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* High-energy Universe — astroparticle physics and multimessenger
astronomy
* Detection techniques

* Major astroparticle-physics projects and Czech involvement
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Transparency of the atmosphere in different domains of electromagnetic spectrum

Cosmic microwave background, -3 mm
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Crab Nebula (M1, NGC 1952)

RADIO INFRARED VISIBLE LIGHT

Source: Stellarium

* Famous supernova remnant and pulsar wind

nebula

e Supernova observed in 1054 C.E.

ULTRAVIOLET X-RAYS GAMMA RAYS
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COSMIC MESSENGERS

. PARTICLES

LIGHT

GRAVITATIONAL
WAVES

Credit: NASA’s Goddard Space Flight Center




Multimessenger astronomy

* Nowadays, we are capable to observe the Universe also by other types of “messengers’” beside electromagnetic

wavelength
Cosmic rays Neutrinos Gravitational waves
a _I a H H H
i chamber1 § * Weakly interacting elementary particles
i - 3

e Existence proposed by Enrico Fermi in 1930

Chamber 2

* Discovery in 1956

20—

10~

Credit: KM3NeT

Credit: NASA/JPL

Altitude (km) Altitude (km)

Credit: Alessandro de Angelis
e Oscillations of the space-time

generated by relative motion of

e Discovered in 1912 by Victor F. Hess N
gravitating masses
* Protons and nuclei reaching ultra- . o
* Detected for the first time in

high energies 5015
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Very-high-energy gamma
rays

e Energies: tens of GeV and more = VHEGR
e Sources: non-thermal Universe
- regions where charged particles are
accelerated
- magnetic fields and shock waves
- supernova remnants, pulsar wind
nebulae, active galactic nuclei ...

e Objectives:

- search for origin of charged cosmic
rays

- study of the processes near neutron
stars and black holes

- search for dark matter signatures

- study of exotic phenomena (Lorentz
inv. violation)

- study extragalactic background light

Research Data Day & EOSC National Tripartite Event

Active Galactic -

Galactic sources
Supernova remnants, microquasars, ...

Pulsar Wind

> .

Binary Systems §

Supernova

Star-Forming -
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Regions
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Extragalactic sources
AGNs, neutron star mergers (GRBs), ...

Gamma-Ray
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Surface detection techniques

Longair, 1992

primary
particle

Cosmic microwave background, -3 mm

1 EeV 1PeV 1TeV 1GeV 1MeV 1keV

satellites
radio + air-Cherenkov ,  \ = --eeeee-

. \

radio light particle U ,
mmm antenna  detector detector -

balloons

PHYSICS
FOR
FUTURE
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Extensive Air Showers

hadrons [ electrs neutrs 0.00 -107° sec Proton 10 " eV
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Department of Astroparticle Physics, Institute of Physics of the CAS

e Approximately 60 people

* Involvement in major astroparticle-physics projects

Pierre Auger Observatory (https://www.auger.org/ )

Cherenkov Telescope Array Observatory

(https://www.ctao.org/ )

—

Single-Mirror Small Size Telescope (https://sst-1m.sience/ )

Southern Wide-field Gamma-ray Observatory

(https://www.swgo.org/SWGOWiki/doku.php )

Vera C. Rubin Observatory (https://rubinobservatory.org/ )

Laser Interferometer Space Antenna (https://lisa.nasa.gov/ )

FZU - Institute of Physics of the Czech Telephone: (+420) 266 052 110
Academy of Sciences Fax: (+420) 266 052 255

Na Slovance 1999/2 Inbox ID: nm9ns84

182 00 Prague 8

Czechia

https://www.fzu.cz/en/about-fzu/main-building-na-slovance-site
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Pierre Auger Observatory

Observatory for cosmic-ray detection

Joint collaboration of approx. 450

scientists from 17 countries

- Operational from 2004

- Uses 2 types of detectors —
flurescence detectors (FDs) and
surface detectors (SDs) — possibility

to observe in stereo regime

PIERRE
AUGER

OBSERVATORY

h'!
o B I -h 1
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Malargue, Province of Mendoza, Argentina
~1400 m a.s.l.
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The Pierre Auger Observatory

Fluorescence detectors
4 sites lihefRieerAlIgER@bSeRVatoRy,

Loma Amarilla

Source: The Pierre Auger Observatory
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AugerPrime

Observatory upgrade

Placement of plastic scintillator on top of the tanks (SSD) RS T YR
Underground plastic scintillator — AMIGA

Photomultiplier

Radio antennas

Source: The Pierre Auger Observatory
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APS/Carin Cain, Physics 9, 125 (2016)
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The Pierre Auger Observatory Scientific Highlights

Observation of a Large-scale Anisotropy in the Arrival Directions of Cosmic Rays
above 8x10'8 eV

The Pierre Auger Collaboration, Science 357 (2017)

[doi: 10.1126/science.aan4338] [arXiv: 1709.07321]

360

-90

Fig. 2 Map showing the fluxes of particles in equatorial coordinates.

