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1. Introduction spectrum is produced by the Sun, whereas the ultra-high en-
ergy cosmic raysife. abovel0'® eV) are of an extra-galactic

The Cosmic Ray Extremely Distributed ObservatoryOrigin, albeit unknown. Cosmic rays may be the tool to an-
(CREDO) represents a global effort between scientific in-SWer many questions that cover astrophysics and cosmology
stitutes, universities, private companies, and citizens for théopics as well as more fundamental ones like the properties
study of cosmic rays impacting the planet at large scales [19pf space-time, the nature of dark matter or Lorentz invariance
In order to achieve this goal, CREDO aims at analyzing allviolation. Extended cosmic ray showers (or Cosmic Ray En-
the public cosmic ray data provided by all the detectors capaseémbles - CRE) that may exhibit large scale time or space
ble of registering high energy particles (including photons).correlations provide the possibility of studying those many
This approach includese.g, exploring the potential of a aspects of modern physics.

network of smartphones working at times as radiation detec- | this article, we focus on highlighting the recent de-

tors - these devices are being used to search for extreme{s|opments of the CREDO Collaboration that include theo-
extended cosmic ray showers that might be as large as hupetical, numerical and experimental studies in the search for
dreds or thousands of kilometers. In order to improve theynswers. This paper is organized as follows: in Secs. 2 to 5
quality and the chances of detection, the CREDO Collaborage present theoretical aspects related to cosmic rays as well
tion is also on its way to introduce more advanced detectorgs the corresponding discussion of simulations. Next, a brief
based on scintillators or high quality pixel cameras, as it Wi”description of the state-of-the-art data searches in the form
be described in the following sections. of machine learning is presented. Section 7 introduces the
Cosmic rays are high-energy particles coming to Earthapplication of cosmo-seismic correlations for which the ul-
from deep space. Their spectrum spans over many orders tifnate goal of the study and application of CREDO is the
magnitude in energy - from a few GeV to the highest energydetermination of earthquake precursors. Section 8 presents
ever observed- 3 x 10%° eV. The lowest-energy part of the the CREDO project of cosmic ray research in Mexico where
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other dedicated observatories and telescopes are already spanning the whole spectrum of cosmic ray energy. This ef-
tablished. Sections 9 and 10 present recent developments fect may happen even when the primary photon is directed
cosmic ray detectors built from research at public universitowards the Earth and because of the large extension of the
ties as well as by the private sector. This article ends with amvall-shaped shower, of the order of even hundreds of millions
outlook and conclusions. of kilometers with a characteristic thickness of the order of
meters, the possibility of detection on Earth is relatively fea-
. . . sible. The relevant physical observables include particle den-
2. Formation and propagation of cosmic ray sities, energy spectra and geographical orientations of show-
ensembles ers at the top of the Earth’s atmosphere. Detailed analysis of

. ) . _ _this scenario can be found in Refs. [9, 27] where the charac-
When cosmic rays interact with atmospheric gases, eXtenS'Vt%risticgalaxy-shape footprinon of the CRE showers at the

air showers (EAS) are produced, generating cascades of se'ﬁr’ound level derived from the simulations are presented.
ondary particles. Traditionally, the focus has been on ana-

lyzing individual EAS to estimate parameters such as energy . . . .

and arrival directions of primary cosmic particles. However,4. The search for Lorentz invariance violation
CREDO pioneering paradigm shifts the attention towards ~ and for the variation of fundamental con-
Cosmic Ray Ensembles (CRE). A CRE consists of a group stants in the universe

of at least two cosmic rays that originate from the same par-

ent particle, irrespective of their locations in the vast expans€REDO can potentially discover cosmic ray showers where
of the Universe. These cosmic rays within a CRE exhibit cor£effects from Lorentz Invariance Violation (LIV) can be re-
relations in either time or space. The CREDO paradigm novealed. This effect is motivated by quantum gravity theories
only allows for the testing of existing physics scenarios, bottihat predict a different dispersion relation for photons, for in-
classical and exotic, but it also possesses the flexibility to exstance in Ref. [23] the authors predict

plore uncharted territories of “new physics.” This innovative

approach opens up avenues to delve deeper into the mysteries E, (k) = (1-+) k|, (1)

of cosmic rays and their fundamental properties. (1+r)

