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Terrestrial searches for the conversion of dark matter axions or axion-like particles into photons
inside magnetic fields are sensitive to the phase space structure of the local Milky Way halo. We
simulate signals in a hypothetical future experiment based on the Axion Dark Matter eXperiment
(ADMX) that could be performed once the axion has been detected and a frequency range contain-
ing the axion mass has been identified. We develop a statistical analysis to extract astrophysical
parameters, such as the halo velocity dispersion and laboratory velocity, from such data and find
that with only a few days integration time a level of precision can be reached matching that of astro-
nomical observations. For longer experiments lasting up to a year in duration we find that exploiting
the modulation of the power spectrum in time allows accurate measurements of the Solar peculiar
velocity with an accuracy that would improve upon astronomical observations. We also simulate
signals based on results from N-body simulations and find that finer substructure in the form of tidal
streams would show up prominently in future data, even if only a subdominant contribution to the
local dark matter distribution. In these cases it would be possible to reconstruct all the properties
of a dark matter stream using the time and frequency dependence of the signal. Finally we consider
the detection prospects for a network of streams from tidally disrupted axion miniclusters. These
features appear much more prominently in the resolved spectrum than suggested by calculations
based on a scan over a range of resonant frequencies, making the detection of axion minicluster
streams more viable than previously thought. These results confirm that haloscope experiments in
a post-discovery era are able to perform “axion astronomy”.

PACS numbers: 14.80.Va; 95.35.+d

I. INTRODUCTION

Axions are light pseudoscalar particles that appear in
the solution of Peccei and Quinn [T, 2] to explain the un-
natural absence of CP-violation in quantum chromody-
namics (QCD). More modern motivation from the land-
scape of axion-like particles (ALPs) appearing in string
theory [3H5], inspires the generalisation of axions to light
pseudoscalars with a theoretical origin outside of the orig-
inal Peccei-Quinn solution. Such ALPs can cover an ex-
tremely wide range of masses and couplings to the stan-
dard model [6]. Axions and ALPs are an attractive cold
dark matter candidate and can be produced in the early
Universe through a variety of non-thermal mechanisms
such as vacuum misalignment or the decay of topolog-
ical defects [7, [§] in ways that are consistent with the
known cosmological abundance and phenomenology of
dark matter [9) [10]. For a recent review of axion cos-
mology see e.g., Ref. [II]. In the following we use the
term ‘axion’ to refer to both the QCD axion and generic
axion-like particles.

Certain axion mass and coupling ranges can be ruled
out with various astrophysical observations such as the
cooling of white dwarfs [I2 [I3], neutron star interac-
tions [14], the lifetimes of horizontal branch stars in glob-
ular clusters [15] and supernovae neutrinos [16, [17]. Ax-
ions may also be observable in the lab. Experimental
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tests for axions predominantly rely on their coupling to
electromagnetism resulting in the Primakoff conversion of
axions into photons inside strong magnetic fields. Cav-
ity resonators can exploit this effect if the resonant fre-
quency is chosen to match the axion mass [I§]. As the
axion mass is unknown experiments must be designed
to scan over a range of resonant frequencies correspond-
ing to a range of axion masses. Experiments include
the helioscope CAST [19] (and the planned IAXO [20])
searching for axions produced inside the Sun, and halo-
scopes such as ADMX searching for Galactic dark mat-
ter axions [2I]. These experiments operate over a narrow
range of frequencies and hence make constraints on the
axion mass in small bands, where the smallest accessible
photon coupling is controlled by the signal-to-noise level
of the experiment. Planned dark matter axion experi-
ments such as QUAX [22H24], CULTASK [25] and the
layered dielectric haloscope MADMAX [26, 27] are be-
ing designed to probe ranges of axion masses inaccessible
due to the technical restrictions of the ADMX design. As
well as axion ‘observation’ experiments there exist solely
lab-based experiments such as the Any Light Particle
Search [28] using the technique known as light-shining-
through-a-wall [29]. In haloscopes beyond ADMX, it
may be possible to search for lighter axions with broad-
band readout circuits [30] or LC circuits [31] as well as
heavier masses in the meV range with Josephson junc-
tions [32], B3]. Other couplings such as those to nuclei [34]
can be probed in nuclear magnetic resonance experiments
such as CASPEr [35][36] and the coupling to electrons can
be constrained using conventional dark matter direct de-
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tection searches for weakly interacting massive particles
(WIMPs) [37]. For a recent review of axion experiments
see for example Ref. [38].

The goal of a haloscope experiment is to tune the fre-
quency of a cavity mode to the axion mass resulting in
the resonant enhancement of the axion-photon conver-
sion. ADMX achieves this with the use of movable tun-
ing rods placed inside the cavity itself to modulate the
resonant frequency over a range of several hundred MHz.
Although usually unimportant when scanning over a rel-
atively large range of resonant frequencies, the velocity
distribution of axions in the halo would cause a small fre-
quency spread in the resonance [39]. Furthermore there
are also 0.5% and 1% modulations in time due to the rel-
ative velocity of the Earth and Sun with respect to the
halo dark matter ‘wind’ [40H42]. There is also a poten-
tially exploitable O(1) modulation dependent on cavity
orientation with respect to the incoming axion direction
for axion masses (and haloscope volumes) experiencing a
loss of coherence over the cavity dimensions [43].

Here we consider a scenario in which the axion mass
has been determined down to a level of precision dic-
tated by the scanning approach of ADMX and a ded-
icated high spectral resolution experiment is then per-
formed at a single resonant frequency. In such a situ-
ation, the shape of the spectrum of axion-photon con-
version will be accessible. This power spectrum is re-
lated to the velocity distribution of the local dark mat-
ter halo, hence the precise functional form and parame-
ters which arise from astrophysics are important. Past
axion searches with ADMX have incorporated some of
these astrophysical uncertainties, for example by search-
ing for discrete flows of axions [44H46] or applying con-
straints to different halo models [42] [47]. In the situation
we consider here however it will be possible to perform
“axion astronomy” in the sense that a measurement can
be made directly of the axion power spectrum to learn
about the structure of dark matter in the Galaxy. For
this reason we develop an analysis that shares similarity
with well-established methods for extracting astrophys-
ical information in the case of WIMP direct detection
experiments e.g., Ref. [48]. Since axion haloscopes effec-
tively observe the axions directly - as opposed to WIMP
direct detection experiments which observe the WIMP
flux convolved with a stochastic scattering process - the
prospects for sensitive measurements of the dark matter
halo are much greater. Here, we show how powerful fu-
ture ADMX-like experiments might be for doing axion
astronomy. We discuss this idea in the context of simple
analytic halo models, distributions from N-body simula-
tions, and minicluster streams - a phenomenon unique to
axion dark matter [49].

