They paved the way to understanding %
the Universe. Go on! Happy 2023! ElZ&
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HoBbie TeHACHIIMN B aCTPO(U3HUKE BEICOKHUX DHEPrUi

e MynbTHCEHCOPHBIH ceTeBor moaxon (Mmulti-wavelength observations,
and multi-messenger studies).

» KonHuenuust OONbIINX JaHHBIX, MOJCIUPOBAHUE (PUZUUECKOTO
IpoLEcCa U OTKJIMKA JETEKTOPA HA KAXKIOM dTare 3KCIIEPUMEHTOB,
CUCTEMATHYECKOE CTPYKTYPHUPOBAHUE U HUCCIICAOBAHUE BCErO HaAbOpa
B3aMMOCBSI3EU, CONEPKAIIUXCSI B MHOTOMEPHBIX MOJIEIUPYEMBIX U
SKCIIEPUMEHTAJIbHBIX JAaHHBIX.

* TlonuTuKa OTKPBITHIX JAHHBIX: KOJbI U 0a3bl TAHHBIX CTAHOBATCS
00I111e JOCTYTHBIMH, MPUTJIAIIas BCEX K yYaCTHUIO B aHAJIM3E, a
BHEIIHHE TPYIIbI MOTYT BHOCUTHh HOBBIE HJIEU U METOIUKHU.

 JloHnMmanue cuibl KOPpCJILIMUOHHOI'O aHAJIN34, A0SO
6CCHpeHCI[CHTHYIO TOYHOCTD B OIIPCACIICHHUHN MCCTOIIOJIOKCHMS
3BC3HBIX 00BEKTOB U B IMTOJIYIYCHHMHN HOBBIX CBsI3cU MCKIY
pa3J INYHBbIMU SIBJICHUAMMH.

* CuHeprus pas3IMYHbBIX SKCIIEPUMEHTATBHBIX METOJIOB: OT PAJINO IO
YIBTPA-PENATUBUCTCKUX YACTHII.



Kak Co3paBarb 3nanue (Ilpunuunsi u Ilpoueaypni)

« [IoHATH ¥ chOpMyNIHPOBATH NPOOIEMY;

* [ToAroTOBUTH U IPOBECTH
AKCIIEPUMEHT, COOpaTh TaHHBIE:

* ®OpMyIUPOBAHUE U TECTUPOBAHHUE
TUTIOTE3;

* CpaBHEHUE C APYTUMU
IKCIIEPUMEHTAMH;

* Be16op MaTemMaTHYECKUX METOOB IS
aHaJIM3a TaHHBIX; OLICHKA, BBIOOP MOJIEIIH
HAWJTY4IITUM 00pa3oM OO0BACHSIOUIYIO
IKCIIEPUMEHT, OIICHKA ITapaMeTpPOB
MOJIETIH;

* ChopmynupoBaTh pe3yJbTaThl B BUJIE
JOITYCKAIOIIEM MPOBEPKY U CPABHEHUE C
JIPYTUMU SKCIIEPUMEHTaAMU,;

* [IoAroTOBUTH U OTIPABUTH CTATHIO B
KypHaIL

e OTBETUTHh HA KOMMEHTAPUU
PELIEH3EHTOB, POBEPUTH PE3YJIHTATHI U
OTHPABUTH JIJII OKOHYATEIIBHOTO
pELIEH3UPOBAHHS.

OTKpbITHE KOCMUYECKUX JIyqel

e MI3MepeH NOTOK MOHU3UPYIOIIETO
W3JIyYEHUS TAIAI0IIET0 HA 3EMITIO
W3JIyYEHUS YAy Ha 3€MJIC;

* 13 yero oH cocTouT (COCTaB, YHEPTUM)?

* Bo3MOXHbBI€ HICTOYHUKHU (COJTHIIE,
I"anaxktuka, SNR, AGN, yepHbIe IBIpHI,
HEUTPOHHBIE 3BE3/1b1?

* JlerekTophl (KocMuueckue, Ha3eMHEIS);
 Kak pemuts o6paTHyto 3agaqy?

e MoenMpoBaHue; MOJIEITIN
pPACIPOCTPAHEHUS U B3aUMOJICHCTBUSA
KOCMUYECKHUX JIYYEU, JTaHHBIE C
KOJUIAHUJIEPOB; ITPOBEPKA MOJICIIN:
BepuUKaLMA U BaTUIAIINS,

° MOI[GJ'IB HN3MCPCHUS. OT 3JICKTPOHHBIX
CUTHAJIOB C ICTCKTOPOB K
NMHTCHCHUBHOCTIAM, KJIaCCI/I(I)I/IKaI_II/IH
HqaCTHUII.