~ Among the possible CRE scenarios, a research focus ofjhere i is the photon momentum and characterizes the
simulation of high-energy electrons propagation, was pergeyiation. Alternatively, some theoretical extensions of the
formed. The object of the study was selected not to rulesiangard Model of Particle physics introduce LIV and CPT
o_ut either acceleration scenarios, correspon_dmg to the clagiolations through spontaneous symmetry breaking caused
sical models, or top-down approach, according to which thg,, packground fields which produce some preferred frame
primary particles result from a lot more energetic particlesgffacts, resulting in modified dispersion relations for matter
decay or annihilation. The main simulation tool, chosen forand light as well [8].
the research purposes, was a publicly availableT MonteCarlo Interestingly, some other fundamental constants may
code CRPropa3.1[4], while energy loss mechanisms, respofiaye changed their value in the early Universe [3]. Some
sible for CRE formation, were limited to synchrotron radia- string theories predict that the gravitational constanay
tion. Postprocessing of the simulation results has been pefzye a dependence on the shape of a potential for the size
formed using a method, described in detail in Ref. [S]. Theyt internal space scale-lengths in the extra dimensions intro-
main goal of the investigation was analysis of the conditiongy ;ceq by definition [22]. The so-callddirac large number
favorable to observe a two-photon CRE on the Earth-sizeg nsthesigntroduces the notion that the variation 6fal-
area, aiming at estimation of the largest distances where Su¢§s for an explanation of the weakness of the gravitational
phenomena could come from. Our calculations demonstratgyce with respect to the others [10]. All in all, the fundamen-
that even such a widespread electromagnetic process as syt constants might be related to each other, as considered in
chrotron radiation in galactic magnetic fields is expected tGne definition of thePlanck Energy Scaland its associated

generate CRE reaching the Earth. Moreover, in certain conp|gnck mass — he/M2, andPlanck length, = /hG/c3
ditions such phenomena could be initiated at distances eXp ;s the dependence on their possible vari];ttions.

ceeding the Galactic scales [31].

5. Photon splitting

3. Cosmic ray ensembles created near the sun
It is expected that Cosmic Ray Ensembles can be created in

Cosmic Ray Ensembles might well be created near the Suthe vicinity of compact objects like Magnetars and Neutron

when an ultra-high-energy (UHE) photon interacts with theStars, objects bearing very strong magnetic fields [2,17, 30].
Sun’s magnetic field. In order to study this possibility, The production mechanism consists of photon splitting:

the PRESHOWER code has been developed and speciallyy, a quantum electrodynamic process without threshold,
adapted. The resulting showers are CRE consisting of seevhich becomes relevant once the magnetic field falls above
ondary photons and particles that are extended and elongatatie critical valueB,,.;; = 4.41 x 10'® G up to the onset of
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magnetic one-photon pair production,— ete~. Impor-  sors. The main hypothesis is that a disturbance of the Earth’s
tantly, the photon splitting rate can become large enough dumagnetic field before earthquake occurrence can potentially
ing a photon’s propagation through the neutron star magnedisturb or alter the flux of charged particles contained in cos-
tosphere before the pair production threshold is crossed, sumic ray showers. The large distribution of smartphones and
pressing the production of secondary electrons and positroreny other dedicated cosmic ray detector allows for continu-
in pair cascades. Under this condition, we are able to comeus monitoring, with the advantage that any limitation in the
pute the photon splitting process, which takes into accountime resolution of time correlated particles would not play
the dipole field and curved space-time geometry of the neuan important role. The ultimate goal is the development of an
tron star magnetosphere. When the splitting rate become=arly warning system against earthquakes. In order to achieve
large enough, splitting can take place during a photon’s propthis, the main strategy should include various types of data,
agation through the neutron star magnetosphere before tHem seismological measurements to atmosphere ionization
pair production threshold is crossed. Of great interest idevels to satellite observations of the Earth. The recent obser-
to assess the probability of this phenomenon to occur fovation of correlations between cosmic rays and earthquakes
very energetic particles, like those of the orderlof® eV,  which appear with a periodicity similar to the solar cycle
and whether or not very strong magnetic fields are requiredopens a new perspective for identifying new earthquake pre-
These kinds of both theoretical and numerical studies are atursors observable at large scale, over the entire planet [20].
the moment being carried out within the CREDO collabora-The data considered there includes the public Pierre Auger
tion. observatory scalar data set as well as a few stations of the
Neutron Monitor Database (NMDB), and the U.S. Geological
Survey (USGS) database earthquake data. Among other ef-
fects that may be incorporated into these studies are the tidal
forces exerted by the Sun and Moon over the Earth. Alterna-

