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Direct Detection of Dark Asteroid
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Abstract. Macroscopic dark matter is almost unconstrained over a wide “asteroid-like” mass
range, where it could scatter on baryonic matter with geometric cross section. We show that
when such an object travels through a star, it produces shock waves which reach the stellar
surface, leading to a distinctive transient optical, UV and X-ray emission. This signature can be
searched for on a variety of stellar types and locations. In a dense globular cluster, such events
occur far more often than flare backgrounds, and an existing UV telescope could probe orders of
magnitude in dark matter mass in one week of dedicated observation.

Dark matter (DM) could be in the form of objects of macroscopic mass and size, a possibility
which is consistent with all cosmological constraints [1, 2, 3]. While macroscopic DM arises in
many theoretical scenarios, it is difficult to detect terrestrially primarily because such objects are
rare, given the low local DM density. As Mpy increases, experimental searches require either
large detection volumes or long integration times.

In this work, we point out that because dark asteroids move supersonically in stars, dissipation
through any non-gravitational interaction will generate shock waves. This allows the dissipated
energy to quickly propagate to the stellar surface, where it is released in the form of a transient,
thermal ultraviolet (UV) emission. Crucially, such events are correlated with the local DM density,
but uncorrelated with the underlying activity of the star. Next-generation survey telescopes
would detect such events without requiring a dedicated search, while existing telescopes could
find them by monitoring regions of high DM density. This would constitute a DM direct detection
experiment on astronomical scales, with the stars as the detector volume.
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We will introduce our signature by assuming that all DM is in the form of spherical dark
asteroids with the same mass Mpy and radius Rpy. We further assume that they scatter
baryons elastically with geometric cross section o = WR]%M, enter the star head-on, and do not
disintegrate while passing through the star. In the final section, we discuss how these properties
can arise and how the signature changes when they are relaxed.

Stellar collisions.—We compute stellar profiles with MESA [4], assuming solar metallicity
and the settings recommended by MIST [5], and match them at the photosphere to atmospheric
profiles computed with PHOENIX [6]. When a dark asteroid enters a star of mass M, and
radius Ry, it will be traveling at roughly the escape velocity vese = \/2G M, /R, and is therefore
hypersonic, with Mach number Ma ~ 100. It is accelerated inward by gravity, and dissipates
energy due to a drag force pov?cy/2, where cq ~ 1 for a supersonic sphere. For most of the
parameters we consider, the dark asteroid remains hypersonic until it either dissipates most of
its energy to drag, or reaches the hot stellar core.

Describing the resulting production and propagation of shock waves is a complex hydrodynamic
problem. However, it can be decomposed into simpler problems each solvable by controlled
approximations. First, because the dark asteroid is hypersonic, Ma > 1, its passage can be
treated as an instantaneous deposition of energy Fy, per unit length, which creates a cylindrical
blast wave. The shock wave becomes weak after it travels a characteristic radial distance
Ry = \/2F4,/p ~ Ma Rpy, and asymptotically approaches an N-wave profile, a weak shock
solution characterized by a pressure discontinuity Ap and length L. Following Ref. [7], we match
a blast wave onto an N-wave profile at distance 10Ry, where the shock strength is Ap/p = 0.06,
the length is L = 2.8 Ry, and roughly half of the original energy remains in the shock wave.

To treat the propagation to the stellar surface, we use standard results from weak shock
theory [8]. In particular, the propagation of a weak shock wave through a slowly varying medium
can be described by geometric acoustics. Because the speed of sound decreases with distance
from the center of the star, the ray paths refract radially outward. We propagate each piece of
the shock front along such a ray. For an acoustic wave, if the wavefront area evolves as A(s) along
a ray, then the pressure amplitude varies as Ap x \/pcs/A(s), while the period L/c,s remains
constant. The discontinuities of an N-wave cause additional dissipation: when the shock wave
travels a length L, there is a fractional increase in L, and a fractional decrease in shock strength
and total energy, of order Ap/p.

Finally, as each piece of the shock front approaches the stellar surface, the decreasing density
and pressure cause a rapid increase in the shock strength. Analytic solutions exist to describe
the arrival of a strong shock wave at the edge of a star. To roughly approximate these results,
we assume that once the shock wave becomes strong, Ap/p 2 1, its remaining energy heats the
stellar material above it to a uniform temperature Ty, which sets the typical frequency band of
emission. This is reasonable because convection near the stellar surface will effectively smooth
out temperature gradients as energy is radiated from the surface. The timescale for energy release
is then dictated by the rate of blackbody radiation, and is typically on the order of hundreds of
seconds.

In Fig. 1, we show the total shock energy released from the surface of a Sun-like star, and the
typical final temperature 7. The qualitative features of this plot can be readily understood. For
higher Rpyp, the dark asteroid stops near the stellar surface, and a small portion of the surface
is heated to a high temperature. As Rpy decreases, the shock waves are primarily produced
deeper in the star, with a shorter wavelength. This increases the dissipation they experience as
they propagate out to the surface, decreasing the energy released. At the smallest radii, drag is
insufficient to prevent the dark asteroid from passing through the entire star, so that only part
of its energy is deposited, leading to a rapid fall-off in signal energy.

