive. Indeed a A ⇠ 1m2 aperture dipole field
with Be ⇠ 10 T has never been attempted to and turns out to be quite challenging. A design study with
the participation of the magnet division of CEA/Saclay and Babcock Nell has started. On the detector
side, the collaboration has already designed the acquisition chain with the required specifications for a
su�ciently broadband acquisition using Low Noise Factory22 HEMT amplifiers reaching 5� 9 K noise
temperature in the relevant frequency range. The collaboration was o�cially created in October 2017
and plans to focus on magnet design studies and in a first intermediate setup with 20 30 cm disks
within a small magnet of perhaps 3-4 T while continuing with R%D on the LaALO3 disk option, tuning
mechanics, 3D simulations of di↵raction and thermal noise from side lobes. A full scale version of the
experiment could happen around 2022.

7.3 Low frequency resonators with LC circuits

In the previous section we have explained how DM axions in an external homogeneous Be field produce
an electric field Ea oscillating with a frequency ! ⇠ ma. Together with the Ea-field, at least two types

22
www.lownoisefacory.com
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ADMX 
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(2) generation of EM 
waves at magnetised 
boundaries

(3) Axion-induced electric 
currents

ABRACADABRA:
Detecting axion dark matter
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MIT / University of Michigan
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Figure 22: The concept of the MADMAX experiment [566], see text for details. From [566].

of oscillating B-fields can be excited. First, if the axion DM wave is not completely at rest induces a
small intrinsic Ba-field [391], which can be calculated by applying Faraday’s equation to the ALP-like
wave (4.24),

Ba =
1

i!
r⇥ Ea = �ga�v ⇥Bea (7.18)

where v = k/! is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that on average a non-zero velocity is singled out on
average, vodot ⇠ 220 km/s ⇠ 0.710�3. This Ba field is therefore smaller than Ea by factor ⇠ �v ⇠ 10�3

in the DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or
similar that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated
o↵ the disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating
magnetic field could be measured by a carefully placed pick-up coil and associated amplifying LC
circuit. The amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first
proposal by Sikivie [567] considered measuring the small intrinsic B-field, while further ideas where
presented to measured the secondary B created by Ea [146, 568]. The signal strength depends on the
magnetic flux going through the pick-up coil, which, for relevant configurations, and provided the axion
wavelength is much larger than the dimensions of the magnet, it is proportional to BeVBe , where VBe is
the total volume of the magnet. This method could achieve competitive sensitivity for very low masses
ma . 10�6 eV, if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the center of the toroid, where
the static background magnetic field is practically zero [568]. As proposed in [568], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [146]),
and is more e�cient that the narrowband mode for lower axion masses. When in narrowband mode,

23In earnest, the solution Ea = �ga�Bea has been obtained for an homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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Haloscopes
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Figure 18: Exclusion regions from haloscope searches (in green) expressed in terms of |Ca�|
p
%̃a. We

display Ca� in the sense of Ca� = ga�fA(2⇡/↵) from (2.42) by rescaling sensitivities on ga� by the
known relation between fA,mA. Some of the regions tentatively at reach in future experiments are
indicated as semi-transparent green areas. Some of those regions are dependent, to di↵erent extents, on
successful completion of R&D on novel detection concepts, as explained in the text. Regions explored
and projected by helioscopes are also shown (in blue). As usual the yellow band and orange line
represent the QCD axion models and the benchmark KSVZ model respectively. The sketch on top
shows the mass ranges for which total DM density can be obtained in di↵erent models, as explained in
section 3.1.1.

9 T magnet at CERN [551, 552]. Figure 17 shows one of them. The use of these type of cavities was
proposed in [532] and has interesting technical advantages. The resonant frequency in these geometries
is mostly determined by the smaller dimensions of the parallelepiped, and therefore V can be increased
(in principle, arbitrarily) by increasing its length. In practice, mode crossing and mode crowding limits
the length of the cavities, but this could be overcome by phase matching several smaller cavities. Cur-
rent CAST-CAPP design considers 40 cm long cavities. Tuning of these cavities can be accomplished
by the use of small movable slabs inside the cavity or by having the cavity cut in two longitudinally
and precisely moving the two halves. This approach should give competitive sensitivity for a small
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Irastorza & Redondo [1801.08127]
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Step 1: Axion search
for a given resonant freq. measure 
power extracted from cavity over 
bandwidth. Then move the 
resonant frequency and try again

