PROCEEDINGS

OF SCIENCE

DIMS Experiment for Macroscopic Dark Matter and
Interstellar Meteoroid Study

S. Abe,” D. Barghini,”¢ M. Bertaina,” M. Casolino,*¢ A. Cellino,”¢ C. Covault,”
S. Duri$ova,® T. Ebisuzaki,” M. Endo,* M. Fujioka,” Y. Fujiwara,’ D. Gardiol,*

M. Hajdukova,? M. Hasegawa,” Y. lwami,” F. Kajino,”* M. Kastelan,* K. Kikuchi,”
S.-W. Kim,’ N. Kobayashi,” N. Kojro,” J.N. Matthews,’ M. Mori,” Y. Mori,”

LH. Park,” L.W. Piotrowski,? M. Przybylak,* H. Sagawa,” K. Shinozaki,*

D. Shinto,” J.S. Sidhu,” G. Starkman,’ N. Takahashi,” Y. Takizawa,’ Y. Tameda,”
T. Tomida,* S. Valenti” and M. Vrabel* for the DIMS Collaboration*

I Department of Physics, Konan University, Japan

E-mail: kajino@konan-u.ac.jp

DIMS is an experiment aiming to search for macroscopic dark matters and interstellar meteoroids.
Nuclearites are nuggets of stable strange quark matter, hypothetical super-heavy macroscopic
particles (macros), and possible important components of the dark matter in our Universe. The
velocity of the nuclearites is expected to be around 220 km/s in our galaxy, whereas the velocities
of the interstellar meteoroids may exceed the escape velocity of the solar system by only several
km/s. We are studying the possibility to search for such fast-moving particles by using very high-
sensitivity CMOS cameras with a wide field of view. We estimate the observable mass ranges
and flux limits for the moving nuclearites and the interstellar meteoroids from observed data. At
the 1st stage we set up 3 high-sensitivity CMOS camera stations with a separation distance of
about 100 km at the central area in Japan, at the 2nd stage 2 stations were added with a separation
distance of 17 km at the Telescope Array (TA) cosmic-ray-experiment site in Utah, USA, and at
the 3rd stage 2 stations were relocated from Japan to the TA site. We have been remotely operating
over one year with such multiple stations. Details of the project science, present status and some

results are reported in this paper.
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1. Introduction

1.1 Macroscopic Dark Matter

As a form of dark matter (DM) highlighted by [1], it is possible for DM to exist as particles
with high masses and cross sections but low number density. Such a category of “macroscopic”
DM is known as “macro” (e.g. [2]). Macros are assumed to interact with ordinary matter only
geometrically and lose their kinetic energy. Several macro models are based on the hypothesis of
strange quark matter (SQM), which is composed of up, down, and strange quarks. For instance,
the high pressures within neutron stars’ cores could create favorable conditions for SQM formation.
Additionally, if SQM is more stable than ordinary matter, neutron stars could convert most of their
baryonic content into strange matter, leaving only a thin outer layer of ordinary nuclei [3].

Astrophysical events such as neutron star collisions or the merging of binary systems of
neutron stars could produce fragments of SQM with arbitrary dimensions and velocities known as
nuclearites [4]. They could be trapped in the gravitation of our galaxy and typically have a velocity
of 250 km/s near the Earth, corresponding to the rotation velocity of our galaxy near the Sun.
When passing through the Earth’s atmosphere, they would deposit part of their energy as luminous
radiation, appearing much faster than meteoroids bound to the Sun’s gravitation. The heliocentric
velocity of the most meteoroids is within ~42 km/s, which is the escape velocity from the solar
system at Earth’s orbit.

So far, several groups reported upper limits on their fluxes in different mass ranges. The
DIMS (Dark matter and Interstellar Meteoroid Study) experiment exploits this characteristic to
search for meteor-like events associated with the passage of a macro in the atmosphere. The amount
of energy released as light depends on the specific model for light emission and the density of these
objects [2]. The model of Ref.[4] indicates a constant light emission in the lower atmospheres that
appears an apparent magnitude ranging between ~1 and ~6 for a 1-g nuclearite for a distance range
of 1-10 km. This model indicates, furthermore, such heavy nuclearites may even penetrate the
Earth and be distinguished by detecting upward-moving events.