Sky map in equatorial coordinates, using a Hammer projection, showing t
smoothed with a 45° top-hat function. The galactic center is marked w

shown by a dashed line

New feature in the energy spectrum
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.121106
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.062005
https://doi.org/10.1126/science.aan4338
https://arxiv.org/abs/1709.07321
http://arxiv.org/abs/2310.19966
https://doi.org/10.1103/PhysRevD.109.022002

The Pierre Auger Observatory Open Data

In 2007 — 1% of data publicly available, 100% of space-weather
information

In 2021 — portal was released containing 10% of cosmic-ray data collected
from 2004 to 2018

In 2023 — catalog of 100 highest-energy cosmic-ray events detected
between 2004 and 2020

In June 2023 — approved the increase of the fraction of released cosmic-

ray d ata to 3 O% Figure 1: The highest energy multi-eye hybrid event in the UHECR catalog, PAO100815 (id 102266222400): the reconstructed zenith angle is 54° , the energy 82 EeV. It triggered 22
stations of the surface detector and four fluorescence detectors.

Following the Auger Collaboration Open Data Policy, the Pierre Auger Open Data is the public release of 10% of the Pierre Auger Observatory,

The Pierre Auger Collaboration. (2024). Pierre Auger
Observatory Open Data (Version 3) [Data set]. R ey e gt el s

of the Auger Open Data are set out below. An online event display to explore the released cosmic-ray events and example analysis codes are
ZenOdO https '//doi Org/lo 528 1/Zen0d0 104889 64 provided. An outreach section dedicated to the general public is also available.
. . o . o

All Auger Open Data have a DOI that you are required to cite in any applications or publications. These files are part of the main dataset whose DOI
is 10.5281/zenodo0.4487612 and always points to the current version.

The Pierre Auger Observatory Open Data

The Pierre Auger Collaboration, Eur. Phys. J. C 85 (2025) 70
[https://arxiv.org/abs/2309.16294] [doi: 10.1140/epjc/s10052-024-
13560-5] =

Datasets Visualize Catalog Outreach
the an online . of the a page
A Catalog of the Highest-Energy Cosmic Rays recorded during Phase | o Br— | v S
of Operation of the Pierre Auger Observatory e S s o e

The Pierre Auger Collaboration, Astrophys. J., Suppl. Ser. 264 (2023) = o e
50 g
[arxiv.org/abs/2211.16020] [doi: 10.3847/1538-4365/aca537]
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The Pierre Auger Observatory Open Data

DATA:

Level 1 Open-access publication with additional numerical data provided
to facilitate re-use;

Level 2 Regular release of cosmic-ray data in a simplified format, for Highest energy multi-eye event

education and outreach. This began in 2007 when 1% of the data was The highest energy muii-eye event of the 2021 dataset. It s the event used as an example in the data description.
released and Increased to 10% |n 2019; Increase to 50% under |ntenS|Ve Event 81847956000 is a 56.8 EeV, 54.1 degrees zenith angle multi-eye event recorded on Jul 03 2-00810:06:13.
discussion ST
Level 3 Release of reconstructed cosmic-ray events, selected with the 2?

Elevation [deg]

best available knowledge of the detector performance and conditions at

the time of data-taking. Example codes derived from those used by the T % %
Collaboration for published analyses are also provided; .

Level 4 Release of close-to-raw data associated with those events. 3?

o
3
5
=
o
5

An event-display, and codes to read these data, are also provided.