Brubaker+ [1706.08388]
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Step 1: Axion search
for a given resonant freq. measure 
power extracted from cavity over 
bandwidth. Then move the 
resonant frequency and try again

Step 2: Axion signal
Once resonance is found, Fourier 
transform signal timestream to 
measure axion spectrum 6
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Figure 1. (Left) A comparison between the mean of 500 Monte Carlo simulations of a signal only PSD dataset (blue) and
the analytic expectation given in (26) (black). The inset shows the distribution of the 500 simulated S

��

versus the predicted
exponential distribution, as in (24), at the frequency where the signal distribution is maximized, !/ma ⇡ 1.003. This example
was generated assuming the unphysical but illustrative parameters A = 1 Wb2, ma = 2⇡ Hz, and v

0

= v
obs

= 220,000 km/s.
Importantly the simulations were generated by constructing the full axion field starting from (3), and so the agreement between
theory and Monte Carlo is a non-trivial confirmation of the framework. (Right) As on the left, but with Gaussian distributed
white noise added into the time-series data with variance �B/�t, and taking �B = 500 Wb2 Hz�1. Again we see the theory
prediction in good agreement with the average data, whilst at an individual frequency point the simulated data is exponentially
distributed. See text for details.

PSD is also exponentially distributed:

P [S��(!)] =
1

�(!)
e

�S

��

(!)/�(!)
,

�(!) ⌘ hS��(!)i = A

⇡f(v)

m
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v
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p
2!/ma�2

.

(24)

Recall that A, which is e↵ectively dictating the strength
of the axion signal, has units of Wb2, so S�� carries units
Wb2

/Hz, or in natural units eV�1.
In any real experiment there will also be background

sources of noise in the dataset. For most sources we can
think of this as mean zero Gaussian distributed noise in
the time domain.6 For example, in ABRACADABRA
the main background sources are expected to be noise
within the SQUID for the broadband configuration or
thermal noise in the resonant circuit [5]. Both of these
are well described by normally-distributed noise sources,
and so they fall under this class of backgrounds. In
ADMX the dominant background is also thermal noise,
and the Gaussian nature of this source has been discussed
in Refs. [77, 78]; indeed, in [78] they noted the power
due to thermal noise in the experiment should be expo-
nentially distributed. It is likely that most other noise

6 If the mean of the background distribution is non-zero, then this
will only impact the k = 0 mode of the PSD. For reasons dis-
cussed in App. A, we will not include this mode in our likelihood,
and as such we are only sensitive to the variance of the distribu-
tions, and so can choose them to have mean zero without loss of
generality.

sources will also be normally distributed. However, it
may well be possible that certain axion direct detection
experiments do su↵er from background sources that are
not well described by Gaussian noise. In such a case the
framework we present in this work will not go through
directly, but the same logic can be used to derive a new
likelihood that accounts for the specific background dis-
tribution. Restricting ourselves to the Gaussian approx-
imation, then, as demonstrated in App. A, if we have
a series of Gaussian distributed backgrounds of variance
�

i

B

/�t, where i indexes the various backgrounds, then
the PSD formed from the combinations of all these will
again be exponentially distributed with mean

hSbkg
�� (!)i = �

B

⌘
X

i

�

i

B

. (25)

It is important to note that in general �

B

will be a func-
tion of !, reflecting an underlying time variation in the
backgrounds.

Given that the individual signal and background only
cases are exponentially distributed, it is perhaps not sur-
prising that the combined signal plus background is ex-
ponentially distributed also. This fact is demonstrated
in App. A, however we point out here that the correct
way to think about this is that the two are combined at
the level of the time-series data, not at the level of the
PSD. To highlight this, the sum of two exponential dis-
tributions is not another exponential. Taking this fact,
we arrive at the result that the full PSD will be exponen-

Foster+ [1711.10489]
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Step 1: Axion search
for a given resonant freq. measure 
power extracted from cavity over 
bandwidth. Then move the 
resonant frequency and try again

Step 2: Axion signal
Once resonance is found, Fourier 
transform signal timestream to 
measure axion spectrum 6
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Figure 1. (Left) A comparison between the mean of 500 Monte Carlo simulations of a signal only PSD dataset (blue) and
the analytic expectation given in (26) (black). The inset shows the distribution of the 500 simulated S