One very important aspect of the CREDO Collaboration iStively, different methodologies, like a Bayesian analysis that

the identification of detected particles. Figure 1 shows typicaP€arches for changes in modulations of the various aforemen-
images of a smartphone detection of a particle in the form of\oN€d quantities may serve as an earthquake precursor indi-
atrace. All the images are collected in a supercomputer in Orgator. Allin all, geophys!cal modeling of the Earth dynamics
der to be analyzed. Typical methods include Machine Learn‘:jlnd its magnetosphere is utterly relevant for this study.

ing technigues. One of the main challenges of this approach

is the need to avoid enormous training data sets that would re- .. )

sult computationally expensive. That is precisely the case oB- Astroseismic project - CREDO MEXICO

Monte Carlo (MC) generators like CORSIKA [18]. A recent

study has shown that the Nakamura-Kamata-Greisen (NKG/)\S part of the CREDO program, analyses that search for cor-

distribution can capture the main features of full-fledged sim/€lations between the level of cosmic radiation and the aver-

ulations. The result of introducing this method is that a typi-29€ level of earthquakes are being carried out. These analyses
cal sample of0° muons may take about a minute in contrastS® far show t_hat such correlations occur ata global scale. That
is, a comparison of long-term cosmic ray measurements from
a specific observatory and global averaged earthquake data
showed a certain degree of correlation [20]. Further anal-
L . yses of this kind that look for correlations of other physical

7. Cosmo-seismic correlations quantities are underway, still based on global earthquake data
and information from a selected cosmic ray observatory but

One very practical and novel possibility of exploitation of the incorporating new data sets.

CREDO net of detectors is the search for earthquake precur- . . . .

The main question is whether such correlations exist (and
how feasible is to find them) when we consider local earth-
quake data from a specific small areag( 10,000 ki)
and cosmic ray data from the same area. For this purpose,
we should choose a seismically active region, which is also
densely populated and has academic or research facilities in
its area. We propose as such a region of central Mexico that
include the cities of Mexico and Puebla. This region is very
seismically active, including major earthquakes. The two
mentioned cities are about 100 km apart and are separated
by an active volcano. The entire greater region is surrounded
FIGURE 1. Particle detection by a smartphone. The images areby mountains, many of which are extinct volcanoes. There-
transferred to a supercomputer in order to be analyzed for particlfore, an extensive network of seismological measuring sta-
identification, usually by Machine Learning technigues. tions has been actively operating in the entire region for sev-

6. Machine learning approaches to searches
within CREDO data

to a computationally expensive MC simulation of the order
of a few days [15].
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eral decades, based on the National Seismological Service
an organization that studies and records earthquake activity.

As part of the new CREDO-Mexico project, we intend
to place several medium-sized cosmic ray detectors in this
area, which would be located in academic urgtg( Univer-
sity of Puebla and UNAM in Mexico City). Such a location §
would ensure the possibility of long-term data collection (at
least several years) from several independent measuremet
points scattered in this area. The data obtained in this way car|
be compared with those collected simultaneously from many
data points concerning the seismology of this area. The main
goal of this program would be to try to find local correlations
between these two phenomena. In addition, an analysis ol ;
historical data is also envisaged. In this area of Mexico, ThericurE 3. Real photo of the MCORD section during test measure-
High Altitude Water Cherenkov Observatory (HAWC) [28], a ments.
gamma-ray and cosmic ray observatory located on the flanks
of the Sierra Negra volcano, will provide complementary dats€ach equipped with its own controllable power supply, tem-
of interest to us. Near this location, The Large Millimeter perature sensor, and amplifier. Each received signal would be
Telescope [21] can be found as well. Building a networkchecked for the minimum value of the amplitude and the cor-
of such observation points is necessary so that the collectgé@ct (time window) coincidence of the signal from both ends
data are not dependent on very local fluctuations, and the§f the given scintillator. In the case of using two layers (two
will represent mutually referenced data. A second locatioMCORD sections), the coincidence of signals from both lay-
for this measurement program is being considered in Chileers would also be analyzed. The second variant would also
where we also have a group of collaborators, with the adgive the possibility of identifying the direction of the incom-
vantage that this area would be relatively close to The Pierrég signal (the direction of the muon’s flight). Each section
Auger Observatory [1]. will have its own independent reading and supervision system

For the construction of cosmic ray detectors (detectoréPDetector Control System). The physical signal would be di-
of muons that come from atmospheric cascades generated F§cted to an analog-to-digital converter and then analyzed by
primary cosmic ray particles in our atmosphere), it is planned System based on FPGA type electronics. The system de-
to use the existing MCORD (Mobile Cosmic Ray Detec- signed in this way will allow us to easily install it at a given
tor) [5_7] detector, which was deve'oped at the National Cenmeasurement pOint. Data will be collected reliably and with
ter for Nuclear Research (NCBJ), Poland. very high efficiency (99%).

