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Mini-EUSO (Multiwavelength Imaging New Instrument for the Extreme Universe Space Obser-
vatory) is a telescope observing the Earth from the International Space Station since 2019. The
instrument employs a Fresnel-lens optical system and a focal surface composed of 36 Multi-Anode
Photomultiplier tubes, 64 channels each, for a total of 2304 channels with single photon count-
ing sensitivity. Mini-EUSO observes the night-time Earth in the near UV range (predominantly
between 290 - 430 nm) with a spatial resolution of about 6.3 km (full field of view equal to 44°)
and a temporal resolution of 2.5 us, observing our planet through a nadir-facing UV-transparent
window located in the Russian Zvezda module. The detector can thus acquire triggered transient
phenomena with a sampling rate of 2.5 us and 320 us, as well as perform continuous acquisition
at 40.96 ms scale. Among the scientific objectives addressed by the mission is the observation
of meteors (at the 40.96 ms time frame), the search for interstellar meteors and amongst them,
the search for strange quark matter (SQM), appearing as anomalous (long track and fast-moving)
meteor events. In this paper we discuss the observational capabilities for Mini-EUSO and the
limits it will pose to SQM and other Macro-like particles.
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1. Introduction

Mini-EUSO (Multiwavelength Imaging New Instrument for the Extreme Universe Space Ob-
servatory, known as UV atmosphere in the Russian Space Program) is a telescope operating in the
near UV range, predominantly between 290 - 430 nm, with a square focal surface corresponding
to a square field of view of 44°. Its spatial resolution at ground level is ~ 6.3 x 6.3 km?, varying
slightly with the altitude of the International Space Station (ISS) and the pointing direction of
each pixel. Mini-EUSO was launched with the uncrewed Soyuz MS-14, on 2019-08-22. The first
observations, from the nadir-facing UV-transparent window in the Russian Zvezda module, took
place on 2019-10-07[1].

The Mini-EUSO detector was originally designed for the development of the study of Ultra
High Energy Cosmic Rays (UHECRSs) from space [2], as part of an ongoing effort by the JEM-
EUSO (Joint Exploratory Missions for Extreme Universe Space Observatory) collaboration. So
far, various instruments have been constructed and operated on the ground (EUSO-TA [3]), on
stratospheric balloons (EUSO-Balloon [4, 5], EUSO-SPB1 [6] and EUSO-SPB2 [7]) and in space
(TUS [8], in addition to the planned K-EUSO [9] and POEMMA [10, 11] missions).

The detector employs a BG3 filter (280 - 430 nm at 50% transmission) on its focal surface
to perform observations where most of the fluorescence light from Extensive Air Showers (EAS)
initiated by cosmic rays interacting in the atmosphere is emitted (300 - 430 nm range) [12]!, with
a 48 x 48 pixel focal surface (=~ 6.3 km spatial resolution on the ground) and a sampling time
of 2.5 us. In the case of EAS, the light is emitted by the return to the ground state of nitrogen
molecules (N;) that are excited by the ionization of the charged particle component of the shower.
In case of meteors and among them possible SQM (Strange Quark Matter) candidates, the ablation
with the atmosphere makes them emit light detectable with Mini-EUSO continuous data readout at
40.96 ms.

2. Strange Quark Matter and other cold, penetrating matter

The existence of a different state of hadronic matter other than ordinary nuclear matter, called
Strange Quark Matter (SQM), was proposed for the first time in the 1980s [15] . This kind of
hadronic matter would be composed by a roughly equivalent number of u, d, and s quarks. Many
models suggest that the presence of strange quarks in hadrons may lower the nucleon Fermi level
with respect to a system with only ordinary quark flavours. If that is the case, SQM should be
stable and may constitute the true ground state of hadronic matter. Instead of being separated in
nucleons, quarks would therefore be lumped together, with densities typically comparable to the
nuclear density. Furthermore, there are many other possible massive compact objects that could be
present in our Galaxy (see Figure 1: among them, we quote Q-Balls [16], magnetic monopoles [17],
Iumps of fermionic exotic compact stars, primordial black holes [18]; Adler et al. 2001), mirror
matter [19], Fermi balls [20], electroweak symmetric dark matter balls [21], antiquark nuggets
(Gorham 2012), axion quark nuggets [22], six flavor quark matter, and non-strange quark matter
[23]. We also mention elementary black holes [24] and - among them - Daemons [25]. Figure