��

versus the predicted
exponential distribution, as in (24), at the frequency where the signal distribution is maximized, !/ma ⇡ 1.003. This example
was generated assuming the unphysical but illustrative parameters A = 1 Wb2, ma = 2⇡ Hz, and v

0

= v
obs

= 220,000 km/s.
Importantly the simulations were generated by constructing the full axion field starting from (3), and so the agreement between
theory and Monte Carlo is a non-trivial confirmation of the framework. (Right) As on the left, but with Gaussian distributed
white noise added into the time-series data with variance �B/�t, and taking �B = 500 Wb2 Hz�1. Again we see the theory
prediction in good agreement with the average data, whilst at an individual frequency point the simulated data is exponentially
distributed. See text for details.

PSD is also exponentially distributed:
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Recall that A, which is e↵ectively dictating the strength
of the axion signal, has units of Wb2, so S�� carries units
Wb2

/Hz, or in natural units eV�1.
In any real experiment there will also be background

sources of noise in the dataset. For most sources we can
think of this as mean zero Gaussian distributed noise in
the time domain.6 For example, in ABRACADABRA
the main background sources are expected to be noise
within the SQUID for the broadband configuration or
thermal noise in the resonant circuit [5]. Both of these
are well described by normally-distributed noise sources,
and so they fall under this class of backgrounds. In
ADMX the dominant background is also thermal noise,
and the Gaussian nature of this source has been discussed
in Refs. [77, 78]; indeed, in [78] they noted the power
due to thermal noise in the experiment should be expo-
nentially distributed. It is likely that most other noise

6 If the mean of the background distribution is non-zero, then this
will only impact the k = 0 mode of the PSD. For reasons dis-
cussed in App. A, we will not include this mode in our likelihood,
and as such we are only sensitive to the variance of the distribu-
tions, and so can choose them to have mean zero without loss of
generality.

sources will also be normally distributed. However, it
may well be possible that certain axion direct detection
experiments do su↵er from background sources that are
not well described by Gaussian noise. In such a case the
framework we present in this work will not go through
directly, but the same logic can be used to derive a new
likelihood that accounts for the specific background dis-
tribution. Restricting ourselves to the Gaussian approx-
imation, then, as demonstrated in App. A, if we have
a series of Gaussian distributed backgrounds of variance
�

i

B

/�t, where i indexes the various backgrounds, then
the PSD formed from the combinations of all these will
again be exponentially distributed with mean

hSbkg
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⌘
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. (25)

It is important to note that in general �

B

will be a func-
tion of !, reflecting an underlying time variation in the
backgrounds.

Given that the individual signal and background only
cases are exponentially distributed, it is perhaps not sur-
prising that the combined signal plus background is ex-
ponentially distributed also. This fact is demonstrated
in App. A, however we point out here that the correct
way to think about this is that the two are combined at
the level of the time-series data, not at the level of the
PSD. To highlight this, the sum of two exponential dis-
tributions is not another exponential. Taking this fact,
we arrive at the result that the full PSD will be exponen-

Step 3: Modulation
Repeat experiment to measure 
phase of annual modulation
 → confirmation of DM signal5

sidered here (TM
0l0) this is written C

0l0 = 4/�2

0l
1. We

are principally interested in the TM
010

mode which has
C

010

= 0.69. ADMX can tune the TM
010

mode from
roughly 500 MHz to 900 MHz [19]. In general the elec-
tric field of the TMnlm mode can be written [47],

Ez(r, ✓, z, t) = E(t)Jm
⇣
xml

R

r

⌘
e

±im✓ cos
⇣
n⇡z

L

⌘
. (34)

In which, E(t) is the time dependent component of the
field, Jm is a Bessel function, xml is the lth root of
Jm(x) = 0, R is the cavity radius and L is the cavity
length. Modes with n 6= 0 and m 6= 0 have very small
form factors.

Our simulation is based upon the calculation of
Eq. (32) so for our purposes it would be su�cient to stop
here. In the interest of comparison with previous calcula-
tions we will calculate the power on-resonance. To do this
we simply set !