1.2 Interstellar Meteoroids

As the solar system moves through the Local Interstellar Cloud (LIC) [5], it comes across
interstellar dust particles traveling at speeds of approximately 26 km/s, reflecting the Sun’s velocity
relative to the LIC [6]. During this journey through interstellar space, the solar system may also
encounter larger particles — meteoroids, which have been ejected from other planetary systems
[7]. The speeds of these interstellar meteoroids at the edge of our system would correspond to
the relative velocity of the stars with respect to the Sun and would be influenced by the ejection
velocities. When measured by a detector on Earth, the speeds include an additional component
resulting from the meteoroids’ fall into the Sun’s potential [8]. In any case, the heliocentric speeds
of interstellar meteoroids exceed the parabolic velocity by several kilometers per second. However,
their geocentric velocities can span the entire range of possible collisional velocities between two
objects within the solar system, ranging from 12 km/s to 72 km/s, and they may exceed this range.
Confirming the interstellar origin of a meteoroid observed as a meteor in Earth’s atmosphere is
exceedingly challenging [9]. This difficulty arises from the fact that the hyperbolic excess in the
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heliocentric velocity, which serves as an indicator of interstellar origin, is a small quantity that
currently remains within a similar magnitude as typical measurement errors [10].

The influence of errors on the resulting orbits of meteoroids can lead to the emergence of a
spurious population of non-real hyperbolic meteors [10]. Currently, only a limited number of meteor
networks, like the European Fireball Network [11], Canadian Automated Meteor Observatory [12],
the Global Meteor Network [13], and the Czech Catalog of Video Meteor Orbits [14], are capable
of providing velocity measurements with an accuracy of 100 m/s or better. With such precise data,
after excluding hyperbolic meteors resulting from processes within the solar system [15], it may be
possible to identify a sample or individual cases of interstellar particles. For this reason, it is crucial
to enhance techniques and establish new networks that can attain the desired level of accuracy.

2. DIMS Experiment

2.1 Observation concept

We have initiated the DIMS experiment to ob-
serve light emitted from meteoroids and nuclearites

as they pass through the atmosphere [16]. Obser- £ Meteor observation /

vation concept of the experiment is shown in Fig.1. ( AN zone

There are significant differences in their emission

mechanisms and velocities between them, which
makes them easily distinguishable. The meteoroids
evaporate when they enter the atmosphere and emit
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light due to the ionized gas. On the other hand, the Miacros 200
nuclearites are expected to collide quasi-elastically ~ (Nuclearite)| \ ]

with ambient atoms, causing black-body radiation e \\_,1 / ~30km

from an expanding cylindrical thermal shock [4]. "'/":‘{IIEI D lD L

Since the ordinary meteoroids are bound within the Observation Instrument  Earth surface

solar system, their heliocentric velocity is less than

42 km/s. In case of interstellar meteoroids their Figure 1: Observation concept of the DIMS ex-
heliocentric velocities are larger than 42 km/s. In periment.

addition, since the orbital velocity of the earth is 30 km/s, the geocentric velocity of ordinary
meteoroids range from 12 to 72 km/s. In contrast to these cases, the macros such as the nuclearites
are bound in our galaxy, and their typical velocity is about 250 km/s in the galactic frame, which
is much faster than any meteoroids. Also, meteoroids have an emission altitude of about 100 km,
whereas the nuclearites have an emission altitude of about 30 km or less for the masses we are
interested in. Finally, the most significant difference between the two is that the meteoroids do not
penetrate the Earth, while nuclearites with masses greater than 0.1 g have the potential to penetrate
the Earth. As a result, the nuclearites may make upward trajectories from the Earth’s surface to the

sky.