To begin in Sec. [l we review some of the basic the-
ory for axions and ALPs, as well as the laboratory frame
speed distribution relevant for calculating signals inside
a haloscope experiment. In Sec. [[T] we outline the steps
in calculating the expected power inside a magnetic cav-
ity resonating at a given frequency. Then in Sec. [[V] we

describe our mock experiment and explain the procedure
used to extract astrophysical information from the sim-
ulated data. The first results applying these methods to
the reconstruction basic sets of input parameters are pre-
sented in Sec.[V]and then extended to N-body data from
the Via Lactea II (VL2) [50] simulation in Sec. Fi-
nally we extend this simulation to tidal streams from dis-
rupted axion miniclusters in Sec.[VII} before summarising

in Sec. [VIITl

II. AXIONS AND ALPS

First we outline some of the essential steps in calcu-
lating the resonantly enhanced axion-photon conversion
power inside a microwave cavity. Full details of these cal-
culations can be found in Refs. [39, 511 52]. Importantly
we wish to make the connection to realistic halo velocity
distributions so we depart from an often used approxi-
mation that the axion power spectrum can be described
with a Breit-Wigner function.

The axion to two photon coupling is given by the for-
mula,
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which includes the fine structure constant o and the ax-
ion decay constant f,. The dimensionless coupling g,
is,
1/E 244z
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In which E/N is the ratio of the colour axion anomaly
to the electromagnetic axion anomaly and z is the ratio
of the up and down quark masses. The value of this con-
stant is model dependent: E/N = —0.97 for the KSVZ
model [53], [54] and 0.36 for the DFSZ model [55], 56] for
example. In the interest of model independence and to
generalise to ALPs we express the interaction in terms of
the coupling gq-~-

The effective Lagrangian for axions coupled to electro-
magnetism is,

L= 30,a0"a—V(a)+ igawaFWF“”
_iF;,wF#V +j#AH + apq ’ (3)

where F),, is the electromagnetic field strength tensor,
and FH = $eMP7 F, its dual. The axion potential V (a)
is provided by QCD instanton effects and can be approx-
imated with a simple mass term %mgaz. The axionic
charge density and the electromagnetic current density
are written as p, and j*. Writing F),, F*" = —4E-B we
then see the axion-photon interaction in terms of electric
and magnetic field strengths,

Lary = —gayy oE-B. (4)



This interaction modifies Maxwell’s equations to include
an additional axion current,

V-E =p4+gayyVa-B, (5)
V-B =0, (6)
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However these equations simplify for the setup we con-
sider here. Firstly we assume the axion field has no spa-
tial dependence on laboratory scales (Va = 0). We can
do this because the size of ADMX is around the 1 meter
scale and is well below the de Broglie wavelength of the
axion field for the mass ranges we consider (>100 m).
This allows us to assume that there is no spatial depen-
dence in the axion field over the dimensions of the cavity
and hence no additional modulations due to the chang-
ing orientation of the cavity with respect to the axion
wind. We also assume that there is no axionic charge
and no electromagnetic current inside the cavity: p; =0
and j# = 0. This results in the following simple set of
equations,

V-E =0, 9)
V-B =0, (10)
0B
E =—— 11
v x = (1)
OE Oa
VxB :E_QGWBOE' (12)

Under the above assumptions the equation of motion
for the axion field is,
0%a
ot?

Dark matter axions in the Milky Way undergo es-
sentially no interactions, so in a quadratic potential
V(a) =~ im2a?, the field oscillates coherently at the
axion mass a(t) = age!™t = ape™?t. However due to
thermalisation in the Milky Way the coherence of the
oscillations is spoiled slightly by a dispersion in axion ve-
locities: w = mg(1 4+ 3v% + O(v?)). One can account
for this by moving to a Fourier description of the field,
written as A(w),

Oa ~ =-V'(a) - gor,E-B. (13)
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where T is some large reference time used to take the
averages. The quantity |A(w)|? is referred to as the axion
power spectrum. The rms of the axion field squared is
connected to the axion power spectrum by the Parseval
relation,
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The convention in dark matter detection literature is
to use a velocity distribution to describe the kinematics
of the local halo. In this context we must blur the dis-
tinction between the interpretation of axionic dark mat-
ter as a classically oscillating field and as a collection of
particles. The velocity distribution is related to the ax-
ion power spectrum in the following way. First we write
down the distribution of axion velocities fia,(v) in the
laboratory frame (i.e., fiab(V) = feal(v + Viab)) by
temporarily introducing a number density,

dn = noflab(v)dsv , (17)

where dn is the number density of “particles” with speeds
between v and v 4+ dv. The constant ng is found from
integrating dn over all velocities and is used to define the
local axion number density ng = p,/m,. This allows the
connection to a classical field oscillating at m,, which
should have (a?(t)) = n/m,, to be made [39)].

An expression for the axion power spectrum |A(w)
can be obtained by satisfying Parseval’s relation and
changing variables from w to v,
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we can then substitute for d(a?(¢))/dv using,
dn
T, = "o / 2 fiab(v)dS2 (19)
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where this expression clarifies the distinction between
a 3-dimensional velocity distribution f(v) and its 1-
dimensional speed distribution f(v). Hence, the formula
for the axion power spectrum on Earth can be written
as,

dv

W (21)

AW = 2755 fan(v)

The simplest assumption for a dark matter halo is the
Standard Halo Model (SHM) which is spherically sym-
metric with a 1/r? density profile and yields a Maxwell-
Boltzmann velocity distribution,
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To simplify the following expressions we use the peak
velocity vy for the shape of the distribution, however
it can also be written in terms of a velocity dispersion,
v3 = 202. The speed distribution follows from an inte-
gral over all directions,
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fgal(v):‘lﬁﬂ;g@ /., (23)

However the power spectrum should reflect the fact that
we observe fip Dot fza so we need to compute the speed



distribution in the laboratory frame. To do this we make
the transformation v — v — vi,1,(¢) which yields for the
velocity and speed distributions,
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Since we are now in the moving laboratory frame a time
dependence appears in the speed distribution. Finally
after changing variables to w = mq (1 + v?/2) we arrive
at the axion power spectrum. The axion power spectrum
must be 0 for w < m, which is enforced by requiring that
f(v) be real.

For use in later examples we also define the velocity
distribution for streams fif (v) which are spatially and
kinematically localised substructure components of the
dark matter halo. Their velocity distribution can also be
described with a Maxwellian,
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where the stream is parameterised by its Galactic
frame velocity vg, ~ O(100 km s™!) and dispersion
Ostr ~ O(1 km s™1). We will assume that the stream
comprises some fraction pgi,/p, of the local dark matter
density.