0

= !a ' ma and use a Breit-Wigner ap-
proximation for the axion power spectrum with an analo-
gous Q-factor Qa ⇠ !/�! ⇠ 106 (this allows an analytic
evaluation of the integral in Eq. (32)). We also introduce
the axion density by writing ha2(t)i = ⇢a/m

2

a. Resulting
ultimately in,

Pa = ~2c5"
0

g
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a��V B

2

Cnlm
⇢a

ma
min(Q,Qa) , (35)

where we have restored the factors of ~, c and "

0

for
completeness. If the quality factor of the resonant cav-
ity is very high (i.e., the cavity is very good at storing
energy and the dissipation is very slow) then the axion
conversion power is limited by the spread in axion kinetic
energy. The factor min(Q,Qa) arises from the integral of
two Breit-Wigner functions and indicates how the total

power received on-resonance is set by the wider of the
two power spectra.

Inputting typical values for the experimental param-
eters we arrive at a total power which is of the order
10�22 W as is usually quoted,

Pa = 6.3⇥ 10�22 W

⇥
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Q
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IV. MOCK EXPERIMENT

Our simulation is an approximation to the current
setup of ADMX. We list a set of benchmark experimen-
tal parameters in Tab. I. The magnetic field strength,

1 Other mode orientations, the transverse electric (TE
nlm

) and
transverse electromagnetic (TEM

nlm

) modes both have no axial
electric field meaning they have negligible form factors.
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FIG. 1: Example simulated power spectra as a function of
time. Each line is the average power spectrum observed over a
10 day period. The top panel shows the spectra for a smooth
Maxwellian halo and bottom for a pure tidal stream with
parameter values displayed in Tab. I. The purple line in the
frequency-time plane shows the evolution of the frequency at
which the power is maximised: 2⇡⌫

max

= m
a

(1 + v2
lab

/2) and
2⇡⌫

max

= m
a

(1 + |v
lab

� v
str

|2/2) for the Maxwellian halo
and stream respectively.

quality factor and noise temperature is roughly in line
with what is currently achievable. We also include the
Latitude and Longitude of the experiment.
In this section we will consider a hypothetical scenario

in which the axion has been discovered after a successful
scan over a wider mass range. Once the resonance has
been found then an experiment can be performed at a
single frequency. The running time of the experiment
needs to be long enough to ensure that the signal-to-
noise ratio is high but for our purposes also needs to
be comprised of long timestream samples to obtain high
frequency resolution in the resulting spectrum.
For now we pick a benchmark set of particle parame-

O'Hare & Green 
[1701.03118]
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Step 1: Axion search
for a given resonant freq. measure 
power extracted from cavity over 
bandwidth. Then move the 
resonant frequency and try again

Step 2: Axion signal
Once resonance is found, Fourier 
transform signal timestream to 
measure axion spectrum 6
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Figure 1. (Left) A comparison between the mean of 500 Monte Carlo simulations of a signal only PSD dataset (blue) and
the analytic expectation given in (26) (black). The inset shows the distribution of the 500 simulated S

��

versus the predicted
exponential distribution, as in (24), at the frequency where the signal distribution is maximized, !/ma ⇡ 1.003. This example
was generated assuming the unphysical but illustrative parameters A = 1 Wb2, ma = 2⇡ Hz, and v

0

= v
obs

= 220,000 km/s.
Importantly the simulations were generated by constructing the full axion field starting from (3), and so the agreement between
theory and Monte Carlo is a non-trivial confirmation of the framework. (Right) As on the left, but with Gaussian distributed
white noise added into the time-series data with variance �B/�t, and taking �B = 500 Wb2 Hz�1. Again we see the theory
prediction in good agreement with the average data, whilst at an individual frequency point the simulated data is exponentially
distributed. See text for details.
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Recall that A, which is e↵ectively dictating the strength
of the axion signal, has units of Wb2, so S�� carries units
Wb2

/Hz, or in natural units eV�1.
In any real experiment there will also be background

sources of noise in the dataset. For most sources we can
think of this as mean zero Gaussian distributed noise in
the time domain.6 For example, in ABRACADABRA
the main background sources are expected to be noise
within the SQUID for the broadband configuration or
thermal noise in the resonant circuit [5]. Both of these
are well described by normally-distributed noise sources,
and so they fall under this class of backgrounds. In
ADMX the dominant background is also thermal noise,
and the Gaussian nature of this source has been discussed
in Refs. [77, 78]; indeed, in [78] they noted the power
due to thermal noise in the experiment should be expo-
nentially distributed. It is likely that most other noise

6 If the mean of the background distribution is non-zero, then this
will only impact the k = 0 mode of the PSD. For reasons dis-
cussed in App. A, we will not include this mode in our likelihood,
and as such we are only sensitive to the variance of the distribu-
tions, and so can choose them to have mean zero without loss of
generality.