Experiments

Cosmic rays: Imaging Cherenkov Telescopes
and high-latitude surface arrays: MAGIC,
LHAASO

Gravitational Waves, Black holes, Neutron
stars mergers, LIGO-VIRGO

Dark matter searches, LHAASO
Gamma observatories in space: FERMI LAT

High-energy atmospheric physics, Aragats
Cosmic ray Observatory
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In the case of p-p collision at
LHC, with 7 TeV per proton 14
TeV is available for new particle
production.

For a Fixed target, considering
a proton moving with

energy E, colliding with a fixed
target formed for a proton at rest
(m,-c?2~ 103 TeV) to get 14
TeV we need E, to be:

Vs ~V(2E, m, c?)

14 =(2E, 103)

E,~10° TeV

It is very clear the advantage by
using collider vs fixed target.



Universe iIs full of Particle Accelerators

Galaxies that point their jets at us are
called “blazars”
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Supernovae remnants —
major candidates to
accelerate CR up to 10 eV.

Regions with high matter

/ density or radiation fields

protons (p), electrons (e)
acceleration
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Particle detectors: our interface to particle physics

What are scintillators good for?
— Count particles
— Measure energy release
— measure the time of particle passing
— measure location

How do they work?
— passing charge excite molecules in the plastic

— as molecules de-excite, a small fraction release
optical quanta

— this light propagates inside the plastic to the

registering surface sensitive to the light
4 /




Phototubes: Electronic Retinas

photon

« See light pulse from scintillator
« Very sensitive

— huge amplification

— they can detect a single photon !
» Produce a signal quickly

— important for triggering

— precise timing

olts

Its

olts
output pulse 20 ns




Electromagnetic “Sampling” Calorimeter:

A layer cake of scintillator & lead
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Sum the phototube signals to measure energy of the entering particle !



Separating signal from noise

Discriminators
— not all pulses are made by a passing particle.
— there are also “noise” sources
— We use a discriminator to clean up the noise

— If the pulse is larger than the discriminator threshold
=>» output is TRUE, otherwise FALSE

Iscriminator

noise pulse signal |
pulse | 4hreshold %oltage

—

A digital output pulse is generated
when the signal crosses the threshold



Coincidences technigues

Phototube +
discriminator

these two overlapping hits make a trigger pulse =

scintillator 1 pulses

| | logical
scintillator 2 pulses JAX\\ID)

\Iﬁ Stand 3cm

Time axis
1 usec




Aragats Solar Neutron Telescope ASNT
o A
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Elastic scattering
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ASNT registered coincidences (01; 11), between all 8
scintillators, and energy release histograms in 5 and 60-cm
thick scintillators



Logic of experiment: electronics boards
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LHAASO (Large High Altitude Air Shower Observatory, 4,400
meters above sea level) consists of a KM2A (1 km? array,

electrons, muons), a WCDA (Water Cherenkov Detector Array), a
WFCTA (Wide FOV Cherenkov Telescope Array)

LHAASO measures PeV gamma rays' point sources and the

cosmic ray species’ spectra at high precision from 5 x 1013 eV
ta 1018 a\/



The one square kilometer array(KM2A) consists of 5216 electromagnetic

particle detectors (EDs) and 1188 muon detectors (MDs). The ED is a

scintillation detector covered by a 5-mm-thick lead plate to absorb low-
energy charged particles and to convert high-energy y rays into electron-
positron pairs. The MD is a water Cherenkov detector, a tank of 36 m? with
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pure water filled in. Each MD is covered by overburdened soil 2.5 m thick,
which absorbs most of the secondary electron/positrons and y rays in



South<-->North (deg)

WFCTA has 18 Cherenkov telescopes. Each Cherenkov telescope
consists of an array of 32 X 32 SiPMs and a ~ 5m? spherical aluminized
mirror. It has a field of view (FOV) of 16° X 16° with a pixel size of
approximately 0.5° X 0.5-.