2.2 Experiment apparatus

To observe these fast-moving, faintly luminous objects, we use 3 types of high-sensitivity
camera modules. Figure 2 shows pictures of the camera modules. Each module of type (a) or
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type (b) in the figure consists of a Canon ME20F-SH monochrome camera or ME20F-SHN color
camera with a 35mm f/1.4 wide field lens, a PC and many other parts. These parts are installed in
a thermally insulated stainless steel box with a glass window. The type (c¢) module mainly consists
of the high sensitivity camera and the PC and HDD’s are installed in a separate outer box to avoid
the thermal and light influences of the sun.

Though the maximum ISO
sensitivity of the camera is
4 million equivalent, we set
the ISO sensitivity at around
204,000 for the actual observa-
tion because the noise level in-
creases more as the sensitivity
increases. We operate the cam-

eras with video mode at a frame
rate of 30/s in order to obtain
the velocities of the observation
objects. Accurate velocity and
trajectory of each event can be obtained by stereo observation using multiple camera modules. Each
camera module has a wild field of view (FOV) of 56.2°x33.4°. Details of the camera system, the
environmental monitor and the control system are described elsewhere [17, 18].

(b)

Figure 2: Three types of DIMS camera modules.

2.3 Observation site

The observation systems of the DIMS experiment have been deployed at the central area in
Japan and the Telescope Array (TA) high-energy cosmic-ray experiment site [19] in Utah, USA (Fig.
3). Due to the influences of COVID-19 three camera systems were installed at Kiso Observatory,
Akeno Observatory, and Shinshu University in Japan at the beginning stage of the experiment.
Then, two camera systems each were installed at Black Rock Mesa (BRM) and TARA of the TA
site in Utah. Base line distances between them are from 16.7 km to 108 km. Since there is no
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Figure 3: Observation site in Japan (a) and at the TA site in Utah (b).
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power lines from the electric power company at the CLF site, we developed an electric power
self-sufficiency system using solar power generation [20, 21].

2.4 Observation

Observations at Akeno
and Kiso Observatories began
from August 2021 and at Shin-
shu Univeristy from Decem- 4000
ber 2021. The observations
at Akeno and Kiso were ter-
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camera began from Feburuary
2023. Figure 4: Total events per day vs. date for 16 months.

Figure 4 shows total trig-
gered events per day taken by
the DIMS cameras as a func-
tion of date from the begin-
ning of March 2022 when the
online data acquisition (DAQ)
monitoring system has been in-
stalled. On a dark, cloudless
night during the new moon,
we were able to observe about
1,000 meteor events per camera
per night.

Figure 5 shows an example

Figure 5: Composite picture of triggered events taken at the TARA site
of a composite picture of trig- i, one night.

gered events take at the TARA
site in Utah on the night of November 26th 2022. This picture contains a total of 1,751 trigger

events, and there are nearly as many meteor events here.

3. Data Analysis

Analysis of DIMS data has been carried out mainly by 3 methods. The first one has been
performed by developing a program using astrometric and photometric calibrations similar to
the one for the all-sky cameras of the PRISMA fireball network [22]. The second one has been
performed by the program originally developed by our group [18]. The third one has been performed
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using UFOAnalyzer to obtain parameters such as magnitudes and angular velocities of meteors, and

UFOOrbit to obtain parameters such as velocities and orbits in the solar system. [25]

4. Preliminary Results and Discussion

Some preliminary results, including meteor height, velocity, magnitude distribution, cross sec-

tion of nuclearite mass, and the interstellar meteoroid have been published elsewhere by analyzing

data taken for one night at the TA site in Utah using the first analysis method described above [22-24].

As an example, magnitude of mete-
ors as a function of angular velocity an-
alyzed using UFOAnalyzer is shown in
Fig. 6 for the data observed at Akeno
Observatory in the period from Novem-
ber 1st 2021 to January 2nd 2023 for 155
days. There are 23,095 data points in this
figure. We are able to observe meteors
efficiently in the upper region of the red
line. If there are candidates of macros
they will be shown in the upper right re-
gion of this figure. We are now carefully
investigating if such candidates exist in
this area.