sources will also be normally distributed. However, it
may well be possible that certain axion direct detection
experiments do su↵er from background sources that are
not well described by Gaussian noise. In such a case the
framework we present in this work will not go through
directly, but the same logic can be used to derive a new
likelihood that accounts for the specific background dis-
tribution. Restricting ourselves to the Gaussian approx-
imation, then, as demonstrated in App. A, if we have
a series of Gaussian distributed backgrounds of variance
�

i

B

/�t, where i indexes the various backgrounds, then
the PSD formed from the combinations of all these will
again be exponentially distributed with mean
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It is important to note that in general �

B

will be a func-
tion of !, reflecting an underlying time variation in the
backgrounds.

Given that the individual signal and background only
cases are exponentially distributed, it is perhaps not sur-
prising that the combined signal plus background is ex-
ponentially distributed also. This fact is demonstrated
in App. A, however we point out here that the correct
way to think about this is that the two are combined at
the level of the time-series data, not at the level of the
PSD. To highlight this, the sum of two exponential dis-
tributions is not another exponential. Taking this fact,
we arrive at the result that the full PSD will be exponen-

Step 3: Modulation
Repeat experiment to measure 
phase of annual modulation
 → confirmation of DM signal5

sidered here (TM
0l0) this is written C

0l0 = 4/�2

0l
1. We

are principally interested in the TM
010

mode which has
C

010

= 0.69. ADMX can tune the TM
010

mode from
roughly 500 MHz to 900 MHz [19]. In general the elec-
tric field of the TMnlm mode can be written [47],

Ez(r, ✓, z, t) = E(t)Jm
⇣
xml
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±im✓ cos
⇣
n⇡z
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. (34)

In which, E(t) is the time dependent component of the
field, Jm is a Bessel function, xml is the lth root of
Jm(x) = 0, R is the cavity radius and L is the cavity
length. Modes with n 6= 0 and m 6= 0 have very small
form factors.

Our simulation is based upon the calculation of
Eq. (32) so for our purposes it would be su�cient to stop
here. In the interest of comparison with previous calcula-
tions we will calculate the power on-resonance. To do this
we simply set !

0

= !a ' ma and use a Breit-Wigner ap-
proximation for the axion power spectrum with an analo-
gous Q-factor Qa ⇠ !/�! ⇠ 106 (this allows an analytic
evaluation of the integral in Eq. (32)). We also introduce
the axion density by writing ha2(t)i = ⇢a/m

2

a. Resulting
ultimately in,
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where we have restored the factors of ~, c and "

0

for
completeness. If the quality factor of the resonant cav-
ity is very high (i.e., the cavity is very good at storing
energy and the dissipation is very slow) then the axion
conversion power is limited by the spread in axion kinetic
energy. The factor min(Q,Qa) arises from the integral of
two Breit-Wigner functions and indicates how the total

power received on-resonance is set by the wider of the
two power spectra.

Inputting typical values for the experimental param-
eters we arrive at a total power which is of the order
10�22 W as is usually quoted,

Pa = 6.3⇥ 10�22 W
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IV. MOCK EXPERIMENT

Our simulation is an approximation to the current
setup of ADMX. We list a set of benchmark experimen-
tal parameters in Tab. I. The magnetic field strength,

1 Other mode orientations, the transverse electric (TE
nlm

) and
transverse electromagnetic (TEM

nlm

) modes both have no axial
electric field meaning they have negligible form factors.
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FIG. 1: Example simulated power spectra as a function of
time. Each line is the average power spectrum observed over a
10 day period. The top panel shows the spectra for a smooth
Maxwellian halo and bottom for a pure tidal stream with
parameter values displayed in Tab. I. The purple line in the
frequency-time plane shows the evolution of the frequency at
which the power is maximised: 2⇡⌫
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/2) and
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|2/2) for the Maxwellian halo
and stream respectively.

quality factor and noise temperature is roughly in line
with what is currently achievable. We also include the
Latitude and Longitude of the experiment.
In this section we will consider a hypothetical scenario

in which the axion has been discovered after a successful
scan over a wider mass range. Once the resonance has
been found then an experiment can be performed at a
single frequency. The running time of the experiment
needs to be long enough to ensure that the signal-to-
noise ratio is high but for our purposes also needs to
be comprised of long timestream samples to obtain high
frequency resolution in the resulting spectrum.
For now we pick a benchmark set of particle parame-