The detector units would have an effective area of about A 9roup of people from several scientific institutions
1 m?, and would consist of one or two independent layersrom Poland, Mexico and Chile (under the CREDO program)
placed one above the other (see Figs. 2 - 3). Each layer (calléf€ interested in this project and are currently applying for

MCORD section) consists of eight independent longitudinafunding.

scintillators (length over 1.5 m, width approx. 7 cm, thick-

ness approx. 2.5 cm) with a built-in single optical fiber and9. The CREDO-maze project

independent reading of light from both ends. The Readout

system would be based on silicon photomultipliers (SiPM),The original concept of the CREDO Project was to use mo-
bile phones, specifically their camera CCD matrix, as detec-
tors of cosmic ray particles. They could be used to record
Extensive Air Showers and, from their global distribution, to
search for Cosmic Ray Ensembles.

This idea was developed by a group from the Univer-
sity of £6dz into the idea of a network of local small-scale
big-band apparatus organized for the same purpose. The
project has been named CREDO-Maze, referring to the co-
discoverer of Extensive Air Showers Roland Maze, who built
the first cosmic ray array on the roof of tieole Normale
Superieure in Paris in the late 1930s. An essential element of
the Project is to use the network of high schools as a logistical
base and to involve young people in operating and monitor-
FIGURE 2. Two MCORD sections, each containing 8 scintillators ing the performance of their own array as an element of the
(grey) placed one above the other. Between them we can place (red)etwork structure. A side effect, perhaps even more impor-
the analyzed object, particle absorber or leave this space empty. tant than the physical task itself, is to give young people a

o \ N S
3 > S i
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unique opportunity, unavailable in any other way, to experi-connect them to the Project network and, in the near future,
ence modern methods of doing science and to participate itmansfer data to the CREDO Project databases.
science as itis in the real world.

Building a small shower array today is not a big techni- . .
cal problem. However, the designers of the CREDO-MazelO' CREDO Interplay with the private sector

had to minimize the cost while meeting the requirements ofre CREDO Collaboration is open to citizen science as well
the physical problem, with the aim of making the machine,g {4 collaboration with the private sector, with some of the

available to as many schools as possible. o workers providing scientific support. Below are a couple of
Thus, a school apparatus consists of four 0.6nintil- cases.

lation detectors equipped with two optical fibers, simultane-
ously observed by a silicone photomultiplier working in co- 10 1. ADVACAM
incidence. They are connected to a central unit whose task is
to identify shower events and record information about thenADVACAM s.r.0, Prague is a high-tech spin-off company
on typical memory cards, together with the time of the evenfrom the Institute of Experimental and Applied Physics in
measured by a GPS chip (with an accuracy of 1 ms). The st&Prague. ADVACAM commercializes Medipix/Timepix tech-
tion is controlled by a simple Arduino module and powerednology that is under development at CERN, Switzerland.
by a small power supply or even a power bank for a while.The company has a long experience in silicon sensor manu-
The apparatus does not require a dedicated, continuously rufacturing, micro packaging technologies, electronics design,
ning computer, so the cost of a complete set supplied to theoftware development and in applications of radiation imag-
school is comparable to that of a standard desktop computeing detectors. ADVACAM designs, manufactures and sells
The data from the card is read and analyzed off-line and, afdigital material-resolving color X-ray imaging cameras that
ter verification, transferred to the project database and, in theepresent the next generation of high-sensitivity and resolu-
future, to the main CREDO project database (see Figs. #fion imaging particle detectors. They are essentially cam-
and 5). eras that register and display ionizing radiation of all types,
Simulations show that a single station will record showerssuch as X-rays, gamma-rays, electrons, ions, and even neu-
initiated by primary cosmic ray protons with energies abovetrons. Timepix-based detectors are characterized by high
10'3eV, and such events are expected at a rate of several pagsolution, high scanning speed, and exceptional positional
hour, depending on the type of coincidence. At the time ofand directional sensitivity. These detectors can capture not
writing (May 2023), we have completed the first pilot phaseonly the particle’s position and energy but also its path’s
of work, during which we have developed the final version ofshape. The Timepix technology and developed methodol-
the detectors and central station and tested their usability ansjy have been used in various fields such as space radia-
stability. We have already installed the devices in four hightion monitoring, radiation dosimetry, particle therapy for par-
schools in the city, and work is underway to calibrate themticle tracking, flux, dose and linear energy transfer spectra
measurements, particle imaging, proton radiography detec-
tion and characterization of mixed radiation in high energy