WFCTA, WCDA, and muon detectors in KM2A are combined together as
a calorimeter-like complex detector to measure air shower energy and

composition.
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WCDA, divided into 3 separate arrays, will make survey
observations on the gamma-ray sky of 100 GeV - 30TeV. The
Crab Nebula has been detected with a significance of 77 .

[ 20190703/055515/0.486267626: nHit= 165, 623.35:0.16", 0=160.18:0.50° | [ 20180704/024216/0.477409113: nHil=189, 6=28.53+0.1 T, 6=3.78£0.19" |
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WCDA-1 is composed of 900 detector units optically separated by non-reflecting
black plastic curtains. Each unitisa 5 m X 5 m cell equipped with two upward-facing
PMTs on the bottom at the center of the unit. The Cherenkov photons in each
detector unit are sampled by the PMTs, thus forming a footprint of the shower.

A gamma-ray candidate event from the direction of the Crab Nebula (left panel) and a similar
background cosmic-ray event with (right panel).
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WCDA or ED array can measure the shower arrival direction with a resolution of 0.2 ‘and shower
location with a resolution of 2 m. WCDA can measure the energy flux in a range of 5 m X5 m around
shower cores. Muon detector array can measure u content with a dynamic range of 1 — 10* muons.



LHASSO can select gamma
showers by muon-poor EASS

Cosmic y

(a) Electromagnetic (b) Hadronic



Quantification of a priori knowledge

Monte Carlo Statistical Inference

reduction

modeling

simulation

SuswoalInses |\



Classification of primary hadron to light and heavy nuclei

Suppose data sample with two types of events: Protons and Iron nuclei

obtained from the simulation — solving direct problem of CR!
We have found discriminating input parameters Ne and Nmu

What decision boundary should we use to select Iron nuclei ?
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Neural Network (NN) 2-way
Classification of EAS data (purity-
efficiency plots)
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Neural classification of the all particle
energy spectra to Light and Heavy Nuclel

| MAKET-ANI experimental data; (F<B< 457

Newral classification and estimation

'} "1|__ '.fl=~3.54ﬂ]'.ﬂ[l5.] - Light
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Credit, Chilingarian A., Hovsepyan G. et.al., (2004), ApJ, 603, L29
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3-way KASCADE Data Classification
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) - LASCADE experime 1(1999): 157=0< 2(F
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Credit, Vardanyan A., A.Chilingarian , M.Roth for the KASCADE

collaboration, (1999), in Proceedings of the workshop ANI 99,
Nor-Amberd, 1999, Preprint FZK 672, p.23.



Significant emission > 100 TeV
Cao+ (2021) Nature 594 33
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Galactic latitude (deg)

LHAASO J2108+5157 ASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003 LHAASO J1839:0545

70 60
Galactic longitude (deg)

China's new observatory will
mtercept ultra-hngh-energy y-ray
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CR origin: Hadronic and leptonic models of
ultra-high energy gamma rays

“‘"“u'rsu?'“ _— e Comprn g e g o The observations of the Crab
e ii* . /i //‘ Nebula, (the standard candle
e o/, for y~ray astronomy) led for
@ " s the first time to an extension
< @ of the Crab spectral energy
ot phoiowt e distribution up to the PeV,
showing inconsistency with
Multiwavelength (MWL) spectral the pure leptonic model of the
energy distribution (SED). Crab emission. The
contribution of hadronic
1 e —'r:,j;;g =3 interact?on IS hardly_
7 . constrained at the highest
) energy, where they seem to
1 ’ contribute especially in the
I/ energy range exceeding the
o PeV. More statistics will
L A e L L WEN clearly clarify the picture and
Multi-wavelength Spggi;gilenergy Density of the Crab nebulaj‘;sgr“;”radio to LHAASO expect about 1-2
thermal data, oy, with a leptoncehadronic production model. - P o e YR Ukt s

/ldoi.org/10.3847/1538-4357/ac348d



The MAGIC Telescopes: 2 x 17m O IACTs
@ the Frontier of VHE y-Ray Astro-Physics

44th COSPAR Scientific Assembly, Athens,
Greece, 20th of July 2022

Razmik Mirzoyan: Selected Studies of Cosmic Rays and
Acceleration Sites With the MAGIC Telescopes

ORM @ ENO,
2200 m a.s.l.

