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Abstract. Sensitive dark matter (DM) experiments can be well exploited beyond their
designated targets, allowing to explore a breadth of physics topics. As we discuss, future
large direct DM detection experiments constitute impressive telescopes, complementary to
conventional neutrino detectors. This opens a new window into neutrino astronomy, including
puzzles such as the origin of supermassive black holes and topics like supernova forecast.
Furthermore, DM experiments can act as effective instruments for multimessenger astronomy.
This is well illustrated by exploration of relativistic axions from transient astrophysical sources
(e.g. axion star explosions), providing novel signatures as well as possible insights into the axion
potential.

1. Introduction
The mysterious predominant constituent of matter in the Universe, dark matter (DM), is only
known through gravitational interactions (see e.g. [1] for review). Despite long history of
exploration of possible non-gravitational interactions, DM remains elusive. Particular focus has
been devoted to Weakly Interacting Massive Particles (WIMPs), whose typical ∼GeV - 100 TeV
mass often is associated with models that can address the hierarchy problem. Many alternative
particle DM candidates exist, spanning orders of magnitude in mass.

Direct DM detection aims to probe energy deposits from Galactic halo DM traversing and
interacting within the experiment. With keV-level thresholds, nuclear scattering is effective
for testing interactions of DM with mass above GeV (e.g. [2, 3]). Lighter DM can instead be
efficiently studied through electron interactions (e.g. [4, 5, 6]). See also e.g. [7, 8, 9] searches.

Data from direct detection can be analyzed through complementary halo-dependent or
halo-independent approaches. In the former, assuming local DM distribution, regions of DM
parameter space can be mapped in terms of mass and cross-section for a particular DM
interaction. Halo-independent analysis (e.g. [10, 11]) allows to avoid uncertainties associated
with the knowledge of local DM halo and instead infer local DM distribution. Recently, halo-
independent method has been also applied to electron-scattering [12].

Planned large DM experiments, especially those based on argon [13] and xenon [14, 15],
can achieve multi-ton-scale fiducial volumes and have the potential to probe WIMPs with
unprecedented sensitivity. Future experiments like Argo [13] and Darwin [16] are poised to
reach hundreds of ton-years in exposure. With increased sensitivity for exploring DM, large-
scale DM experiments will eventually encounter irreducible neutrino background. Sensitivity to
neutrino sources enables such DM experiments to act as effective neutrino telescopes.
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Figure 1. [Left] Nuclear recoil spectra for pre-SN neutrino signal in Argo-type experiment for
various time intervals until core-collapse, for 30M⊙ at 200 pc distance (Betelgeuse). From [17].
[Right] Neutrino flux from a single SMS burst and diffuse SMS background (DSMSB). The SMS
burst band details signals from ∼ 105M⊙ collapsing at 100 kpc (solid), 1 Mpc (dashed) and with
rotation or magnetic field enhancements (dash-dotted). The DSMSB band depicts variation in
redshift distribution models. Background neutrino sources are shown. From [18].

2. Neutrino Astronomy with Dark Matter Experiments
Variety of sources contribute to the irreducible “neutrino floor” background of large DM
experiments (e.g. [19, 3]), including solar (pp, pep, hep, 7Be, 8B, 13N, 15O, 17F), reactor (U, Pu),
geo- (K, Th, U), atmospheric as well as diffuse supernovae background neutrinos. Degeneracy
between neutrinos and DM signatures can hinder sensitivity reach.

Neutrino interactions occur through coherent elastic neutrino-nucleus scattering (CEνNS),
where neutrinos with energies≲ 50 MeV interact with nucleus as a whole. Recently observed [20],
CEνNS are sensitive to all six (νe, νe, νµ, νµ, ντ , ντ ) neutrino flavors and are unconstrained
by kinematic thresholds. Large DM experiments with heavy targets can exploit CEνNS as
respective cross-section scales with the number of nucleons ∼ N2. Hence, large DM experiments
can serve as effective telescopes complementary to conventional neutrino detectors. Boasting low
keV-level thresholds, DM experiments can explore a breadth of topics (e.g. geoneutrinos [21],
new neutrino interactions [22]) and open a new window into neutrino astronomy, as we illustrate.

Stars with mass ≳ 8M⊙ at the end of thermonuclear evolution lifetime undergo a violent core-
collapse supernova (SN) explosion. Copious accompanying emission of ∼ 10−30 MeV neutrinos
within a few second burst can carry away ∼ 1053 erg of the star’s gravitational binding energy,
confirmed by historic observations of SN 1987A. Hunt for next Galactic SN is a major target [23]
and unique perspective can be offered by large DM experiments (e.g. [24]). Prior to core-collapse,
there is significant emission of ∼MeV “pre-supernova” neutrinos associated with final nuclear
burning stages (e.g. [25, 26, 27]). Detecting such neutrinos can offer unique opportunity to
“forecast” SN and gain insights into the final stages of star’s lifetime. Intriguingly, large DM
experiments can readily observe pre-supernova neutrinos [17]. Considering the well studied near-
by red supergiant Betelgeuse for reference, on Fig. 1 we depict the resulting nuclear-recoil spectra
expected in Argo-type experiment from a pre-SN neutrino signal. This offers complementary
perspectives to conventional detectors [28], allowing all-flavor sensitivity.