Elevation [deg]
o

.
T T T T T T
0 30 60 90 120 150 180
Azimuth [deg]

ACESS TO OBSERVATORY:

Negotiable services to experts from other fields, such as geophysics and
atmospheric physics (interest also from CZ institutes)
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Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE CTION T
O\fEDgE ECHN’OU

Particle from air
shower

Detector tank

Water
Cherenkov
Light
ix
H
IMAGING ATMOSPHERIC /’ ig
CHERENKOV TELESCOPE | ;g
ARRAY s
/ i
/ Photosensors detect:
i Cherenkov light
-------------- 1-3km
Shower image, 100 GeV wray odapted from: F. Schmidt, 1, Knapp, “CORSIKA Shower Images”, 2005 Not to scale

5
httos //www-zeuthen,desy.de/ - Jknapp/fs/showerimages html

lllustration of the complementary detection techniques of high-energy gamma rays on ground. (Credit: Richard White, MPIK)
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ollaboration

Extensive
Air Shower

Credit: MAGIC ¢
v Reconstructed \

wern o RetiReti g telescopes on Alt-Az mounts ~ first in 1980s Whipple telescope

*  Sensiti N\ 4dmempeh oto-detection plane composed of an array of silicon photomultipliers

Cherenkov
Light

s 0 AROR M 3hower image — Hillas parameters (Hillas, 1985)

A PMT pixels

3 ““?7”2&;: to operate in stereo regime — improvement of y/hadron

Air Shower
Images

center of gravity

Credit: CTAO
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Cherenkov Telescope Array Observatory

Array Coordinates

Latitude: 24° 41 0.34" South
Longitude: 70° 18’ 58.84" West

CTAO-South
Paranal, Chile

Research Data Day & EOSC National Tripartite Event

CTAO-North
La Palma, Spain

~0.25km?

Array Coordinates
Latitude: 28° 45’ 43.7904" North
Longitude: 17° 53' 31.218" West

Patrik Cechvala

21.05.2025

Credit: CTAO
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Telescope types - Credit: CTAO
e 49m

Av. Height
Of A Woman .

45 1,855

height in metres est. weight in tonnes reflective surface in m2 camera light sensors
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Southern Hemisphere Array

LEGEND
Large-Sized Telescope
Medium-Sized Telescope

CTAO Operations Building &
Other Calibration Devices

Weather Station
Stellar Photometer
Raman LIDAR
Road

Gradient

MAGIC Telescopes

External Facilities

©
6

LEGEND
Medium-Sized Telescope (MST) ’ Weather Station L
Small-Sized Telescope (SST) Stellar Photometer A
Large-Sized Telescope (LST) % Raman LIDAR *
Foundation

]

Other Calibration Devices
SST Foundation

Source: CTAO
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CTAO Science Data
=)o Management Centre
. Inauguration on 14 October
4 2024, Zeuthen (Germany)

|
A\

~1000 PB/year
[}

v

5 08 October 2024 = Announcements, Press Releases, Computing, Central Organisation

y——

Data Acquisition |_ _ _ __ i il ' o=
& Reduction > ol

v

On-Site Bl ~6 PB/year
Storage

Credit: CTAO

experts | y = = after compression
S L
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CTA — open time and data

~ Chile Time

“KSP Time

“Qpen Time + DDT
W ESD Time

¥1 Y2 Y3 Y4 ¥5 Yé Y7 Y3 Y3 Y10

Research Data Day & EOSC National Tripartite Event

Theme I: Understanding the Origin and Role of
Relativistic Particles

Theme II: Probing Extreme Environments

Theme lll: Exploring Frontiers in Physics

Patrik Cechvala 21.05.2025
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Cherenkov Telescope Array Observatory (CTAO)
* Next generation IACT observatory CT_’\\O

LST MST SST
Effective mirror area |370 m? 88 m? 8m? “
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« oge » Optical lab in Olomouc
CTA-CZ activities (one of the best equipped in central Europe) c-r,\ o
g2 a

* Mirror production up to 1 m diameter and strong recent
involvement in LST

LST mirror dish

Optical calculations for CTA

————————— Qe * Extensive tests of optical samples for the entire CTA

* Professional optical calculations for the entire CTA consortium

> Central calibration (leadership of M. Prouza)

Optical maintenance B o . > Involvement in LST

CTA-CZ provides several types of devices
of LST telescope

« FRAM devices * Optical maintenance

. ical calculation
* all sky cameras Optical calculations

« sun moon photometers, ceilometers > SST-1M prototypes

* Now separate project

All sky camera

Sun moon \

photometer

SN



Scientific achievements already
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Centrum Badan Kosmicznych
‘Q :“’-"‘m‘ Space Research Centre
B e

. lllllumvamycf Sclence and
THE HENRYK NIEWODNICZANSKI Technology
ﬁ INSTITUTE OF NUCLEAR PHYSICS