Heliocentric velocities of mete-
oroids were obtained by using both
of the data observed at Akeno and
Kiso Observatories in the period from
May 27th 2021 to October 3rd 2022.
There were 19,453 meteor events in
the Akeno data set and 30,352 in Kiso.
After very stringent conditions ap-

Counts

plied to these data sets we obtained
793 coincident events using UFOOr-
bit. A very preliminary result from a
distribution of the heliocentric veloc-
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Figure 6: Meteor magnitude vs. angular velocity of meteors.
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Figure 7: Distribution of heliocentric velocity of meteors.

ity of meteoroids are shown in Fig. 7. Though there are some events with high heliocentric velocity

in a region of the interstellar meteoroid candidate, we are carefully examining each candidate at

present.
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5. Conclusion

We are carrying out the DIMS experiment to search for the macroscopic dark matter such as
the nuclearite and the strange quark matter, and also to search for the interstellar meteoroids by
setting arrays of very high sensitivity CMOS camera systems at the central area in Japan at the first
stage, then in the TA site in Utah at the second stage. The observation started at Akeno and Kiso
Observatories in Japan from August 2021, and at the TA site in Utah from September 2022. The
observation is continuing at the TA site using 4 camera systems by a remote control and taking lots
of data automatically at present.

Data analysis is underway by mainly 3 methods. Some preliminary results obtained from the
data taken in Japan is shown in this paper and those obtained in Utah elsewhere [18].

Acknowledgement

This work is partially supported by JSPS KAKENHI Grant Number JP19H01910 and the joint
research program of the Institute for Cosmic Ray Research (ICRR), the University of Tokyo and
by National Science Centre, Poland grant 2020/37/B/ST9/01821. We thanks to members of the
Telescope Array experiment for their help to achieve the observation, and also Appex corporation
and Canon Marketing Japan Inc. for their help related to the high sensitivity CMOS cameras.

References

[1] Edward Witten, Phys. Rev. D 30, pp. 272-285 (1984).

[2] J. Sidhu, R. M. Abraham, C. Covault and G. D. Starkman, Journal of Cosmology and As-
troparticle Physics 2019, 037 (2019).

[3] D. M. Jacobs, G. D. Starkman and B. W. Lynn, Monthly Notices of the Royal Astronomical
Society 450, pp. 3418-3430 (2015).

[4] A.De Rgjula and S. L. Glashow, Nature 312, 734 (1984).

[5] Frisch, P.C., Dorschner, J.M., Geiss, J., Greenberg, J.M., Griin, E., Landgraf, M., Hoppe, P.,
Jones, A.P., Kriatschmer, W., Linde, T.J., Morfill, G.E., Reach, W., Slavin, J.D., Svestka, J.,
Witt, A.N., Zank, G.P., APJ (Acta Pathol. Jpn.) 525, 492-516, 1999.

[6] Sterken, V.J., Westphal, A.J., Altobelli, N., Malaspina, D., Postberg, F., Space Sci. Rev. 215,
43, 2019.

[7] Murray, N., Weingartner, J.C., Capobianco, C., Astrophysical Journal 600, 804, 2004.

[8] Hajdukova Jr., M., Sterken, V., Wiegert, P., Cambridge University Press, Cambridge, UK, pp.
235-252,2019.

[9] Hajdukova Jr., M., Sterken, V., Wiegert, P., Kornos, L., Planet. Space Sci. 192 (2020) 105060,
2020.



DIMS Experiment F. Kajino

[10] Hajdukova Jr., M., Kornos, L., Planet. Space Sci. 190, 104965, 2020.
[11] Borovicka, J., Spurny, P., Shrbeny, L., Astronomy and Astrophysics 667, A158, 2022.

[12] Vida, D., Brown, P.G., Campbell-Brown, M., Weryk, R.J., Stober, G., Mc-Cormack, J.P.,
Icarus 354, 114097, 2021.

[13] Vida, D., Segon, D., Gural, P.S., Brown, P.G., Mclntyre, M.J.M., Dijkema,T.J., Pavletic,
L., Kukic, P., Mazur, M.J., Eschman, P., Roggemans, P., Merlak, A., Zubovic, D., Monthly
Notices of the Royal Astronomical Society, 506, 5046, 2021.