F/D=1; inter-
telescope
distance = 85m

La Palma,
Canary Islands,
Spain
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New Type of NN — Mapping Networks -
Maximizing Signal Significance — by
optimizing the shape of Gamma Domain
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The Cherenkov Telescope Array (CTA) is the next-generation
ground-based observatory for gamma-ray astronomy at very-high
energies. With more than |00 telescopes located in the northern
and southern hemispheres, CTA will be the world's largest and
most sensitive high-energy gamma-ray observatory




Four Large-Sized Telescopes (LST, 23m, 400 m?) will be arranged
at the centre of the northern hemisphere array at Canarias to cover
the unique low energy sensitivity of Cherenkov Telescope Array
(CTA) between 20 and 150 GeV.




The structure of the Universe: how the shape changed
from uniform (flattened by radiation) to a connected
network?

Over time, gravitational interactions will turn a mostly uniform,
equal-density Universe into one with large concentrations of
matter and huge voids separating them. Neutrinos and gamma
rays behave like radiation at early times in the Universe, but at
late times, will fall into the gravitational wells of galaxies and
galaxy clusters, as they lose speed owing to the expansion of




The cosmic web that we see, the largest-scale structure in the entire
Universe, is dominated by dark matter. On smaller scales, however,
baryons can interact with one another and with photons, leading to the

stellar structure but also leading to the emission of energy that can be
absorbed by other objects. Neither dark matter nor dark energy can
accomplish that task; our Universe must possess a mix of dark matter,
dark energy, and normal matter

7




In a talk given in 1884, estimated the number of dark bodies in the from the
observed velocity dispersion of the stars. A publication from 1930 points to Swedish being
the first to realize that the universe must contain much more mass than we can observe. Dutchman and
radio astronomy pioneer also hypothesized the existence of dark matter in 1932. In 1933, Swiss
astrophysicist , applied the to the and obtained evidence of
unseen mass he called dunkle Materie ("dark matter’). Further indications of

anomalies came from measurements of galaxy rotation curves, 1939,

'

. Distancz
Dark matter can explain the

‘flat’ appearance of the velocity
curve out to a large radius.

Large-scale distribution of dark matter from
by the

Images of the Bullet cluster

- . merging with the mass o _
CMB temperature fluctuations: distribution reconstructed Strong gravitational lensing as observed

oT/T ~ 10_5, OT/T ~103 -10"*% are . o bv the in
. , , using weak gravitational y
required. Planck’s results affirm that lensing (green contours) . X- indicates the presence of dark
about 27% of the energy-matter ray image of the bullet cluster matter
density is in the form of dark matter, (colored regions: blue least
while only 5% is in the form of dense to white most dense),

ordinarv matter. taken by the Chandra
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Searches of the Dark Matter (DM)

Exploring and confirming the DM would require it to interact with the ordinary matter
in an alternative way other than gravitationally.

The direct detection method looks for scattering events of DM particles with
underground ordinary matter targets.

DM searches at colliders to look for hints of the production of DM particles in ordinary
matter collisions (possibly PeV colliders, not TeV will be needed).

Astrophysics approach: looking for DM decay from different regions of the Galaxy
(assuming that the flux will be larger from the denser regions)

Obtaining no signals of DM from all experiments physicists establish tight upper limits
reaching now a lifetime of 10%°s

Estimates of DM mass vary within 50 orders of magnitude
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Attempts to Detect Dark Matter Decay with Tibet ASy
Finding no such signs, the search puts an upper limit on the decay rate
of dark matter particles with masses in the PeV range.

4 x 10* ————— T T T T T 4 . : :
"""" Space independent CR
----------- 2+ Dark matter _ 398 TeV < E, < 1000 TeV -
o 22° < 1 < 225°
D
28 :) i ”
10°% mMpm = 30 PeV
3 TDM = 6)(1027 s @ Tibet AS:,,
v
N
Ly
107 I —— Space independent CR
/4 ——— Space dependent CR
= Hybrid-y model
----- Combined previous limits
4x10*

10° 107 10
my [GeV]

The upper limit on DM lifetime as a function of its mass

According to mass models of the Milky Way, dark matter density should be greatest near the Galactic Center. Thus, if
decaying dark matter produces high-energy gamma rays, the measured flux should vary between survey areas. As no such
difference was detected, the researchers conclude that PeV-mass dark matter has a lifetime of at least 6*10%7 s.

Tibet ASy experiment consists of some 700 scintillators spread over an area of 65,700 square meters at an altitude of 4,300 meters (14,000
feet) near Yangbajing in Tibet. To distinguish gamma-ray-induced air showers from similar events produced by cosmic rays, the observatory
also contains an underground array of 64 muon detectors.