POLISH ACADEMY OF SCIENCES AGH

SST-1M project
e SST-1M

'-".‘.'-‘.':i? Single-Mirror JF ) uNiveRsiTE QS ' :?r:'nlxl::x(s)nhllx“
ety Small Size Telescope 5/ DE GENEVE _ DC P IN KRAKOW
, o https://sst-1m.science/ SST1M_SPACE Xﬁl FZU & “\3?/'“ RSZAWSKI
e Collaboration of 17 institutes from 3
Astronomicky @
countries — Czechia, Poland and Switzerland ‘ & proy A

Palacky University
Olomouc

e Developed as a design of Small Sized
Telescopes for CTAO — other design was
selected

e Constructed 2 SST-1M prototypes -
relocated in 2022 from Poland to Ondiejov
Observatory of Czech Academy of Sciences

near Prague
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SST-1M telescopes

Davies-Cotton optics

Segmented mirror — 18 hexagonal mirror facests

Fully remote observations

Focal Length 5600 £ 5 mm
fiD 1,4

Dish diameter 4m
Mirror Area (*) 9.42m?
Mirror Effective Area (*) 6.47m?
Hexagonal Mirror facets 780 =3 mm
Mirror PSF Dg, (requirement) 0.082° (8.1 mm)
Mirror PSF Dg, (measured) 0.028° (2.7 mm)
Telescope PSF Dg, (required) 0.25° (24.4 mm)
Telescope PSF Dgg (measured) On-Axis 0.082° (8 mm)

C. Alispach et al JCAP02(2025)047

Figure adopted from Actis et
mirror facets radius of curvature R al., 2011
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SST_ 1 M Ca m e ra _(I_}amer:j,l dimensione (R/thickness) 810 mm /900 mm gk
otal pixel number 1296 23.2 mm
Pixel linear size 23.4 mm
- c - . Pixel angular size 0.24°
Digital electronics (DigiCam): = s .
« 12 bits FADC @ 250 MS/s PDE@470 nm, 8% X-talk (LCT/LVR) 23% / 54% g
.. . Sampling frequency 250 MHz §
* Fully digital trigger Maximum trigger rate (80/200 ns window) 12.5/5 MHz T
e Power consumption 1200 W Maximum readout rate (80/200 ns window) 226/9.4 kHz X !
Time Spread RMS <0.25ns 5.5 mm
Photo-detection plane: Entrance window: Hollow light guides:
« 1296 pixels * 3.3 mm Borofloat * Cut-off at 24°
« Power consumption 500 W * Cut-off filter at 540 C o ZeSZm e e

mm for NSB rejection Compression factor of 6

Sensor:
* Custom hexagonal Hamamatsu MPPC
* 4 anodes per pixel with one common cathode

Preamplifier board:
e 2 operational amplifiers per
sensor to reduce pulse length

* DC coupling /

Slow control board:
‘ * Temperature compensation loop (2 Hz)
C. Alispach et al JCAP02(2025)047 I * HV generation, Differential output to DigiCam
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Pipeline and analysis

primary gamma ray primary proton
(energy, direction, gammaness, ...)
- event list
D. Zz IME R2 | DEC |ENERGY "_IT\
<A §A A <A
3 E g
3 5
= - instrument response  —
y 7 3 F— T\ ‘f
t/n? x/cn:: X E/TR' E,’T§ E/TeV>-
s 4 e 4
RO DL1 DL2 DL3 DL4
_raw DAQ output \image parameters ghower parameters event list 4+ IRF kscience products
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Pipeline and analysis

sstimpipe_merge hdf5
Data and Monte Carlo analysis software for low-level analysis — DL1 satimplpe_d1_d2 . DL2
sstimpipe_r0_di1 test test
waveform calibration and integration, shower-image R1 — DL1 L} ssttmoipe_me_make ins
. . . o DL 1 sstimpipe_mc_train_rfs
parametrisation, stereo reconstruction, random forest training, train > RFs IRFs

instrument response function (IRF) calculation

sstimpipe_data_di1_dI1_stereo
Pipeline is divided into several steps (r0 -> dl1 -> dI2 -> dI3) — based t':ﬂ o tDe'ﬂ
=2 o DL1 R
on functions adopted from ctapipe https://github.com/cta- a - oL Stere0 wammmnanaz - DU2  cimome s oLs
observatory/ctapipe and follows Istchain cta- 1812 sotimpipe ro an | tEI2
observatory.github.io/cta-Istchai . igh-
= [cta-lstchain/ Stereo analysis High-leve!