[14] Koten, P., Spurny, P., Borovicka, J., Stork, R., Publications of the Astronomical Institute of
the Czechoslovak Academy of Sciences 91, 1, 2003.

[15] Wiegert, P.A., Icarus 242, 112-121, 2014.

[16] F. Kajino, I. Ide, R. Ide, Y. Tameda, K. Shinozaki, M. Bertaina, A. Cellino, M.Casolino, T.
Ebisuzaki, Y. Takizawa, L. W. Piotrowski, H. Sagawa and J. N. Matthews, PoS (ICRC2019)
525.

[17] S. Abe, M. Arahori, D. Barghini, M. Bertaina, M. Casolino, A. Cellino et al., PoS (ICRC2021)
554.

[18] K. Shinozaki, M. Vrabel, M. Przybylak, M. Kastelan et al. PoS (ICRC2023) in these proceed-
ings.

[19] http://www.telescopearray.org/

[20] D. Shinto et al., PoS (ICRC2021) 502.

[21] M. Mori et al., PoS (ICRC2023) in these proceedings.
[22] D. Barghini et al., Proc. Sci. ICRC2021) 500.

[23] Barghini, D., Valenti, S., Abe, S., Arahori, M., Bertaina, M. E., Casolino, M. et al., WGN 49
173, 2021.

[24] Barghini, D., S., Abe, Bertaina, M. E., Casolino, M. et al., Proc. Int. Meteor Conf. 152, 2022.

[25] SonotaCo., http://sonotaco.com.



DIMS Experiment F. Kajino

Full Authors List: DIMS Collaboration

S. Abe4, D. Barghinib"', M. Bertaina?, M. Casolino?-¢, A. Cellino?-¢, C. Covault/, S. Duri§ovas,
T. Ebisuzaki?, M. Endo?, M. Fujiokah, Y. Fujiwarai, D. Gardiol®, M. Hajdukova$, M. Hasegawa“,
Y. Iwami”, F. Kajinof , M. Kastelan®, K. Kikuchi¢, S.-W. Kim/, N. Kobayashi”, N. Kojro”,
J.N. Matthews?, M. Mori”, Y. Mori™, L.H. Park?, L.W. Piotrowski?, M. Przybylakk, H. Sagawa’,
K. Shinozaki*, D. Shinto”, J.S. Sidhu/, G. Starkman/, N. Takahashi”, Y. Takizawa?, Y. Tameda”,
T. Tomida®, S. Valenti”, and M. VrabelX

a Nihon University, Department of Aerospace Engineering, Japan

b University of Turin, Physics Department, Italy

¢ Astrophysical Observatory of Turin - National Institute for Astrophysics, Italy

d RIKEN (Institute of Physical and Chemical Research), Japan

e National Institute for Nuclear Physics - Rome Tor Vergata, Italy

f Case Western Reserve University, Department of Physics, USA

g Astronomical Institute, Slovak Academy of Sciences, Slovakia

h Osaka Electro-Communication University, Department of Engineering and Science, Japan

i Nippon Meteor Society, Japan

j Konan University, Department of Physics

k National Centre for Nuclear Research, Astrophysics Division, Poland

1 Korea Astronomy and Space Science Institute, Republic of Korea

m Kiso Observatory, The University of Tokyo, Japan

n University of Lodz, Faculty of Physics and Applied Informatics, Poland

o University of Utah, Department of Physics and Astronomy, USA

p Sungkyunkwan University, Department of Physics, Republic of Korea

q University of Warsaw, Faculty of Physics, Poland

r University of Tokyo, Institute for Cosmic Ray Research, Japan

s Shinshu University, Department of Engineering, Japan



	Introduction
	Macroscopic Dark Matter
	Interstellar Meteoroids

	DIMS Experiment
	Observation concept
	Experiment apparatus
	Observation site
	Observation

	Data Analysis
	Preliminary Results and Discussion
	Conclusion