DM experiments can also offer new perspectives on central puzzles such as the origin of
supermassive ∼ 106 − 109M⊙ black holes (SMBHs), residing within galactic centers [29] and
powering quasars and Active Galactic Nuclei (AGN) [30]. Variety of standard astrophysical
pathways for formation [31] go through a collapsing supermassive ≳ 3×104M⊙ star (SMS) phase,
resulting in seed black holes for SBMHs. Emitted prodigious neutrino flux accompanying SMS
collapse [32, 33, 34], orders above that of SN, can provide essential insights into SMBH formation
mechanisms. Low-threshold large DM experiments can effectively capture these low-energy
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Figure 2. Schematic of axion astronomy, a neutrino analogy.

neutrinos. While the rates and redshift SMS distribution is unknown, collapsing SMS neutrino
bursts can be well seen up to Andromeda (∼ 1)Mpc distances by future DM experiments, as
displayed on Fig. 1. Diffuse neutrino background from historic SMS collapses (see Fig. 1) could
also be in principle observable.

3. Axion Astronomy with Dark Matter Experiments
Axions constitute another attractive class of DM candidates. The QCD axion provides a leading
solution to the strong CP problem [35, 36, 37] and axions/axion-like particles are ubiquitous in
theories of extra dimensions and string theories (e.g. [38, 39]). While experimental searches
have been primarily devoted to non-relativistic axions contributing to cold DM (e.g. [40]),
relativistic axions can appear from a variety of sources. This includes early Universe production
mechanisms contributing to “cosmic axion background” [41], as well as continuous production
from astrophysical sources like stars [42].

Interesting relativistic axion signatures can be associated with transient astrophysical
sources [43]. More generally, we can outline “axion astronomy” associated with transient
phenomena exploiting direct analogy with neutrino astronomy (see e.g. Section 2), as depicted
in Fig. 2. Similar to neutrino bursts from transients like SN, SMS and neutron star mergers,
bursts of relativistic axions can be associated with transients like axion star (bosenova)
explosions [44, 45, 46], black hole supperradiance “bombs” (e.g. [47, 48]) and SN [49]. Historic
contributions of transients will establish “diffuse axion background”.

Detection prospects for transient axions can be readily demonstrated with explosions of axion
stars [43]. Such condensed bound gravitational configurations can appear from the early Universe
e.g. within miniclusters [50, 51]. Fig. 3 depicts reproduced relativistic axion emission spectrum
in terms of momentum over mass k/m from detailed numerical simulations [46], assuming QCD
axion potential with self-interactions. The characteristic [52] critical mass of stable axion star
and minimum radius are Mc ∼ 10−11M⊙f12/m5 and Rc ∼ 100 km/(f12m5), respectively, in
terms of mass m5 = m/(10−5eV) and axion decay constant f12 = f/(6× 1011GeV).

In contrast to ambient axion DM searches, an explosive axion burst of duration δt ∼ 30 ns/m5

emitting significant fraction of initial axion star mass with an integrated main peak emission
of E ∼ 1041 GeVf2

12/m5 [46], assuming minimum wave spreading, can lead to significant axion
energy densities in the detector. In case of derivative axion coupling, velocity enhancement
v∗/vDM ∼ 103 compared to non-relativistic DM is also possible. Taking into account effects of
coherence and wave spatio-temporal spreading, Fig. 3 depicts sensitivity to axion star bursts
for ABRACADABRA-type experiment [53] for axion-photon coupling. While sensitivity of
conventional axion DM searches falls off as 1/f or faster due to axion coupling, signals from
axion star explosions are enhanced as ∼ f from

√
E ∼ f . Thus, axion star bursts may offer a

preferred method of discovery for large values of the decay constant f . Since the axion burst
spectrum is sensitive to self-interactions, relativistic axions from transient sources pave a way for
spectroscopy of the fundamental axion potential, challenging otherwise. Aside new contributions
to multimessenger signatures [54], diffuse axion background from historic transients establishes
yet another class of observables.
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Figure 3. [Left] Spectrum of emitted axions from axion star explosions, from [46]. Peaks are
shaded in red and N∗ denotes the number of explosions during the collapse. [Right] Sensitivity
reach of ABRACADABRA to axion star bosenova (blue regions), with existing constraints and
a choice of (distance, explosion timescale, DM fraction in axion stars). Yellow regions indicate
where parametric resonance conversion of axions to photons would be relevant. From [43].

4. Summary
New ideas for DM experiments dramatically expand the scope of physics being explored. Future
large DM experiments constitute effective neutrino telescopes, complementary to conventional
neutrino experiments, opening a new window into neutrino astronomy. Drawing on lessons from
neutrinos, axion astronomy with transient sources opens a completely novel direction to explore
axions, including the fundamental axion potential as well as multimessenger signatures.
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