Results are compatible with gamma-astro-data-format (GADF) ->

can be forwarded for high-level analysis (dl4/dI5/dI6) performed by

Jurysek et al., PoS(ICRC2023)592
gammapy

Jurysek et al., 2024, sstlmpipe v.0.4.1, Zenodo

https://github.com/SST-1M-collaboration/sst1mpipe
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Crab Nebula (M1) observation

Shower image

Right Ascension

Research Data Day & EOSC National Tripartite Event
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Southern Wide-field Gamma-ray Observatory

N\
* International collaboration of approximately 150 S“/G\/O

scientists from 16 countries (approx. 90 research The Southern Widefield
institutions) Gamma-ray Observatory
* Currently no wide-field gamma-ray observatory in the
southern hemisphere
* Use of water Cherenkov detectors

THE FERMI BUBBLES

Countries in SWGO

Institutes
Invisible to HAWC

Argentina*, Brazil, Chile,
Czech Republic,
Germany*, Italy, Mexico,
Peru, Portugal, South
Korea, United Kingdom,
United States*

Invisible to HAWC
& SWGO

Credit: Richard White, MPIK
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SWGO SITE SELECTION

August 12th, 2024

At a meeting at the Brazilian Center for Physics Research (CBPF), in Rio de Janeiro, Brazil, scientists of the SWGO
Project, whose goal is to observe the sources of very-high-energy gamma rays in the Universe, announced that the

‘w Atacama Astronomical Park in Chile was selected as the site of the observatory.
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Layout: A2~

Simulated Event

Primary: Proton

Energy: 31577.69 Gel/
Number of Stations: 1431

Development Build




Vera C. Rubin Observatory . =
Chile VI.EI;AC.RUBIN

OBSERVATORY

* Previous name — Large Synoptic Survey Telescope (LSST)
* Telescope focused on the detailed survey of the sky
* FZU joined the project as one of the first in Europe , 4

] * Included also in astroparticle projects — experimental
Cerro Pachon

cosmology (study of dark matter and dark energy)

* 8.4 m primary mirror diameter with largest ever constructed

digital camera

* Laboratory in Prague is fully functional since 2020

Main science goals
* Understanding the nature of dark matter and dark energy
e Creating an inventory of the Solar System

*  Mapping the Milky Way

* Exploring objects that change position or brightness over time
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e First light expected in 2025

Credit: Hernan Stockebrand
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Laser Interferometer Space Antenna - LISA https://lisa.nasa.gov/

* Planned gravitational-wave observatory I'—nalzjggz envisaged

e (Czech Republic joined the project in 2020
 ESA+NASA+JAXA+international consortium lead by Germany
* Development of the LISA Fiber Switch Unit Actuator - used to

switch between the main and redundant laser on the Optical

Bench ElSA/

A aser Interferomenter Space Antenna

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Rotating part of ANR 200 Binary Supermassive Black
Wave plate mount 8 Holes in galactic nuclei
Half wave plate 8 Compact Binaries in our
= Galaxy & beyond
o ~ o
w Compact objects
Wave plate mounting leaf spring captured by
Supermassive Rotating NS,
y Black Holes Supernovae
Glued interface age of e —
wavep universe years hours sec ms
log(f) -6 -14 -12 -10 -8 -6 -4 -2 0 +2

Zerodur reference block /
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Perfomance of SST-1M

- Significant improvement of performance in stereo mode comparing to
mono mode
- Results in stereo mode

109 107
—— MAGIC (50h)
—— 1.0 CRAB_MAGIC_JHEAP2015 — LHAASO (1yr)
~—- 0.1 CRAB_MAGIC_JHEAP2015 1 HAWC(lyr;/
4 SST-1M STEREO (20 deg) —— VERITAS (50h)
4 SST-1M STEREO (30 deg) _10 — HES.S. (50h)
4 SST-1M STEREO (40 deg) 10 ] - —— 1.0 CRAB_MAGIC_JHEAP2015
— 10—10 "l 0.1 CRAB_MAGIC_JHEAP2015
< | 2| € ® SST-1M STEREO (50h)
Q E = (U]
o v
- —11 |
> Py 10
—— > T
> i
= 10—11_ _%,
0
C
& o 10712
% ¥
x
= J— n
u_ - 4
10 10—13_
—-14
10_13 | . . 10 — ..,.,,,,0‘ e ,.,.‘..,2. 3
10—1 100 101 102 103 10 10 10 10 10
Ereco [TeV] Ereco [TeV]

Research Data Day & EOSC National Tripartite Event Patrik Cechvala 21.05.2025




Backup
Perfomance of SST-1M

- Significant improvement of parameters in stereo mode
- Results in stereo mode for different zenith angles

- ___Energy resolution - Energy bias 06 Angular resolution
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