The description of the lab velocity is well known in
the context of WIMP direct detection but is not usu-
ally considered for axion detection. Since we are reliant
on its precise description we will briefly elaborate on its
contents. The lab velocity is written,

Vlab(t) = V0 + Vpec Vrev(t) + Viot (t) . (27)

containing respectively, the bulk rotation velocity of the
stellar disk (the local standard of rest, LSR), the peculiar
velocity of the Sun with respect to the LSR, the orbital
speed of the Earth around the Sun and the rotation speed
of the Earth about its axis. The latter two velocities are
responsible for the annual and diurnal modulations re-
spectively and are known theoretically with effectively
perfect precision (see the Appendix of Ref. [57] for a re-
view of these calculations). In the SHM the velocity of
the LSR is usually written as vo = (0, vp,0) in Galactic
co-ordinates, with vy = 220 km s~'. An often quoted
value for the peculiar velocity of the Sun from Schoen-
rich et al. [58] is vpee = (11.1,12.24,7.25) km s~ with
roughly 1 km s~! sized systematic errors.

III. RESONANCE POWER

We model a microwave cavity experiment with a static
uniform magnetic field By maintained inside a cylindrical

cavity of radius R and length L, with radial, azimuthal
and vertical co-ordinates labelled (¥, ¢,Z) respectively.
The magnetic field is generated by a solenoid with current
density in the ¢-direction. The electric and magnetic
fields we write as,

Ey = 0 (28)
BO = TLLIQ(R—T')i, (29)

where O(r) is the Heaviside step function, I is the current
and ny, is the number of wire turns in the solenoid per
unit length. For convenience we use the magnitude of the
magnetic field By = ny [ in the following expressions.

In the cylindrical cavity design the important cavity
mode orientations are the TMg;o modes which have trans-
verse magnetic fields (in the ¢-direction and hence have
associated electric fields in the z-direction). It is use-
ful to write these induced fields in terms of their Fourier
components,
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In this case, Ampere’s law from Maxwell’s equations re-
duces to,
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Solving this equation inside and outside the cavity and
matching boundary conditions leads one to a solution for
the Fourier components of the axion generated magnetic
and electric fields. The solutions are resonances at par-
ticular frequencies corresponding to the zeros of a Bessel
function (although we will only be interested in the lowest
resonance which we label wp). Following the derivation
of Ref. [51], the axion power is calculated by evaluating
the following integral over the volume of the cavity V,
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where U is the energy stored in the electric and mag-
netic fields inside the cavity. This expression introduces
the quality factor @ which is a number that quantifies
how well the cavity stores energy and depends on the
material properties of the cavity wall. Evaluating the
above formula with the solution for the Fourier compo-
nents of the axion electric and magnetic fields (which are
expressed in terms of |A(w)|?) one arrives at,
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where xq; is the I-th zero of the Oth Bessel function of
the first kind. We have also defined T (w), which is a



Lorentzian that describes the loss in power off resonance,

1
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Usually the haloscope power is written in terms of a
cavity form factor. For the transverse magnetic field con-
sidered here (TMgy) this is written Coio = 4/x3,*. We
are principally interested in the TMp;9 mode which has
Coi0 = 0.69. ADMX can tune the TMg19 mode from
roughly 500 MHz to 900 MHz [2I]. In general the elec-
tric field of the TM,,;,, mode can be written [59],

E.(r,¢,z,t) = E(t)Jn (%r) etm® cos (n_zz) . (34)

(33)

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

Our simulation is based upon the calculation of
Eq. so for our purposes it would be sufficient to
stop here. But in the interest of comparison with pre-
vious calculations we will calculate the power on reso-
nance. To do this we simply set wy = w, ~ m, and
use a Breit-Wigner approximation for the axion power
spectrum with an analogous Q-factor Q, ~ w/Aw ~ 106
(this permits an analytic evaluation of the integral in
Eq. (32))). We also introduce the axion density by writ-
ing (a*(t)) = pa/m?2. Resulting ultimately in,

Pa = We0g%,, VB ot min(Q, Qa) - (39)
where we have restored the factors of i, ¢ and gy 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, Q,) 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 parame-
ters we arrive at a total power of the order 10722 W as
is usually quoted,

P, = 63x1072W
gor (V) (BY
1015 GeV ! 2201/ \ 8T
(Cnlm) ( Pa )
0.69 0.3GeV ¢cm™?

(3:5/) (70,%00) ' (36)

1 Other mode orientations, the transverse electric (TEpn;m) and
transverse electromagnetic (TEM,,;,,,) 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 Table[[] The purple line in the
frequency-time plane shows the evolution of the frequency at
which the power is maximised: 27Vmax = ma(1+ vlzab /2) and
2Vmax = Ma(l + |Viab — vstr|2/2) for the Maxwellian halo
and stream respectively.

IV. MOCK EXPERIMENT

Our simulation is an approximation of the current
ADMX setup. We list a set of benchmark experimen-
tal parameters in Table [ The magnetic field strength,
quality factor and noise temperature are roughly in line
with what is currently achievable. For calculating the
time dependence we also include the latitude and longi-
tude of the experiment.

In this section we will consider a hypothetical scenario
in which the axion has been discovered after a success-
ful low resolution scan over a wider mass range. Once
the resonance has been found then an experiment can



Axion: Ma 3.4671 peV

Garyy 10715 Gev™!
Experiment: Bo 8T

Q 70,000

14 2201

AT 0.2s

T 10 days

Ttot 2 years

Ts 4 K

Latitude 47.6553°

Longitude —122.3035°
Maxwellian halo: pq 0.3 GeV cm ™3

Vo (0,220,0) km s+

Vpec (11.1,12.24,7.25) km s~ *
Stream: Vstr 400 x (0,0.233, —0.970) km s~ !

Ostr 20 km s~}

Pstr 0.05 Po

TABLE I: Benchmark axion, halo, experimental and stream
parameters.

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 ob-
tain high frequency resolution in the resulting spectrum.

For now we pick a benchmark set of particle parame-
ters that lie in the QCD axion band: v, = 842.0 MHz
(= 3.4671 peV) and ggyy = 10715 GeV~!l. This choice
evades existing constraints but is easily within the reach
of ADMX given a long enough running time at the cor-
rect frequency. We use only a single particle benchmark
in this study as we are placing the focus on the under-
lying astrophysical parameters. This is justified however
because many of the conclusions are either independent
of the choice in mass and coupling (provided the run-
ning time and resonant frequency are suitably adjusted)
or have dependencies that are simple to explain from the
scaling of the axion power. We discuss how one might
extend our conclusions to other axion mass and coupling
ranges in the Summary Sec. [VII]

The sensitivity of a haloscope experiment is limited by
the strength of the axion conversion power compared to
the noise level. There are two main sources of background
noise in resonant cavity experiments: the signal amplifier
and the cavity walls. The cavity walls produce thermal
blackbody photons or Johnson noise whereas the ampli-
fiers produce electrical noise which depends on the pre-
cise technology, however both can be modelled as white
noise [60H62]. The signal-to-noise ratio for a haloscope
experiment of duration 7, is set by the Dicke radiometer

equation [63]
S P, [T
N - kBTS Al/a ’ (37)

where Av, is the bandwidth of the axion signal and T
is the noise temperature.