Since a strong shock has AT'/T ~ 1, the temperature T roughly tracks the local temperature
at the depth where the weak shock becomes strong again; as a result, it is relatively insensitive
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Figure 1. (Left) Contours of energy release (solid), characteristic temperature (dashed), and
penetration depth (dotted) for a dark asteroid impact on a Sun-like star. We show bounds from
the CMB limit on DM-baryon scattering [9], heating of cold gas clouds [10], and microlensing [11].
(Right) Contour plot showing observability. We shade regions where impacts on K dwarfs within
1kpc would be seen by ULTRASAT, and impacts on Sun-like stars in 47 Tuc would be seen
by HST, at least once per year and week of observation on average, respectively. For 47 Tuc,
we show two possible values of the core DM density, as discussed in the main text, and require
the rate of dark asteroid impacts to exceed superflares of similar energy by at least an order of
magnitude. A schematic light curve for three frequency bands is shown in the inset.

to Mpm and Rpwm, and typically peaks in the far UV. At lower densities, Ty rapidly rises because
the dark asteroid stops so close to the surface that the shock never becomes weak. At the very
lowest densities shown, the dark asteroid stops above the photosphere. In this extreme case,
the emission spectrum is not necessarily thermal, and depends on the detailed physics of the
resulting plasma.

Observational prospects.—Dark asteroids are expected to produce rare transients on all types
of stars, with a frequency dependent on the stellar and local DM parameters. For a star moving
with a DM halo, averaging over a Maxwellian velocity distribution for the DM yields a collision
rate [12]
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where vy is the velocity dispersion. The final term accounts for the focusing effect of gravitational
attraction. In all cases we will consider, vege > vy, giving
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As shown in the inset of figure 1, we expect a brief X-ray emission as the dark asteroid passes
through the stellar atmosphere, followed by a gradual optical and UV emission as the shock wave
produced inside reaches the surface of the star. Since most of the energy emerges in the UV,
and cooler stars emit relatively little in this band, it is easiest to search for these events as UV
transients.

The light curve would also have a long tail as the violently heated patch of the stellar surface
gradually cools, which could be targeted for follow-up optical observation. Note that we have
treated all collisions as head-on, though the high degree of gravitational focusing implies that
most collisions are glancing. Our calculation is thus maximally conservative, because it gives the
shock waves the longest possible path to the surface.
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Upcoming transient surveys could detect dark asteroid collisions on nearby stars without
requiring a dedicated search. Among star types, K dwarfs are promising targets, as they have
significantly larger masses and radii than M dwarfs, but also have a higher number density
and negligible UV emission compared to hotter stars. As a concrete example, we consider
ULTRASAT [13], a proposed wide-field UV transient explorer designed to detect distant supernova
shock breakouts, which will also monitor many nearby stars. We compute the maximum distance
from which ULTRASAT could observe dark asteroid collisions at SNR > 5, conservatively
counting only impacts on K dwarfs, and approximate the star density as uniform out to 1kpc
from the Earth. The observable region of parameter space is cut off at high Rpy because the
signal temperature becomes too high, at low Rpy and Mpy because the signal energy becomes
too low, and at high Mpy; because the events become too rare.

A similar region could be probed by the upcoming LSST survey [14], but estimating the
event rate is more difficult because of LSST’s complex observing strategy and multiple filters.
In addition, since LSST would be able to see events at a significantly larger distance d 2 kpc,
a more detailed model of the galactic stellar and DM densities would be required, along with
estimates of UV extinction.

An alternative strategy is to perform a focused search in a region where the impact rate per
star is significantly higher, such as the globuler cluster 47 Tuc (NGC 104) which has a dense
core and negligible UV dust extinction.

While the DM content of globular clusters today is not known [15, 16], they are thought to
have formed in large DM subhalos [17, 18], with computational studies suggesting an initial
DM mass of about 260 times the stellar mass [19]. Tidal stripping and DM thermalization are
expected to have reduced the DM content of the globular cluster since formation [20], with ~1%
remaining today [21]. We assume this formation history holds for 47 Tuc, and model the DM
distribution with an NFW profile [22].

We infer a core DM density p,,,, ~ 4 Mg, /pc3. Since the velocity dispersion is vy ~ 12km/s,
the collision rate per star is almost 4 orders of magnitude higher than in the local region, even
though DM is still a vastly subdominant component of the core. For most of the parameters
we consider, the event rate exceeds the rate of superflares of comparable energy on Sun-like
stars [23] by orders of magnitude.

To monitor 47 Tuc, we consider the Wide Field Camera 3 instrument on the Hubble Space
Telescope (HST), using the F225W filter. This instrument’s field of view is sufficient to capture
most of the DM core, and the UV filter alleviates stellar crowding [24]. In Fig. 1, we show the
region where at least one event with SNR > 5 is expected in one week of continuous observation.
Since the event rate scales as 1/Mpy, new parameter space could be probed with as little as one
hour of observation.

Discussion.—For concreteness, we have focused on specific assumptions and experimental
searches, but our results also apply more generally. For instance, we have taken elastic scattering
as a generic benchmark, but specific models can give rise to nonelastic interactions, such as
catalyzing proton decay, annihilating with ordinary matter, or absorbing part of the dissipated
energy. We have also assumed a geometric cross section for baryon scattering because it is the
result of any sufficiently strong interaction that is not long-ranged, but the dark asteroid can be
partly transparent to baryons, or interact by a long-range force, yielding a smaller or larger cross
section respectively. These effects can be accounted for by simply scaling the energy deposited
per length, Fy,, as long as Ry 2 Rpwm-.

The possibility of detecting dark asteroid impacts in nearby stars provides an interesting
target for UV transient searches with small satellites [25, 26, 27], while more powerful instruments
would be well-suited for focused searches. These observations are enabled by the rapid advance
of time-domain astronomy, which we have shown provides an unusual route to discovering the
nature of dark matter.
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