1The maximum Xmax of a 1019 eV< E < 10?9 eV cosmic ray shower occurs at 750 g/cm2 < Xmax < 800 g/cmz,
corresponding to an altitude between 2 and 2.5 km for a vertically incident event [13, 14].
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Figure 1: Plot of the velocity and mass range for various slow moving, massive particles. At the bottom
right of the plot we have cosmic ray nuclei with 8 =~ 1. Most of the particle types have 8 ~ 7-107* — 8.107*
since they are considered to be bound in the Galaxy. However, many of these hypothesized particles can also
have lower velocity since they could be bound in local interstellar space, in the vicinity of the Solar System,
or even of our planet (e.g. Daemons). The masses range from the relatively light magnetic monopoles and
Q-balls to the heavier Fermi and Dark Matter balls. SQM and Magnetic Quark Nuggets can reach the mass of
a star, but only fragments are expected to reach the Earth. The mass-velocity range accessible by Mini-EUSO
(for non-relativistic particles) is shown in pink.

1 shows the presumed mass and velocity range for the various candidates. We draw attention
to the fact that the expected ranges for velocities, masses, and mass densities of these different
candidates remain hypothetical and the literature does not offer precise values for any of these
parameters. As discussed, our main target here are (very dense) particles that would be present
in the Galaxy and move at typical orbital velocities, in an extended range between 3 - 1073 ¢ and
3-10~! c. Many of these particles are also Dark Matter (DM) candidates: with the lack of evidence
for supersymmetric neutralino-like particles from space-borne, underground-located, or accelerator
(LHC) experiments, these hypotheses are being examined with increasing detail. These particles
could account for a part or all the DM component in our Galaxy. Therefore, the discovery of these
particles would have repercussions not only in astrophysics and nuclear physics, but also for the
puzzle of the DM component in our Universe. For simplicity, in this idea we use the term SQM to
refer to all the aforementioned types of quark-density particles. Each particle has a different origin,
flux, and interaction signatures but they can be broadly characterized as slow-moving (galactic-
bound, although unbound components are also examined) and massive (from less than picograms
to tons) particles. The lower velocities of these objects are particularly interesting, since there are
various scenarios in which these particles are bound in the Solar System on Strongly Elongated
Earth Crossing Heliocentric Orbits (SEECHOs) or even in the gravitational field of the Earth (Near
Earth Almost Circular Heliocentric Orbits - NEACHOs and Geocentric Earth Surface Crossing
Orbits GESCOs) [25].
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SQM with an exactly equal number of u, d, and s quarks is electrically neutral. However,
the neutrality condition may be expected to be only approximate, e.g. because strange quarks are
heavier and thus slightly disfavoured with respect to the others [15] allowing strangelets to have
a small residual electrical charge. In the case of a small excess of one quark species, a slightly
charged particle would therefore have a very high mass and a low electric charge. A very large
mass to-charge ratio would thus result, compared to ordinary nuclear matter (apparent A > Z with
equivalent nucleon number A and electric charge Z). The mass of a strangelet could range from the
minimum stable mass, which strongly depends on the model employed for the calculations, up to
values typical of a compact star, A ~ 10°7 [26]. Several papers [27] have studied the conditions
required to have stability for these objects: using the MIT bag model approximation, heavier objects
appear more stable. More detailed models that take into account shell structure in the nuclear matter
[28] predict stability regions for strangelets with completely filled quark shells, allowing also for
lighter particles to be stable or metastable. SQM could be produced in the Big Bang (Chodos et al.
1974), be part of baryonic dark matter (Atreya et al. 2014), be present in the core of neutron stars, or
exist as “strange quark stars”, either ‘pure’ (Alcock et al. 1986; Haensel et al. 1986) or constituted
of hadrons and quark (Drago et al. 2016; Drago Pagliara 2016; [29]). Other sources of SQM are the
production and acceleration in the ergosphere of black holes via the Penrose process [30]. Lumps
of SQM could be ejected as a consequence of collisions between these stars in binary systems [31].
Subsequent collisions among the produced fragments can inject fragments of SQM of various sizes
in the Galaxy, which then reach the Earth where they could be detected with cosmic-ray detectors
such as Mini-EUSO. Depending on their mass and nature, they can be stopped in the atmosphere
(m<4-10714 g), ionize the atmosphere, or even cross the whole planet (m > 107° g) [32]. Indeed,
over the years, different balloon- and space-borne experiments have tried to detect strangelets using
mass spectrometers on Earth or Moon dust, analyzing mica tracks, both with passive and active
methods: PAMELA magnetic spectrometer [33]; Pi of the SKY, searching for fast meteors [34];
DIMS experiment using two cameras for a stereoscopic view of meteors and determination of their
trajectory [35]; Mini-EUSO, the subject of this paper, looking for fast meteor-like events from the
ISS.