Our mock experiment consists of a long total running
time Tyot which is divided into separate time integrated
bins of length 7. Inside a given time bin we calculate a
power spectrum which would correspond to the average
of N Fourier transformed timestream samples of dura-
tion Ar. The Fourier transform of a given sample is a
power spectrum with frequency resolution Av = 1/Ar.
The noise we simulate as Johnson white noise which has
rms power Py = kgTsAv inside a given frequency bin
with an exponential distribution [44]. The noise power
spectrum of the average of N' = 7/A7 individual ex-
ponential power spectra corresponding to the A Fourier
transformed timestream samples then approaches Gaus-
sian white noise in accordance with the central limit theo-
rem. Hence our simulated noise inside the larger time bin
7 is Gaussian white noise with mean value Py and stan-
dard deviation Pyx/N = Py/vV7Av. The full dataset
then counsists of a total number of N, = 7y, /7 time inte-
grated power spectra each of which consists of the axion
power spectrum averaged over the time 7 added to the
Gaussian white noise.

The major motivation for a long running time, aside
from simply reducing noise, is to utilise the annual mod-
ulation due to vyey(t) which provides a Galactic perspec-
tive to the signal. It has previously been shown that the
annual modulation signal allows astrophysical parame-
ters to be measured more accurately using WIMP direct
detection data, as it breaks degeneracies [64]. Below we
show that this is also the case for axion searches. We
test our simulation by first generating a mock dataset and
then attempting to reconstruct the input particle and as-
trophysical parameters with a maximum likelihood anal-
ysis. Two examples of such data are displayed in Fig.
corresponding to two halo models, a smooth isotropic
Maxwellian distribution and a pure stream (with param-
eter values listed in Table [I). The annual modulation of
the signal is indicated by the purple line labelled vy .

We base our likelihood on a x? statistic which measures
the offset between the observed value of power P, and
the expected power (signal + rms noise) PY + Py in
each bin, where ¢ and j label frequency and time bins
respectively,

.. 2
Yo X (Paf — P Py)
=) 2 . (39
i=1

g
j=1 N

where the sums run over N, = (Vmax — Vimin)/Av fre-
quency bins and N; = Tiot/7 time bins. The error oy
is given by the suppressed rms noise power Py/vTAv.
We then construct a likelihood based on this statistic.
Mathematically the likelihood as a function of a set of
parameters given data D is,

L:(mav ga'y'yv PN; ®|D) = e_X2/2£astro(@) »CN (PN) ) (39)

where we assume Mg, gqoyy and Py are free parameters.
We also use the generic © to label a set of astrophysical
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FIG. 2: Reconstructed axion mass and coupling as well astrophysical parameters, viap, and o,, for a smooth Maxwellian halo
model. We show sets of 68% and 95% confidence level contours in the mq — gayy and |Vian| — 0o planes (left and right panels
respectively). We express the axion mass as Am, which has the true (input) value subtracted. The blue, green and red sets of
contours correspond to the estimates with experiments of different durations: 10 days, half a year and 1 year respectively. The
maximum likelihood values are indicated by triangles and the input values for the parameters are indicated by dashed lines

and a yellow star.

parameters as we will perform tests with varying num-
bers of free parameters. We use L.s,0 t0 incorporate the
optional uncertainty in the knowledge of an astrophysical
parameter (it can be set to unity if no prior knowledge
is assumed about a given parameter). The final term
Ln(Py) parametrises the likelihood of the noise power
which can be measured externally (although we set this
to unity unless otherwise stated).

Our likelihood analysis consists of first finding the pa-
rameter values that maximise the likelihood of Eq.[39} we
interpret this set of parameters as the best fit points. We
then construct 68% and 95% confidence regions around
these points which are either 1-dimensional intervals
when we are only interested in the reconstruction of one
parameter or 2-dimensional contours when we are inter-
ested in the reconstruction of two parameters and their
correlation. We do this by first profiling over all other
parameters other than those of interest and then calcu-
late a likelihood ratio between the maximum likelihood
for each point # in the remaining likelihood function. The
likelihood ratio we define as, A(0) = —2(In £(0) — L(0)),
where 6 are the maximum likelihood estimators. Ac-
cording to Wilks’ theorem [65] this is asymptotically x7
distributed for k£ parameters. We then find intervals or
contours around the best fit points which enclose regions
of parameter values with A less than a certain critical
value. The critical value of A is that for which the cumu-
lative distribution of x% is the desired confidence level.
For example for £k = 1 the 68% interval encloses values
of A < 1 and the 95% encloses values of \ < 4.
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@ Tt = 1yr
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FIG. 3: Reconstructed lab velocity components (vpec, vo +
Veo > Vpec) at 68% and 95% confidence for three datasets
of length 10 days, half a year and 1 year, indicated by blue,
green and red sets of contours respectively. The maximum
likelihood values are indicated by triangles and the true (in-
put) values are indicated by dashed lines with a yellow star.

V. RECONSTRUCTING PARAMETERS

In this section we use the simulation and analysis
methodology described in Sec. [[V] to attempt to recon-
struct sets of input particle and astrophysics parameters.
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FIG. 4: Reconstructed parameters for multiple stochastic
data realisations. The 1 and 2 sigma error bars are shown
for five parameters, from top to bottom, ma, gay~y, |Viab|, o
and the noise (which we express as Pn/kpAv). There are
30 sets of repeated measurements for 3 different experimental
durations 7iot = 1 day, 10 days and 1 year (from left to right).

The aim is to quantify how accurately and with what cor-
relations and degeneracies a future ADMX-like haloscope
experiment would measure the local axionic dark matter
distribution. In the following results we show 1- and 2-
dimensional 68% and 95% confidence intervals/contours
calculated using the profile likelihood, along with best
fit parameters values which maximise the likelihood. To
explore the likelihood function we use nested sampling
algorithms provided by the MULTINEST package [66-68],
and set a tolerance of 1073 and use between 2 x 10% and
10* live points depending on the number of parameters
being reconstructed.

In Fig. [2| we show the reconstructed axion parameters
Mg and oy (left) and the astrophysical parameters vj,p

and o, (right). We show three sets of contours which cor-
respond to experiments of different durations: 10 days,
half a year and 1 year. The 10 day long experiment cor-
responds to a single time integrated bin of the 0.5 and
1 year long experiments. The annual modulation signal
does not play a large role in constraining these param-
eters, hence the effect of increasing the experiment du-
ration is to shrink the confidence intervals by a factor
/1 year/10 days. The axion mass and coupling can be
measured to a high level of precision even with only 10
days of data taking, however there is some bias in the
best fit values since the dataset consists of a single real-
isation of stochastic noise. The shapes of the contours
are roughly one sided for masses m > m, due to the
fact that the axion power spectrum is only non-zero for
w > mg. The astrophysical parameters can be measured
to a high level of accuracy too. With a 1 year duration
the level of precision would reach around the 1 km s~*
level which roughly matches the accuracy of current as-
tronomical observations [5§].