V_E L1 — physics [11-13,24-26, 29]. With the use of a single chip de-
tector, Timepix, on board an aircraft, it is possible to image
1 and characterize the radiation field.
¥ Figure 6 depicts the integrated detection and 2D map of
deposited energy in the Timepix detector (shown in color
FIGURE 4. Logic of single CREDO-Maze detector. logarithmic scale, where black means no particles were de-
tected). The data were collected during the flight from Prague
0 0O O m detectors - tq Manchester (tptal of 6_7005). The entirg sensor pixel ma-
T trix is shown, which consists @56 x 256 pixels represent-

ing 14.08 x 14.08 mm?. As can be seen, there are registered
tracks of various shapes, morphology and deposited energy.
card Based on cluster parameters, a classification of those tracks
[D can be further made during post-processing. The identified
classes of particles are protons, muons, photons, electrons,
high linear energy transfer (LET) ions and other particles.
The particle flux for individual classes can be seen in Fig. 7a),

——
—>-

By
5,

memory

—

arduino

6ANDig—a: where the predominant class of detected particles is muons,
photons and electrons. It is important to note that for this
RN experiment calibrations were not performed, therefore in the
reference fields the muons signals overlap with other recog-
FIGURE 5. Scheme of a local detection station. nized classes of particles: electrons and photons. On board
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the commercial aircraft the detected dose rate (DR) was 15
2.5673 uGy/h, whereas the measured DR at the ground leve § ., | FE
was 0.0927 uGy/h. The corresponding particle dose rates car @ LN -‘1 P -
be seen in Fig. 7b). For a detailed description of the experi- ~ *°1 _ _ TR T UG J’-L11
mental setup, see [14]. 0,0 4 ‘

0 1000 ZOIOO 30I00 4000 5000 SDIDD 7000
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FIGURE 7. Particle flux a) and dose rate b) for identified parti-
cle classes including: protons, muons, photons and electrons, high
LET-ions and other particles measured inside a commercial pas-

Astroteq is a startup that leverages Al and space teChnOIO'enger plane at about 10 km altitude ori"1.0une 2019 on route

gies, it o_f'fers aunique solut_ion toa problem that has plagueérague-Manchester. Data are given for the full sensor (total area
humankind for as long as it has existed - earthquakes. We gg cnt) scored for 100 s time bins along a continuous measure-
are developing an earthquake forecast system that has the p@ent of 115 min. Data collection started before take-off and ended
tential to impact by reducing the damages caused by eartlafter the plane landed.
guakes significantly, both financially and humanitarian. Our
tem utiliz machine learning techni to analyz N
system utilizes deep machine leaming echniques to analy ?eppearmg in data. We use LSTM and RNN structures that are
vast amounts of space weather and satellite data, identify paty,~ . " L ) :
. ) . effective in predicting the data inputs we have today (cosmic
terns, find anomalies, and make forecasts that are impossi-

ble through traditional methods. The multichannel approacﬁays’ weather data, weather forecast, seismic noise). How-

was undertaken by Astroteq and aims at implementing varic 'eh they bear high computational cost.
ous measurements directly or indirectly connected to seismic

activity.

Unique goal

11. Outlook and conclusions
Tech

In this document, we have presented several scientific prob-
The data of cosmic rays are time series of various modalilems that can be tackled within the CREDO Collabora-
ties. Therefore, we built the multi-modal Convolutional Neu- tion. The state-of-the-art studies have been briefly described
ral Network (CNN) architecture that predicts short-term andwhereas new, possible approaches have been overviewed.
long-term data which models the dynamics features of multi-These include the inclusion of additional dedicated detec-
modal on that time series data. Algorithms can automaticallyors to the smartphone CREDO net, the ongoing research on
learn complex mapping of the data from input to output. Itearthquake precursors, as well as the study of the Physics im-
provides automatic learning of time dependence and trendglications of detection of Cosmic Ray Ensembles.
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