[74] Tarak Nath Maity, Akash Kumar Saha ,Abhishek Dubey et al., PHYSICAL REVIEW D 105, L



Constraints on Heavy Dark Matter from 570 Days of LHAASO Observations: we find no
excess of dark matter signals, and thus place some of the strongest y-ray constraints on the
lifetime of heavy dark matter particles with a mass between 10° and 10° GeV.

_ o 1( )3()

t DM — Db
107 g
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Recently, new DM constraints Z 1028 kel o
[74] were obtained by =
considering the Tibet-ASy e 5 ]
data along the Galactic plane; Lg _ '\\\\\ i}
our constraints are generally 102 w— KM2A (this Letter) 3
stronger by about one orderof g7 --ee- KM2A (prompt only) 3
magnitude than their model- S JeaCiibaft 3
independent limit. Our limits 1026 METITTTT] B S AP WY SRS S W WY T1 SR AWy
are subject to overall 1()") 1()() 1()7 1()8 109
systematic uncertainties, | P
estimated to be 21%, which is Mass, mpy [GeV]
a quadrature sum of Fig. 1. 95% one-sided lower limits on DM lifetime for
uncertainties from the DM decaying into b quarks. Previous limits and those
detector response (~7%) and from HAWC are shown with gray and blue lines. The
y/hadron separation hatched regions show the 1o DM parameter space
procedure (~20%), and model favored by IceCube high-energy neutrino flux.

error. These uncertainties _
would not affect phyvsical Zhen Cao,F. Aharonian,Q. An, et al., PHYSICAL REVIEW Lqu‘I;‘!’EBiEg\
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Planck GUT Standard
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Quantum space We live here !

At the Large Hadron Collider at CERN, among the trillions of interactions studied up to energies of
14,000 GeV, no new physics has been seen in the furthest decimal points of the Standard Model
predictions since 2012; not so much as a hint that something else has to be added to bring it back

in line with actual data. It is a theory that appears not to be broken at energies over 1000 times
higher than it was designed for!



Neutrino astronomy with IceCube

IceCube Lab

50m[—

1450m|

2450 m
2820 m

IceTop
__—" 80 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arr.

/86 strings inc 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors
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A neutrino is absorbed by the nucleus
and produces a lepton corresponding
to the neutrino's flavor ( electron,
muon, etc.). If the charged resultants
are moving fast enough, they can
create Cherenkov light captured by
PM. For high-energy interactions, the
neutrino and muon directions are the
same, so it's possible to tell where the
neutrino came from. IceCube detects
more than 50,000 neutrino candidates
every year, but only about 10 of them
are at the very high energies that
indicate that they come from outside
the Milky Way galaxy






Air shower detected in coincidence by IceTop and IceCube. Left: Sketch of
the shower development and the different shower components measured
at the surface and in the ice. 10 PeV proton-induced shower

primary
cosmic ray

electromagnetic
component

GeV muons

surface 2835 m.a.s.l

1450 m

2450 m




The PeV neutrinos observed in IceCube, have athousand times the energy
of the highest energy neutrinos produced with earthbound accelerators and
a billion times the epergy of the neutrinos detected from supernova SN1987
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powers the nearby active galaxy NGC 1068. From the
NGC 1068, an excess of 79 neutrinos at TeV energies
was observed over a period of 3186 days, with a

..... fimmimmam ~fE N N
Observations of high-energy
[ Signal [ Total cosmic rays (protons and atomic
[ Background ¢ Data nuclei from space), up to 10%°
B eV, have demonstrated that
powerful cosmic particle
accelerators must exist, but their
nature
and location remain unknown.
High-energy neutrinos are
generated near astronomical
sources as decay products of
charged mesons, which are
themselves produced in proton-
proton interactions.
Neutrinos are not affected by
intergalactic absorption, so they
could potentially be used to
probe these accelerators.
AGNs can launch a strong,

- log]ﬂ(plncnl)

0.6

80 -
0.4

60 A

40 - +

20 A

0.2

Events

0.0

Declination [deg]

|
©
b

|
it
i~

40.2 0 1 2 3 !

U2 [deg?