With a full annual modulation signal we can also access
the 3-dimensional components of vi,,. However since v
and vpe. are summed in the Galactic frame we can only
measure directly the  and z components of vpe.. The
y component (i.e., that which lies along the direction of
the rotation of the Milky Way) can only be measured in
combination with the LSR speed vy. In Fig. 3] we show
the measurement of these parameters for the same three
experiment durations of 10 days, 0.5 and 1 year. Since
the 10 day duration experiment consists only of a single
time integrated bin we have no annual modulation sig-
nal and only the reconstruction of the largest component
(v +vY.) is possible as this has the greatest influence on
the shape of the spectrum. The remaining two compo-
nents have essentially flat likelihoods as the single time
bin spectrum is not sensitive to their values. However for
longer durations with modulation in time, the measure-
ment of all three components becomes possible. Even
with only half a year of the annual modulation signal we
can still make a measurement of the three components
of vi,p. However, as the signal-to-noise is lower the mea-
surement is biased by particular large fluctuations, which
in this example leads to the input values lying outside of
the 95% contour. With a full year of data however a very
accurate measurement can be made with 95% confidence
intervals smaller than 5 km s~! and the true values (in-
dicated by dashed lines and stars) lying within the 95%
interval in all cases.

Finally in Fig. 4| we show the 1 and 2 sigma error bars
for various parameter measurements as a function of the
total experiment duration 7¢.;. We use three experiment
durations from 1 day to 1 year and for each we repeat
the experiment 30 times with different randomly gener-
ated noise in each to demonstrate the sensitivity to the
individual data realisation. As shown in Figs. 2] and
the short duration experiments as well as setting much
weaker measurements are also biased by the particular
data causing some reconstructions to lie further than 2
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FIG. 5: Set of laboratory frame speed distributions of the 200
samples chosen from the VL2 simulation. The shaded regions
indicate the range of f(v) values for a given v. The solid pur-
ple lines indicate the maximum and minimum values of f(v)
and the dashed line is the mean distribution over all samples.
The black line is the SHM Maxwellian with parameters from
Table m We label particular samples which contain prominent
streams with arrows and the sample number.

sigma away from their input values. In the case of the
axion mass we expect one-sided measurements due to the
one-sided nature of the power spectrum. This is the case
for 10 day and 1 year durations, however for the 1 day
duration we see multiple experiments reconstruct a mass
smaller than the input mass due to large noise fluctua-
tions in bins slightly below the axion mass. Interestingly
for the longer duration experiments the constraint on the
axion mass reaches a level smaller than a single frequency
bin (5 Hz), this is because the shape of the power spec-
trum and the annual modulation signal also provide ad-
ditional information about m,. The size of the error bars
for the remaining parameters decrease roughly as 1/,/T¢ot
and for durations long enough to exploit the annual mod-
ulation signal we see a significant decrease in the scatter
in the reconstructed values over different realisations of
the experiment. This means that a future experiment
such as this would be able to make fine measurements of
the axion particle parameters in conjunction with astro-
physical parameters and with no significant biases.

VI. N-BODY DATA

We can source more realistic examples of dark matter
distributions from N-body simulations of Milky Way-like
halos. These might more accurately reflect the inhomo-
geneities and anisotropies that will likely be present in a
real dark matter halo. This is of particular interest for
a high resolution axion experiment because, as shown in
the previous section, it is far more sensitive to astrophys-

ical parameters than standard axion searches and WIMP
direct detection.

We use data from the Via Lactea IT (VL2) [50] simula-
tion and select 200 analogue Earth locations at a Galac-
tic radius of 8 kpc and calculate a velocity distribution
from all particles contained within 1 kpc spheres cen-
tred on each of these locations (we also enforce that no
spheres overlap). Although there are more recent hy-
drodynamic simulations which will better reflect a Milky
Way-like dark matter distribution, the VL2 data is suffi-
cient for the illustrative examples we show here and will
not change the general conclusions.

We display the range of these 200 velocity distributions
in Fig. [5| with certain samples labelled which contain a
significant substructure component. We label these sam-
ples from #1 - #4. The substructure appearing promi-
nently here are types of tidal stream which are present
in real galaxies due to the orbits of satellite galaxies. As
these smaller galaxies orbit close to their host halo both
the stellar and dark matter components can be tidally
stripped leaving a long trail of material around the galaxy
which may intersect the main galactic disk. In our own
Milky Way there has been evidence from observations
and simulations that a particular tidal stream from the
Sagittarius dwarf galaxy could pass very close to the lo-
cation of the Solar System [69]. Tidal streams are of
particular interest here as they are very kinematically lo-
calised. In particular, streams incoming with velocities at
an angle with respect to the motion of the Solar System
would give rise to unique annual modulation signals.

We calculate the axion conversion power spectrum in
the same way as before but we substitute the analytic
f(w) with a discretised version calculated by binning par-
ticle velocities with a bin size roughly corresponding to
the frequency resolution of the experiment. Importantly
for each time bin at t we rotate all particle velocities into
the laboratory frame with the time dependent Galactic
to laboratory transformation detailed in Appendix[A] We
must also boost all particle velocities by v — v — v, (¢).

In Fig. [6] we show a selection of four axion conversion
power spectra for a range of sample VL2 velocity distri-
butions (the same selection as labelled in Fig. |5)). The
four examples are selected because they contain signif-
icant substructure components in the form of streams.
These show up in the power spectra as sinusoidally mod-
ulating features in time, some examples such as #2 and
#3 having single dominating streams whereas others such
as #4 possess multiple streams with different amplitudes
and phases.

We can parameterise the frequency dependence of the
modulating streams with the function,

v(t) = vy sin <27r <f ;;;)) + 1. (40)

In principle the three parameters of this function are
related to the three Galactic frame components of the
stream velocity, although this will not be a one-to-one
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FIG. 6: Left: Axion conversion power spectra for a selection of four Earth-radius dark matter velocity distributions from the
VL2 simulation. In each of the four examples the power spectrum has the amplitude of the noise power (Py) subtracted and
is displayed as a function of time (running over 2 years from 2016-2018). The frequency dependence is shown as the difference
between the photon frequency and the axion mass. Right: The same set of power spectra after performing the various cuts
detailed in the text. The remaining points show fluctuations in the axion power spectra after the time independent components
have been subtracted. The best fit to Eq. is shown as a red line, the power spectrum lying along this best fit line is
then extracted to measure the properties of the stream. For clarity in the left hand power spectra we have divided the noise
amplitude by 4 so that the substructure is clearer, however the right hand data (used to do the reconstruction) retains the full
noise amplitude with Ts = 4K.
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FIG. 7: Measurements of stream velocity (vertical black lines) and intervals at the 68% and 95% confidence level (dotted and
dashed lines respectively) for each of the four sample VL2 velocity distributions. The 1-dimensional speed distributions in each
Galactic co-ordinate (vg, vy, v,) correspond to the first three columns. Each row corresponds to the four sample distributions
chosen. The final column is the reconstruction in the plane of the stream density fraction and dispersion.



mapping. The frequency of the stream modulation v(t)
is proportional to the quantity |vst, — Viap(t)]?.