O'Hare & Green 
[1701.03118]

Step 4: Astronomy 
Build specialised detectors, 
exploit directional dependence, 
measure features in 
distribution…
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Axion astronomy: Measuring the lab velocity
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vsun

vearth (Jun)

vearth (Dec)

vgal

vlab(t) =vgal + vsun + vearth(t)

⇡ (220 + 20 + 30) km s�1
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Axion astronomy
•Likelihood fit spectrum      
to astrophysical parameters
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O'Hare & Green [1701.03118]

vsun+gal = (vx�, v0 + vy�, vz�)

Galactic centre
Galactic rotation
Galactic North

Astrometric uncertainty: ~ 1 km/s 
Schoenrich+ [0912.3693] 

Duration:
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Detecting Streams
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O'Hare & Green [1701.03118]

•   Modulations can be used to identify localised features by their 
unique phase, amplitude and frequency offset

Power spectrum 
vs. time

from N-body 
simulation
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Miniclusters
Substructure for post-inflation scenario axionic DM
→ Collapsed overdensities of the axion field, formed from mass 
inside horizon when axion oscillations begin

26

⇢mc ⇠ 106 GeV cm�3

Mmc ⇠ 10�12M�

High density/low dispersion
→ sharp enhancement in signal
(but our encounter rate < 1 per 100,000 years) 

Rmc ⇠ 107 km ⇠ 0.2AU

Adapted from 
Stadler & Redondo
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“Ministreams”
• Network of streams 
from mini clusters tidally 
disrupted by stars
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✓
Mmc

10�12 M�

◆1/3

⌧
str�x

=

2R
mstr

v
lab

q
1� vstr·vlab

vstrvlab

⇠O(hours� days)

• Could be more regular, 
giving temporary 
enhancements in signal 
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O'Hare & Green [1701.03118]

“Ministreams”
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A directional axion experiment?
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A directional axion experiment?

30

•  From “Maxiowell’s equations” one can derive  

•  Which has solutions (for electric field mode i :                       )          

a(x, t) ⇠ a0e
�i(!t+p·x)First put in one axion wave:

= �ga�Bext

Ci!
2a

0

ei!t Ci = Cavity form factor
(integrates axion spatial distribution
over the EM geometry of the expt)

E =
X

Ei(t)ei(x)

Ëi + !2

iEi + �Ėi = �ga�
1

V

Z
dV (ei ·Bext

)ä

Ë�r2E = �ga�Bext

ä
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Simple example: rectangular cavity
Lowest resonant mode:

31

e101 =

✓
0, 2 sin

✓
⇡x

L

x

◆
sin

✓
⇡z

L

z

◆
, 0

◆

Ly

Lx

Bext = (0, Bext , 0)

Form factor for axion wave of momentum  p = mav  
→ 

Lz

C =
1

V B
ext

Z
dV ei ·Bext

eip·x
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Rectangular cavity

32

In the zero velocity limit we have the usual form factor

|C|2 =
64

⇡4

⇥
1 +m2

a

(g
x

v2
x

+ g
y

v2
y

+ g
z

v2
z

)
⇤

= C0(1 + G(!,v))

Now including the axion velocity, 

“Geometry factor”

|C|2 =

����
1

V B
ext

Z

V
dV e

101

·B
ext

����
2

=
64

⇡2

⌘ C
0

|C|2 = 0.66� 0.033

✓
ma

100µeV

◆2 ✓ L

10m

◆2 ✓ v

300 km s�1

◆2
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Signal from axion distribution

33

Axion field a(x,t) oscillates with modes distribution f(v;t)
→ Integrate over velocities to get signal power vs. freq.:

dP

d!
(t) = P0T (!)

dv

d!

✓
f(v; t) +

Z
d⌦v v

2G(!, v̂) f(!, v̂; t)
◆

Total power 
on-resonance

Mode
 lineshape

Non-directional 
speed effect due to

Directional velocity effect due 
to geometry

→ orientation-dependent
→ time-dependent

! = ma

✓
1 +

v2

2
+ ...

◆



Ciaran O’Hare MPP Munich Seminar 15th Feb.