41.2 41.0 408 40.6 40.4

Right Ascension [deg]

(A) High-resolution scan around the most significant location
marked by a white cross. The red dot shows the position of
NGC 1068, and the red circle is its angular size in the optical
wavelength. (B) The distribution of the squared angular
distance, between NGC 1068 and the reconstructed event

narrow jet of accelerated
plasma. If such a jet is oriented
close to the line of sight, the
AGN is observed as a blazar.
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‘RESEARCH ARTICLE Science 361,
NEUTRINO ASTROPHYSICS July 201 8

Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The leeCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS SN, HAWC, ILESS,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Sei{/t/NuSTAR,
VERITAS, and VLAI7E-403 teams” |

ece, 20th of July 2022 Acceleration Sites With the MA

4th COSPAR Scientific Assembly, Athens, Razmik Mirzoyan: Selected Studies of (

First association of a ~300 TeV neutrino
to a y-ray source

evakiated bodow, associating neutring and pray

production

The neutrino alert

leeCube s a neutrine observatory with more
than 5000 optical sensors embedded in 1 lan” of
the Antarctic icesheet dose to the Amundsen

Scott South Pole Station. The detector consists of
86 vertical strings frozen oo the joe 125 m apart
each equipped with 80 digital optical modules
DOMs) at depths between M50 and 2460 m
When a high-energy muoon-seutrine lnteracts

with an atomic nucleus in or close to the detee
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How to prove a “new physics”’Higgs boson discovery at
CERN LHC (ATLAS and CMS experiments)
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The distribution of the invariant mass of the two
photons in the ATLAS and SMS experiments at
LHC. Measurement of H—yy using the full
2015+2016 data set. An excess is observed for a
mass of ~125 GeV (b5 stigmas!)
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New physics and new sources depend on
No, what it IS: Proof in exp. physics
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Johann Carl Friedrich Gauss

German mathematician, physicist,
and astronomer

1777-1855

()=t _eols)

Henn Pointcare on the mmigquity of the normal
distribution:

« Evervone believes in it: experimentalist
believing that it is a mathematical theorem,

mathematicians believing it is an empirical
fact »



Claims of new physics and new sources depend
on No, what 1t 1s? Proof In physics
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Space-time tells matter how to move and matter tells
space-time how to curve

ewtonian space,
each slise- separate timg




Do gravity and light propagate
at identical speeds?




Any cosmic particle that travels through the
Universe, regardless of energy, will move at the
speed of light if it’'s massless, and will move
below the speed of light if it has a non-zero rest
~ mass. Photons and gravitational waves, to an
“enarmous. precision, travel at exactly the same
'speed speeds |nd|st|ngwshable from &he speed
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o 100 ms 14 September 2015 @)
light travel time at 9:50:45 UTC
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() 4¢—LX =4 km ———Pp
Laser : o ,
-_)__r | " Test mass
‘ 100 kW V
The maximum amplitude of the relative PR Test circulation power
change in length was about 1021, Black
holes with 29 and 36 solar masses, which mass
merged 1.3 billion light years from Earth. SR ™1 ) . )
After merger the resulting black hole had a Both LIGO detectors observed the signal with a time
mass of 62 Suns. During the merger three delay of 7 ms — the time of flight for gravitational
solar masses had been emitted in waves between both detectors is at most 10
gravitational waves. Most of the energy 'or “Wwr milliseconds. Both signals show the same waveform,

had been released in the last 0.2 seconds —
gravitational waves were emitted with a
power ten times larger than the luminosity
of all stars in the observable universe.

which is to be expected for an astrophysical source in
view of nearly the same alighment of the detectors.



The window of 200 ms of the signals measured on 14 September 2015
at 9:50:45 UTC in the two LIGO detectors at Hanford (red, top left) and
at Livingston (blue, top right). Below, is the model of a binary black
hole merger (note the frequency increasing from 30 Hz to about 200
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The maximum gravitational wave amplitude reached 10-2%: it means that the
distance between the LIGO mirrors, separated by 4 km varied, by only 2
billionth of billionth of a meter!



The strain equivalent spectral amplitudes as a function of the frequency. Most
relevant contributions comes from quantum noise and from thermal noise of
mirror coating and suspensions. Seismic noise dominates below 10Hz and is not

represented.
10--" ‘ — o Quantum noise ‘
1 ; - 23 10
' @ Gravity gradient : 1 New laser produces an output
| C— 9 Suspension thermal notse

power of 180 W and an
amplitude steady to a billionth.
The mirror and suspension are
of the same material leading to
a much better reduction of
thermal disturbances.
Furthermore with another
mirror the output signal can be
...4 superimposed with itself (“signal
i recycling”). This technique has
been tested first at GEO600 and
has been shown to enable a
further improvement of the
detector sensitivity.