We can extract substructure components from the data
we have presented here by searching for sinusoidally mod-
ulating features that have a period of 1 year (whilst also
fitting for the function Eq. ) First we can reduce
the data by subtracting the time averaged spectrum and
then dividing by the standard deviation of the remaining
fluctuations. Next we perform a cut of bins with power
fluctuations below a certain level of significance leaving
a series of points which if the stream component is large
enough will retain the sinusoid modulation. The resulting
data points for each example are shown in the left hand
panel of Fig. [f] These data points can then be fit to a
model for the stream. We again use the same Maxwellian
form for the stream velocity distribution as in Eq. (26)
with power spectrum shown in the lower panel of Fig.
Whilst the stream is unlikely to be perfectly described
by a Maxwellian, any deviations will be smaller than the
error induced by the finite frequency resolution and noise
fluctuations.

A given stream is described by its density psg;, disper-
sion ogr, and three components of velocity vy, making
a total of five parameters. Since we have a method for
extracting the stream from the data, we can use the data
that remains once the stream is removed to fit for the
axion, halo and lab velocity parameters and break the
degeneracy with the stream parameters. In Fig. [7] we
show the reconstructed stream velocities for the four ex-
ample halo samples displayed in Fig.[6] Note that in all
cases all components of the stream velocity can be recon-
structed to high accuracy due to the prominence of the
annual modulation signal. This is because the three com-
ponents of the velocity can all be independently measured
with the use of the phase, mean frequency and amplitude
of the modulation in Eq.7 although this relationship
is nonlinear due to the transformation from the Galactic
to the laboratory frame.

Also in Fig. [7| we show the measurement of stream den-
sity fraction and dispersion for each sample. Because the
density fraction and dispersion are respectively related
to the power amplitude and width of the modulating fea-
ture, a reconstruction of these parameters is possible in
addition to the velocity components. The four samples
we have considered here all have relatively large stream
contributions which aids the measurement of these pa-
rameters. For weaker streams it is likely that longer
duration experiments would be required to increase the
signal-to-noise. Here the lowest density stream that is
detectable with our method is set by the power with re-
spect to the level of noise. Furthermore we have not
explored the full stream velocity parameter space with
these four examples. It is likely that the accuracy of
the reconstruction will be dependent on the direction of
the stream with respect to the direction of the lab ve-
locity. Additionally with higher signal-to-noise examples
it should also be possible to reconstruct more than one
stream (as in sample #4). We leave these issues however
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to future work.

VII. AXION MINICLUSTERS

There has been sustained interest in small high den-
sity bound structures of axions called miniclusters (see
e.g., Refs. [49, [TOH75]). Miniclusters are formed in the
early Universe from density perturbations in the axion
field. Perturbations which can form miniclusters re-
sult from various types of non-linear dynamics involved
with axion oscillations such as vacuum misalignment or
the decay of axion defects such as strings and domain
walls [76]. Previous work has predicted the existence of
up to ~ 101 pc=3 [75] locally if all of the dark matter
was in the form of miniclusters, though a direct encounter
would occur less than once every 10° years [72]. Through
close interactions with stars however axion miniclusters
would become tidally disrupted leading to a network of
streams wrapping the Milky Way (possibly in addition
to a smooth component of the dark matter halo). The
miniclusters will pass through the stellar disk many times
over the age of the Milky Way (tmw ~ 12 Gyr). It has
been estimated in Ref. [75] that a small population of dis-
rupted miniclusters would lead to several streams along
the path of the Earth through the Galaxy that are large
enough to induce an enhancement in the observed to-
tal power. The final result of Ref. [75] is a value for
the number of expected stream crossings with a density
larger than the local smooth halo density p,, which is
interpreted as an amplification factor. However if the
axion minicluster streams are an additional component
to the smooth component then the stream density does
not need to be larger than the local density to provide an
enhancement to the signal. Since the velocity dispersion
of the minicluster streams is extremely small compared
to the halo (~ 107* km s™! < 102 km s™!), in a high
resolution axion experiment all of the minicluster stream
axions would convert to photons in a small number of
frequency bins. Hence for a minicluster stream to be ob-
servable we simply need the total power from the stream
to be larger than the power over a few bins.

Individual miniclusters are parameterised by the den-
sity contrast in the axion field, ® = dp,/p, which is
a number typically of order unity. The distribution of
values of ® found from the simulations of Ref. [73] ap-
pears to follow a function similar to fg(®) ~ ®%5e~®
which we will use as an approximation. The mass of
a minicluster is set by the total mass of axions inside
the Hubble radius around the time when axion oscilla-
tions begin, M; ~ 10712 M, (which is allowed by lens-
ing bounds [77]). Ref. [(3] states that the distribution of
minicluster masses is concentrated tightly around a large
fraction of this mass.

Solving for the collapse of a spherical region with den-
sity contrast ® and evolving through cosmic time to the
present day gives a range of minicluster densities,

Pmc(®) =7 x 10503(1 + &) GeV em™.  (41)



We assume that the miniclusters are spherically symmet-
ric with central density pmc(®) and radius Rpy,.(®, M).
We assume a Maxwellian distribution for the speeds of
axions inside a minicluster with a dispersion set by the
virial velocity ope(®, M) = /GM/Rue(®, M). From
Ref. [(7] we assume the miniclusters have a power law
density profile with p o< 7~/ for r < Ry but enforce
the gradient to turn towards 0 at » = 0 to give a central
density of pme(®P).