Full velocity sensitivity

34

• General formalism would look something like:

“a-type”
Linear velocity dependence

“b-type”
Quadratic velocity dependence 

G
a

(v) =
X

i= x,y,z

a
i

v
i

G
b

(v) =
X

i= x,y,z

b
i

v2
i

• For long aspect ratio experiments, expect one ai/bi component to 
dominate, e.g. rectangular cavity:

L

w
x

y
b2 = �m2

a

0

@
L2/12

w2(1/4� 2/⇡2)
w2(1/4� 2/⇡2)

1

A
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Combining cavities

35

North

Zenith

West

North
West

Zenith

North

Zenith

West

Set up multiple (e.g. three) 
cavities, and compare signals

L
x3

w

bN ⇡ �L2m2
a

12

0

@
1
0
0

1

A bW ⇡ �L2m2
a

12

0

@
0
1
0

1

A bZ ⇡ �L2m2
a

12

0

@
0
0
1

1

A

→ v2N → v2W → v2Z
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Building an axion observatory

36

• Explore f(v; t) by examining ratios of signals between 
cavities pointing in different directions

• But b-type experiment has no sensitivity to ±vi
→ But, the Earth is rotating and revolvingUntitled	Map	
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Daily modulation
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-0.5838

0.5838
0.7560

-0.0162

0.2159

0.9919

37

• For long cavity: daily modulation > annual
• Define cos 𝜽±(t) = range of angles between the axion wind and 

cavity directions:  (North/West/Zenith)

Daily 
modulation
Annual
 modulation
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Distribution with stream
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Detecting a stream 

39

•Detecting three velocity components of a stream:
 |v|     → No-directionality: ~ O(1 year) of power spectra
 v2x,y,z → b-type directionality: ~O(1 month) of power spectra
 vx,y,z  → a-type directionality: ~ Single power spectrum

Purely from geometric 
arguments

(i.e. best case scenario with no noise)

Clearly an a-type 
experiment is desirable 

e.g. detection of 
ministreams-3 -2 -1 0 1 2 3
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Dielectric disk haloscope
• Axion field crossing a magnetised boundary generates photons
• Line up multiple dielectric disks, spaced correctly to coherently 

enhance the reflected and transmitted EM waves

Millar+ [1707.04266]

�2 ⌘ P
dh

P
mirror
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Dielectric disk haloscope

41

•Non-zero axion velocity causes phase difference across experiment
•Velocity dependent boost factor Millar+ [1707.04266]

Signal/area:

v = 0

v = 300 km s-1

Number of disks

80

1

A

dPdh

d!
/ dv

d!

Z
d⌦v �

2(v)f(v)

Example for 
transparent disks
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Velocity effects in MADMAX

42

• Unimportant for standard 80 disk setup (this is a good thing!)

but could be exploited in an extended experiment
(>O(100) disks)
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Summary
•Uncertainty in the local DM distribution both a problem and 

a motivation for direct detection experiments

• Take some inspiration from WIMP dark matter, but 
directional detection in this context difficult to achieve 
experimentally

•Directional axion astronomy more straightforward,  just scale 
up existing technology e.g.
→ Long aspect ratio cavities (e.g. ADM-XL)
→ Long dielectric disk experiments (e.g. BIGMAX)

43



Bonus

44
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•Halo independent g(vmin) methods (integrate out uncertainty)
e.g. Fox+ [1011.1915], Frandsen+ [1111.0292], Kahlhoefer+ [1607.04418], 

Catena+ [1801.08466], + many many more...

•General parameterisations (fit distribution, but remain agnostic)
e.g. Peter [1103.5145], Kavanagh & Green [1303.6868], Kavanagh [1502.04224]

•Bayesian methods (with some astrophysically informed prior)
e.g. Strigari & Trotta [0906.5361], Fowlie [1708.00181]

• Dealing with non-Maxwellian structure
e.g. Lee, & Peter [1202.5035], O'Hare & Green [1410.2749]

45

WIMPs: dealing with astrophysical 
uncertainties
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Detecting axion dark matter
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Distribution with stream

47

Annual modulation
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Problems to consider
•  Ideal detection scheme would have sensitivity to ±vi components
→ Is Earth rotation enough? (cf. minicluster streams)
→ Is mirror-less MADMAX sensitive enough?

•  Trade-off between strong velocity effect and high S/N

•  Velocity effects for low mass axions (<10 µeV →  λa > 100 m)
→ Phase tracked network of separated cavities?
→ Multiple NMR experiments exploiting axion-wind effect?  

(CASPEr-wind)

• Find the axion 

48