{ SE— o Coating Brownian noise
o Coating thermo-opltcs noise
0 Substrate Brownian noise
: i 0 Excess gas

— 0 Total noise
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10k
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An initial measurement of the particle s position imparts an unknown momentum to it via radiation pressure, which prevents
one from predicting the outcome of a later position measurement (Heisenberg uncertainty principle (HUP); all
meteorological parameters are monitored. Seismic noise does not appear in the picture but becomes the main limit

below 10Hz. Noise analysis: such a strong signal could be produced by accidental fluctuations only once in 200,000
years.
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Data analysis techniques used to
detect gravitational-wave signals and




C(r)

C(r)

Correlations between the LIGO-Hanford and LIGO-Livingston detector
data
A time lag of 7.3 ms is highlighted as a dotted vertical line.
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On November 3-5, 2021, CME hit the magnetosphere,
sparking a G3-class geomagnetic storm
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Near-surface electric field and Bx: delayed

correlations =1 hour
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Multisensory detection of neutron
star merger In NGC4993 galaxy

LIGO ‘ P
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Localization of the gravitational wave (from the LIGO-Virgo 3-detector global network),
gamma-ray (by the Fermi and INTEGRAL satellites) and optical (the Swope discovery image)
signals from the transient event detected on the 17th of August, 2017
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Accretion discs of M87 and Sagittarius A* black holes
made by Event Horizon Telescope (EHT) with 1.3 mm
wavelength (25 micro-arc seconds accuracy)

Although we cannot see the event

First direct visual evidence of the supermassive horizon itself, because it cannot emit
black hole in the center of the M87 galaxy and its light, glowing gas orbiting around the
shadow. While this may sound large, this ring is only black hole reveals a telltale signature:
about 40 micro-arc seconds across — equivalent to a dark central region (called a
measuring the length of a credit card on the surface shadow) surrounded by a bright ring-
of the Moon. Although the telescopes making up the like structure. The new view captures
EHT are not physically connected, they are able to light bent by the powerful gravity of
synchronize their recorded data with atomic clocks the black hole, which is four million

which precisely time their observations. times more massive than our Sun.



During a powerful solar blast on March 7, 2012 NASA's Fermi Gamma-ray Space
Telescope detected the highest-energy light (4 GeV)ever associated with an eruption on
the sun. The discovery heralds Fermi's new role as a solar observatory, a powerful new

tool for understanding solar outbursts during the sun's maximum period of activity.
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March 6, 2012

Vela Pulsar

Galactic Plane

March 7, 2012

At the flare's peak, the
Large Area Telescope
(LAT) detected gamma
rays with an energy of
4 GeV, setting a
record for the highest-
energy light ever
detected during or just
after a solar flare. The
flux of high-energy
gamma rays, beyond
100 MeV, was 1,000
times greater than the
sun's steady output.
The March 7 flare
also is notable for the
persistence of its
gamma-rav emission.



Estimation of Solar accelerators maximal energy
by detected secondary muons and gamma rays

Top of the atmosphere p . '
| Proton collides with an
| atmosphere molecule.
s
o n"\ n - :
M/ v | Vi ~ 5 GeV mu
S S at Aragat

4eGe\£gatpm#rays in space

Primary cosmic particle collides with a molecule of atmosphere. &

Proton energy Is distrusted approximately equally between pi-mesons;
Decayed muon energy cannot exceed parent pion energy,

Pi, energy is distributed equally between 2 gamma rays.

Therefore, from FERMI 4 GeV gamma rays we arrive at minimal enel
protons interaction in the corona to be — 24 GeV; from Aragats muon



Discovery of the Highest energy Solar accelerators

(> 20 GV): AMMM Detection of GLE 20 January 2005

v

P B

Aragats Multidirectional

o

(=214

Statistical
significance

'
o MNP O R NMWAO

20.01.2005

1
/

:30 6:45 7:00 7:15 7:30 7:45
uT

107

107

107

10"“;—

Incident muon spectra
Meusured muon spectra

under calorimeter

0

5

10 15 20 25 30 35 40
Particle Energy [GeV]




