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Abstract:
Axions and axion-like particles are becoming increasingly attractive candidates for the dark matter.

Likewise, searches for these candidates are increasing in sophistication, number, reach, and may span much
of the candidates’ viable parameter space in the next decade. Haloscope searches crucially depend on the
form of the local axion halo distribution over several decades in scale. Our understanding of axion struc-
ture formation is far from complete, however, due largely to the candidate’s unique properties as a highly-
degenerate Bose fluid. Novel approaches couched in the many-body gravitational physics intrinsic to Bose
DM are needed to resolve the formation of cosmological structure both fine and large. One such model of
Bose structure formation contains physically-motivated extra-classical physics above the de Broglie scale
in the form of exchange-correlation interactions. Preliminary analytic calculations and N-body simulations
have shown Bose correlations grow quickly in the early universe, and galaxies seeded by axion dark matter
contain unique extra-classical structures with observable consequences for Bose dark matter searches. The
next generation of cosmological simulations are expected to greatly expand on the galactic structures intrin-
sic to Bose dark matter, potentially enhancing the discovery potential of axion haloscopes such as ADMX
and other axion dark matter searches.
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1 Introduction and Motivation

Cosmological structure formation simulations are expected to play an increasingly crucial role in the up-
coming phase of axion dark matter (DM) searches. With many haloscopes either operating1–9 or in devel-
opment10–14 in the QCD axion DM range, it is becoming increasingly likely that a detection will occur.
Searches for axion and axion-like particle DM facilitated by astronomical observations on cosmological,
galactic, and stellar scales are also accelerating in pace15–26.

Numerical simulations provide theoretical support to experimental searches and observations. Generic
structure formation and evolution simulations have already assisted in haloscope searches for QCD axion
DM by providing more accurate halo models, drastically improving experiments’ signal-to-noise-ratio3;8;27

and providing insight to the contribution of galactic substructure and transient events28–30. After axion
dark matter is detected, halo models will become far more important as Earth-bound haloscopes can detect
fine structure in the local axion energy distribution with a fidelity of a part in ∼ 108−12 in total energy,
providing a novel means to measure the fine structure of our galaxy31;32. The significance of this observable
to understanding the structure and formation history of the Galaxy is just beginning to be understood.

Further theoretical support can be rendered to axion DM searches through identification of unique struc-
tures intrinsic to Bose scalar dark matter. Previous simulation studies of mean-field Bose dark matter have
uncovered novel structures at the de Broglie scale in the form of boson stars and mini-clusters for QCD
axions33–35, and galactic scale solitons and large-scale interference patterns for axion-like particles with
masses of the order ∼ 10−22 eV15;36;37. These studies are incomplete, however as they fail to incorporate
the full richness of many-body physics present in a degenerate Bose fluid.

Multiple models of Bose infall have been formed in the last several years38–41 that incorporate many-
body correlations in the super-de Broglie limit, a chief component of many-body dynamics for QCD axion
DM. To date, these models have shown that correlated Bose dark matter contains long-range extra-classical
physics in the form of exchange-correlation interactions induced by the constraints of symmetric particle
exchange and inter-axion correlations from self-gravity39;40. The resulting motion of such a condensed fluid
is found to be different from standard cold dark matter, and mean field theory, even on length scales far
exceeding the de Broglie scale. In-progress work suggests that correlations are created in the early universe
by non-conservative elements of the gravitational interaction acting on isocurvature-breaking modes during
the period between the mode passing into the Hubble volume and the Newtonian limit. Correlations then
grow alongside the density modes until the over-density reaches non-linearity41. Preliminary N-Body sim-
ulations further show that correlated Bose DM form halos that contain unique structures with observable
consequences for haloscopes and observations40.

2 Research Opportunities

A number of research opportunities are expected to arise in the next several years as simulations of the
exchange-correlation model of Bose dark matter expand in size, resolution and sophistication. Such simula-
tions will elevate the accuracy of the unique structures formed by Bose dark matter, increasing their efficacy
to current and future observations and axion searches.

Efforts during this period will concentrate on the exchange-correlation dynamics that are important for
axion structure formation on super-de Broglie scales. Exchange-correlation dynamics are also expected to
be important on de Broglie scales, such as in studies of fuzzy dark matter, axion mini-clusters, and boson
stars. Analogous opportunities are present in the generalization of the exchange-correlation model to the de
Broglie scale.
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The N-body algorithm for Bose infall created in40 fortunately lends itself quite well to modern scale-able
N-body+SPH (smoothed particle hydrodynamics) codes, with exchange-correlation interactions acting like
an additional long-range force in the dark sector. The next generation of simulations will begin as zoom-ins
of a cosmological volume up to 25 Mpc/h on a side, each concentrating on a single Milky Way analogue
and its satellites at z = 0. The initial DM-only tracking simulations will include physics of both Bose and
classical forms. The zoom-ins will include high-resolution baryonic and super-massive black hole physics.
The high-resolution regions of these simulations are expected to be on par with42. The tracking and zoom-
in simulations will be studied for signatures of Bose physics, starting from the observables discussed in40,
including emergent velocity substructure and orbit modification of density substructure. Special attention
will be paid to those signatures made outside of the DM sector. Multiple studies will be made to understand
the Bose impacts on a Milky Way and the surrounding volume. High resolution signal filters for operating
and soon-to-be-operating axion DM searches will also be provided.

Higher resolution simulations of uniformly resolved N-body+SPH simulations will follow up the zoom-
ins. Updated initial conditions for volumes of 25 Mpc/h on a side. The target mass and force resolutions
for these simulations are Mp ∼ 105M� and ∼ 200 pc, respectively. Such simulations are capable of
probing impacts of Bose DM ranging from the fine energy substructure of a Milky-Way-like galaxy to the
scale of a galaxy cluster. The increased resolution of the simulations, and the results from analyzing the
zoom-in simulations, will enable the one to probe the fine structural differences more deeply, accurately,
and completely. A specific benefit to axion searches is that it will be possible to sample the local kinetic
energy fine structure of a Milky Way mass halo to a part in ten-thousand, which is orders of magnitude better
than existing models.

Bose signatures predicted from this model are expected to first appear at re-ionization as the extra-
classical physics predicts an enhancement in the collapse of halos and will therefore alter early star forma-
tion. The new dynamics are also anticipated to change accretion, merger histories, and satellite behavior in
halos. Bose dark matter may even alter structure on the scale of the cosmic web. Each upcoming simula-
tion will present new opportunities to identify and improve our understanding of novel Bose DM signatures.
Each signature will present a new opportunity to make candidate-specific DM observations. Current surveys
and upcoming data and instruments, including Gaia, the Sloan Digital Sky Survey (SDSS), the James Webb
Space Telescope (JWST), the Large Synoptic Survey Telescope (LSST, aka the Vera Rubin Observatory),
the Square Kilometer Array (SKA), and surveys of 21-cm cosmology are expected to play a crucial role in
identifying the most compelling model of Bose DM.

3 Conclusion

Simulation of Bose structure formation on cosmological scales is becoming increasingly crucial to dark mat-
ter searches for axions and axion-like particles. Unique Bose dark matter signatures and fine structure in the
dark matter distribution will improve searches’ sensitivity, accelerating the pace to detection by haloscope
or astrophysical observation. Therefore, accurate modeling of the Bose dark matter halo using all relevant
physics should be of high priority. The presence of many-body correlations is being shown to be highly
relevant in this regard, having already produced multiple signatures relevant for searches. The next gen-
eration of simulations are expected to expand on these Bose-specific signals both in resolution and scope,
presenting many research opportunities.
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