The number of streams expected at the Solar radius re-
sults from evolving the initial distribution of axion mini-
clusters through the age of the Galaxy to today. Each
time the minicluster crosses the stellar disk there is a
probability that it will encounter a star close enough to
become disrupted. Following previous calculations of this
type [78,[79], Ref. [75] gives the probability of a particular
minicluster being disrupted,

GRuy (P, M)

P(Cb) = 87T7’ZSLm 5

(42)

where here v is the orbital speed of the minicluster, and
n the number of crossings of the stellar disk the mini-
cluster undergoes. This calculation has already averaged
over an isotropic distribution of minicluster trajectories
and has been written in terms of the stellar contribu-
tion to column density in the direction perpendicular
to the disk, S; = 35Mgpc2 [R0]. Given this, we
can just use miniclusters with circular orbits intersect-
ing the Solar position (rg) to evaluate the number of
crossings over the age of the Galaxy (tyw) to be roughly
n ~ 2tyw/torb ~ vivw/mrg ~ 100. Note that the de-
pendence on v drops out of Eq. . This is because
although faster miniclusters cross the stellar disk more
frequently (o< v), they are also less likely to encounter
a star during a given crossing (o« 1/v). We also note
that P(®) has no dependence on M since Rpy,.(®, M)
and o (®, M) are both proportional to M —1/3.

A stream can be specified alone by four parameters:
the density contrast ® and mass M of the original mini-
cluster, the age of the stream ¢, and the orbital velocity
of the minicluster/stream, v. All other parameters can
be derived (we indicate dependence on each by parenthe-
ses). Once a minicluster is disrupted by a star it will be-
gin to leave a trail of axions along its orbit, the length of
which will stretch linearly with time as the cluster orbits
the Galaxy L ~ opct. Assuming the stream retains the
original radius of the minicluster and is simply deformed
from a sphere of radius R, into a cylinder of length L,
the density of the axions for a minicluster stream of age
t is,

3 R (®, M)

sr(I)7Mat = mc(ﬁia
,Ot( ) P ( )O'mc(q),M)t

(43)

Reference [75] calculates the number of expected
stream crossings in a 20 year period for two values for
the age of the Galaxy and two masses. We extrapolate
the final result of this work down to stream densities of
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Pa/N, ~ 0.001p, as this is around the lowest density
stream that would be observable in this case. We esti-
mate that if this extrapolation of Ref. [75] is valid then,
for tyiw = 12 Gyr and M = 107'2M,, there could be
up to Ngirx ~ 100 stream crossings in a 20 year period
(although the precise number is not important for the
illustrative example we present here).

We simulate the signal for Ng,.x minicluster stream
crossings by selecting samples from the parameter space
{®, v, pstr }- First we select values for ® from the distri-
bution P(®)fs(P). We then select v from an isotropic
Maxwell-Boltzmann distribution. Finally we draw a
value of pg, such that the number of stream crossings
with pgtr > po follows the function presented in Fig. 2 of
Ref. [75]. The length of time taken to cross the stream
is then approximately,

2Rme (P, M)

-
Ay —

Tstr—x(éa M, V) = (44)

Vlab ¥

which is derived from the distance travelled through the
stream, 2R,./sinf, where 6 is the angle between the
stream and the path of the Earth. We distribute each
of these crossings uniformly over the running time of
the experiment. The power spectrum observed during a
crossing is enhanced with an additional Maxwellian com-
ponent (as with the streams the previous section) with
relative velocity via, — v and dispersion op,c. Also in a
given time bin the minicluster stream signal will gain an
additional spread in frequency from the change in vi,p (%)
over the duration of the bin.

To deal with Eq. diverging for stream directions
that align with the path of Earth we remove all streams
which orbit with tanf < %zdisk /7o relative to the plane
of the stellar disk, where zgijsk ~ 0.3kpc is the width of
the stellar disk. This is a safe approximation as this is
only a small fraction of the streams, and miniclusters that
orbit in the plane of the stellar disk will become disrupted
much earlier than those orbiting at a large angle and the
streams will hence have much lower present day densities.

In Fig. [§] we display a simulated power spectrum ob-
served over a total period of 10 years for a halo consisting
of a smooth population of axions and a network of tidal
streams from miniclusters. The streams appear as peaks
in the power spectrum over a very narrow range of fre-
quencies (as in Sec. [VI)) but here since minicluster radii
are on the scale of 10° km they are short-lived enhance-
ments compared with usual tidal streams which extend
over volumes larger than the scale probed by the Galactic
orbit of the Solar system.

The total power measured in the form of these short-
lived enhancements would provide an estimate of the
fraction of local axion dark matter contained in mini-
cluster streams from which the abundance of miniclus-
ters could be inferred. We emphasise however that a
detailed theoretical treatment of the disruption of a pop-
ulation of miniclusters is still needed in order to fully
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FIG. 8: Simulated power spectra observed over a 10 year pe-
riod for a halo model consisting of a smooth population of
axion dark matter with an additional component from a net-
work of tidal streams stripped from orbiting miniclusters. The
abundance is based on the calculation of Ref. [75]. The sig-
nal from minicluster streams appears as short-lived enhance-
ments which are modulated in frequency due to the orbit of
the Earth. The power spectra are displayed as a function of
time from Jan 2016 to Jan 2021 and frequency shifted by the
axion mass.

explore the prospects for their detection. Our exam-
ple here shows that even if miniclusters comprise only
a very small contribution to the local axion density, they
appear much more prominently in a high resolution ex-
periment. In principle one could make use of the meth-
ods described in Secs. [V] and [Vl to extract information
about individual streams such as their radius, age and
Galactic frame velocity as well as place constraints on the
minicluster population such as their mass spectrum and
abundance. This would require isolating the signal from
miniclusters from both the noise and the background ax-
ion power spectrum. A possible strategy could be to use
the observations during periods without any minicluster
enhancement to make accurate measurements of the un-
derlying parameters (as in Sec. to then subtract the
background spectrum thus isolating the stream crossing
events.

A further complication that we have not discussed in
this work is the presence of any short-lived environmental
peaks which may appear in real resonant cavity exper-
iments and could mimic a positive axion signal. These
would usually be dealt with by performing a repeat ex-
periment in the frequency range at which the peak was
observed. However in the case of minicluster streams
which are themselves short-lived this check would not
necessarily be successful if the timescales for the environ-
mental peak and the stream crossing were comparable.
However a careful treatment of the frequency modulation
of the peak over time may in some cases be enough to
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distinguish a Galactic signal from a lab-based one. We
leave a more detailed study of axion minicluster streams
and implications for experiments to a future work.

VIII. SUMMARY

We have performed a simulation of a hypothetical high
resolution ADMX-like experiment following a successful
detection of an axion dark matter signal. Our focus
here has been on extracting astrophysical information
and performing axion astronomy. Our main conclusions
are as follows:

e The measurement of the axion-photon conversion
power spectrum enables the accurate reconstruc-
tion of both axion particle parameters in conjunc-
tion with the underlying astrophysical parameters.

e With the use of the annual modulation signal one
can make accurate measurements of the compo-
nents of the Solar peculiar velocity. With an exper-
imental duration longer than a year the accuracy
can reach below 1 km s~!, which would improve
upon the measurement from local astronomical ob-
servations.

e Substructure such as tidal streams appearing in
simulations of Milky Way-like halos show up promi-
nently in the resolved axion power spectrum and
can hence be measured to levels of sensitivity not
possible in the direct detection of WIMPs. The
annual modulation signal plays an important role
here too as the precise shape of the modulating
stream allows the reconstruction of its properties:
the Galactic frame velocity, density and dispersion.
This in principle would allow axion haloscopes to
trace the formation and accretion history of the
Milky Way.

o We have simulated an approximation to the ex-
pected signal from a population of streams from
disrupted axion miniclusters. We have extrapo-
lated a result for the calculation of the expected
number of stream crossings from Ref. [75]. In an
experiment that resolves the axion spectrum the
signal from minicluster streams would appear much
more prominently in the data and could be iso-
lated to place constraints on their mass spectrum
or abundance.

