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The axion, introduced by Peccei and Quinn to solve the strong CP problem, is a compelling
candidate for explaining the mysterious nature of dark matter in the universe. In the post-
inflationary scenario of axion dark matter, the matter distribution on small scales is populated by
sub-parsec, planetary-mass halos known as axion miniclusters. In this contribution, we estimate
the mass typically lost by axion miniclusters and explore the resulting formation of tidal streams
that could surround our galaxy. Additionally, we assess the detectability of axions in the solar
neighborhood and predict the typical signal that would be observed in haloscope experiments
targeting the post-inflationary scenario.
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Axion minicluster streams in the Solar neighbourhood

1. Introduction

The QCD axion of Peccei & Quinn, originally postulated to solve the strong CP puzzle [1-3],
is one of the most well motivated candidates for the observed dark matter (DM) in the Universe.
In the recent years, an expanding campaign of state-of-the-art experiments have been probing
axions as dark matter and will explore most of the viable parameter space in the coming years [4].
Within cosmology, the case in which the Peccei-Quinn symmetry spontaneously breaks after the
end of inflation, known as the post-inflationary scenario, is particularly notable for its ability to
predict the axion DM abundance. Here however, the axion field develops a distribution with large
inhomogeneities on scales set by the horizon at the QCD phase transition, leading to multi-scale
dynamics which requires dedicated numerical simulations, see for instance recent works [5—12].

In addition to these complications, it has long been established in the literature [13—16] that,
in this scenario, the majority of DM becomes bound into fine-grained, planetary-mass structures
known as miniclusters (MC), which are too sparsely distributed for direct detection experiments to
have areasonable chance of observing one. Therefore, the feasibility of directly detecting DM axions
depends on whether miniclusters survive within our galaxy today. The current understanding of
minicluster dynamics relies on a semi-analytic approach that combines initial halo-mass functions
from N-body simulations (e.g., [12]) with Monte Carlo modelling of tidal disruption, which
is caused by interactions with stellar objects and infall into the galactic halo [17-22]. Despite
uncertainties in minicluster properties, the consensus remains that while they may lose a significant

portion of their mass,

many remnant cores are likely to persist.

In this contribution, we calculate the amount of mass typically stripped from miniclusters, which
then contributes to the formation of an ensemble of tidal streams. We ultimately wish to quantify
the local axion dark matter distribution in the solar neighborhood and to assess the detectability of

axions in the post-inflationary scenario by predicting the typical signal to be observed, see Fig. 1.

2. Disruption of miniclusters

The latest N-body simulations of minicluster formation, starting from the initial conditions
left by the collapse of the axion string-wall network during the QCD phase transition [12], provide
the initial distribution of masses and density profiles for miniclusters, which are categorised into
two types: merged minicluster halos and isolated miniclusters. Isolated miniclusters are the most
abundant by number (~ 70%), however merged miniclusters comprise most of the DM by mass.
With simulation results as input, we model the evolution of miniclusters through the galaxy, focusing
on orbits that end in the Solar neighbourhood. Each minicluster orbit will encounter a number of
stars along its orbit, depending on the stellar number density of the central bulge and the thin/thick
disks, its orbital velocity and a randomly drawn impact parameter. We model stars as point-like
objects, and compute the energy injected in each star-minicluster encounter following the distant
tide and impulse approximations [23]. For each orbit, mass and radius are updated following the
mass loss due to the encounters, and miniclusters are considered completely disrupted only if the
sum of all the energy injections exceed their initial binding energy. We find that isolated miniclusters

IRecent works [21, 22] accounted for the relaxation of the minicluster profile between encounters, demonstrating how
the mass loss for each minicluster has been underestimated.
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Figure 1: The axion lineshape as a function of the integration time, Ti,;. For long enough exposure, axion
haloscopes would have a fine spectral resolution, thereby resolving the streams and distinguishing pre- and
post-inflationary axions.

are relatively stable against disruption, however, the high-mass merged miniclusters are much more
prone to mass loss, with about half of them losing all of their mass by today. The lost mass which
is left unbound is described as a tidal stream of length £/ (1) > o (¢ — L), with o, the MC
dispersion velocity at each encounter, the latter happening at a time . .. Furthermore, we simplify
the modelling by assuming the stream as a cylinder of the same radius as the original minicluster,
and with a Gaussian density profile along the stream length [20]. Numerically, we find streams of

0.34

length 7.33‘% pc for merged miniclusters and 0.28";>* pc for isolated miniclusters.

3. The local axion density

Building on the modeling discussed in the previous section, we outline the expected local
density of post-inflationary axions, which consists of three distinct populations:

* Minivoids. These axions represent the irreducible background of cold axions, which never
cluster into miniclusters. Their overall density is typically pyoiq ~ 0.1 ppm = 0.045
GeV/em? [11].

* Cold streams. Axions in tidal streams are formed from the tidal disruption of the largest and
less compact miniclusters. They appear as narrow Gaussian features in the spectral lineshape.

e Miniclusters. Axions in the densest halos, which can withstand the tidal forces and that
maintain an extremely cold velocity dispersion, o ~ O(m/s). Their occupied volume in the
solar neighbourhood is negligible, leading to a rather rare encounter rate.
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Results from Monte Carlo simulations of stream formation lead to an expected number (Ng;,) =
O(10% — 10%) of overlapping streams at each point within a local volume Vioea ~ (100 pc)? [20].
The uncertainty on the estimate accounts for the variations in the density profiles, the concentration
of the merged miniclusters, and accounting for additional stream heating [20]. Sampling (Ng;)
streams from our distribution of disrupted miniclusters, we find the energy density stored in all the
locally overlapping streams and the background minivoids [20]

Nslr
Pa = Proid + ) Pyr = (0.9£0.06) ppm, )]

i=1
where ppy ~ 0.45 GeV/em? is the DM density that we will use in the following. This represents
the main difference between pre- and post-inflationary axions: the overall sensitivity to a certain

/2

coupling at fixed signal-to-noise ratio scales as g, o p;l , where in the post-inflationary scenario

leads to a ~ 5% suppression with respect to the standard pre-inflationary case.

4. Impact on axion haloscopes

Finally, we can relate the velocity distribution of the streams to the signal (i.e., the lineshape)
measured by a typical axion haloscope (see Fig. 1). Field’s oscillations are coherent with w = m,
until the axion’s velocity distribution causes a shift in frequency related to the spread in velocities,
happening for integration times close to the axion coherence time 7eop ~ 0.01ms(100ueV/m,,).
For integration times iy > Toh, the axion’s lineshape becomes fully resolved (see also [24, 25]).
This resolution allows us to distinguish between a smooth Maxwellian lineshape characteristic
of the pre-inflationary scenario, and a series of narrowband Gaussian features corresponding to
local post-inflationary streams. Moreover, we find that individual stream features typically persist
in the spectral density for approximately Ar = 30’:213l years. However, with several hundred to a
thousand streams contributing to the lineshape simultaneously, the overall signal variability occurs
on much shorter timescales, around tens of days. These time-varying or ultra-narrowband signals
are already being targeted by ongoing haloscope experiments using high-resolution adaptations of
their standard analysis methods (see, e.g., the recent [26]). Based on our findings, we encourage
the continuation and further refinement of these efforts.
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