figvelocity

3. Search for SQM with Mini-EUSO

Meteors are relatively slow (v < 72 km/s) and long-lasting (a few seconds) events which
illuminate in sequence several light sensitive pixels of the Mini-EUSO focal surface (See Figure
2). Mini-EUSO will contribute to meteor hazard estimation by covering a projected surface on the
ground of about 320 x 320 km? including inter-pixel dead areas (at 100 km altitude, where meteors
burn, the field of view is about 240 x 240 km?); it could be considered a precursor for the optimization
of future instruments for detecting meteors from space. The maximum observable magnitude is
between 4 and 5 depending on background conditions,[37]. The time dependence of the light
intensity is determined for each event. The frequency-intensity distribution of the observation of
meteors allows to study from space the population of near-Earth objects from space with a large field
of view and the advantage of not being covered by clouds. From the two-dimensional projection of
the trajectory it is also possible to reconstruct their original heliocentric orbit.
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Figure 2: Top: A meteor track as it develops in the field of view of Mini-EUSO. The X and Y axis represent
the PDM pixels. Bottom: the meteor track projected on the PDM (xy - Left), and on the x-t and y-t profiles
(centre and right, respectively). Colour denotes counts/GTU (2.5 us).
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Figure 3: Left: Method of search of SQM by Mini-EUSO. Meteors burn in the atmosphere at ~ 100km
whereas SQM would have a longer track higher velocity and lower burning altitude. Right: Preliminary
limits on nuclearite sensitivity of Mini-EUSO compared with previous experiments. Adapted from [36],
limits are from references therein.

Mini-EUSO has so far recorded more than 24,000 meteor events in the first 44 sessions
(more than 80 sessions have been acquired at the time of writing), among them the calculation for
velocity, magnitude, and trajectory has been performed to look for anomalous events with velocity
incompatible with events in the Solar System

If SQM nuggets - also called nuclearites - are present in our Galaxy they could encounter
the Earth and interact with its atmosphere. The high density of these nuclearites would produce
a long and constant signal in the atmosphere [32], with a track range incompatible with that of
usual chondritic or metallic meteors. Furthermore, their interstellar origin would result in higher
speed than that of solar system meteors. These features should permit a clear identification of this
class of events [34]. As mentioned, Mini-EUSO is able to observe meteors down to magnitude 4
and 5, corresponding to a SQM nugget size of 10** GeV/c or higher [37]. In Figure 3 is shown
an estimation of the upper limit that could be reached with Mini-EUSO assuming three years of
observations, with 3-4 sessions of 12 hours per month.
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4. Conclusions

Mini-EUSO can observe meteors with a magnitude of M < 6, depending on the background
conditions. Taking advantage of its large field of view and high detection rate Mini-EUSO has been
recording more than 24,000 meteor events in 44 sessions. Among them, the search for interstellar
meteors and SQM is progressing, with good perspectives for a more stringent upper limit on these
particles.
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