The issues we have discussed here are relatively un-
studied in the context of axion detection. Hence there
are a number of areas in which this study might be ex-
tended. We have shown that measuring the axion power
spectrum allows accurate reconstruction of underlying
parameters and although we have only considered sim-
ple models here, in principle the same should be true
of other models for the dark matter velocity distribu-
tion such as those containing anisotropy parameters or



additional substructure such as debris flows [81], dark
disks [82] and caustic rings [83]. What remains to be seen
however is the extent to which the correct selection of a
particular model is possible with data of this kind. This
is an important consideration for WIMP direct detec-
tion experiments with very low statistics, multiple com-
peting experiments and degeneracy between assumptions
about the underlying velocity distribution. These issues
have given rise to a number of approaches for making as-
trophysics independent limits and measurements [84-91]
and developing general parameterisations for the veloc-
ity distribution [92H95]. In the case of axions however,
because the power spectrum could be measured to an ar-
bitrary level of precision given sufficient duration it may
not be necessary to develop any such astrophysics inde-
pendent methods, however this would require a separate
investigation.

We have used only one axion benchmark mass and cou-
pling, since our focus is on measuring the underlying as-
trophysical parameters. However our conclusions can be
simply extended to other values by considering Eq..
Since the total axion power is proportional to 9277 one
can extend any of the reconstructions to smaller cou-
plings by scaling up the experiment duration, 7., by the
same factor squared. Although it should be noted that
haloscopes can reach smaller couplings by both reducing
noise as well as simply extending the duration of the ex-
periment and both of these approaches are necessary for
improving constraints on the axion coupling. Since the
total power is proportional to m, !, our conclusions still
hold for smaller (larger) values of the axion mass if Tyt
is increased (decreased) by the same factor. The reverse
argument goes for values of the local density since the
power is linearly proportional to p,. However we must
take care in extending these results to axion masses much
larger or smaller than O(ueV) since a given experimen-
tal design is only able to probe masses in a small range.
There are several reasons for this. First, it is the fre-
quency range of the experiment that dictates the range
of axion masses that can be probed. ADMX is suited to
masses < 10 eV and has currently set constraints be-
tween 1.9 peV < m, < 3.69 pueV [21], [46]. Larger masses
require adjustments to the cavity and amplification tech-
nology [96] 07]. The Yale Wright Laboratory experiment
of Refs. [62, 98] for example operates between 5 - 25 GHz
(corresponding to 20 - 100 peV) and is the first to set
limits for m, > 20pueV over a 100 MHz range. A num-
ber of experimental challenges are present in designing
experiments for different mass windows. For higher res-
onant frequencies the effective volume of the cavity falls
off quickly as »~3 meaning the cavity geometry must be
revised to preserve form factors and thus maintain the
sensitivity of the experiment. There are also limitations
on the frequency ranges for which the SQUID amplifica-
tion technology is useful meaning new techniques must be
developed such as Josephson parametric amplifiers [98]
for the GHz range. For masses towards 40 - 400 peV
the dielectric disk setup of MADMAX [26], 27] has been
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designed and avoids the restriction placed on resonators
brought about by the dependence on the cavity volume.
Smaller masses 10~(6=9 eV may also be accessible with
nuclear magnetic resonance-based experiments such as
CASPEr [35][36] or alternative designs with resonant and
broadband readout circuits [30], and LC circuits [31].

Ultimately the prospects for axion astronomy will de-
pend on the success of one of the aforementioned search
strategies, at which point the development of the opti-
mum technology to measure dark matter axion-photon
conversion can begin. In addition to the annual modula-
tion signal, which we have shown to be powerful for mak-
ing more accurate measurements of some astrophysical
parameters, it may also be beneficial to search for possi-
ble direction dependent methods (e.g., Refs. [43][99] [100])
as the angular signature of a dark matter signal has been
shown to encode much astrophysical information in the
context of WIMPs [101], 102]. However in any of these
possible scenarios the methods developed in this study
will be a valuable step in progressing toward axion as-
tronomy.
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Appendix A: Galactic to Laboratory transformation

Here we briefly summarise the co-ordinate transforma-
tion used to rotate particle velocities from the Galactic
system into the rest frame of the laboratory.

The Galactic co-ordinate system (X,,¥,,2g) is defined
such that x, points towards the Galactic center, y,
points in the plane of the Galaxy towards the direction
of Galactic rotation and z, points towards the Galac-
tic North pole. We define the Laboratory co-ordinate
system (Xiab, ¥1abs Z1ab) Which point towards the North,
West and zenith respectively. To move between these co-
ordinate systems we also need an intermediate step in the
geocentric equatorial frame (X.,y.,%.), where X, and y,
point towards the celestial equator with right ascensions
of 0 and 90° respectively and z. points to the celestial
north pole.

We transform vectors (e.g., VL2 particle velocities)
from the Galactic to the laboratory frame with the fol-
lowing transformation,

Xlab Xg
Yiab | = A iap Ag—)e Yg s (Al)
Z1ab Zg

where the transformation from the Galactic to equatorial
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system is encoded in the matrix [T03], day (JD) by the following,

Ay = (a2
—0.05487556 +0.49410943 —0.86766615 fiab = Plab + [101'0308
—0.87343709 —0.44482963 —0.19807637
’ D—24 5| —55197.
—0.48383502 +0.74698225 +0.45598378 + 36000.770 LJ 00000.5] — 55197.5
36525.0
]?[L)I;d the transformation to the laboratory frame is given 4 15.04107 UT] 7 (A4)
Aglab = (A3)  Ghere @lap is the longitude of the laboratory location.
—sin(Ajab) cos(tr,;,) — sin(Aiab) sin(tf,,) cos(Aab) We also must convert the Julian day to Universal Time
sin(tp,,) — cos(tf,,) 0 (UT) using,
cos(Aiap) cos(tr,,)  cos(Aiap) sin(ty,,)  sin(Aiab)
In which we have used A1y, for the Earth latitude of the UT =24 (JD +0.5—|JD+ 0.5J> . (A5)

laboratory. We use ty,, for the local apparent sidereal
time expressed in degrees which is related to the Julian
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