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Cosmicrays
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Cosmic rays: present and future detectors

Telescope Array and Pierre

Auger Observatory are the main

2 " CRAND UHECH state-of-the-art detectors
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Energy spectrum and chemical composition of UHECR:
recent Auger and TA data

Air shower observables (hybrid observation)
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Modern technical principles of CR detection
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Chemical composition

Spectrum with highlighted main features
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Cosmic rays: acceleration problems
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Acceleration sites for high energy cosmic rays

AGN: Galaxy clusters: Compact objects:
acceleration on shock acceleration on shock waves pulsars, magnetars, gamma-
waves in jets in the intracluster medium ray bursts

—— Jet of high-speed
particles

Magnetic field
lines

Accreho_n
disk °
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Restriction on UHECR sources:
the energy-loss horizon 4 of UHECR protons and nuclei as function of energy
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For E > 10?° eV EHECR:

» sources of protons and Fe-nuclei
should be inside 30-50 Mpc

o sources of He and C-N-O nuclei
should be inside 10-30 Mpc

G. Sigl Astroparticle Physics 20
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Inside 50 Mpc EHECR can be accelerated in (mildly) relativistic transient jets in GRB, TDE and, most frequently,
in giant flares of magnetars and in magnetar wind nebulae, created by newborn millisecond magnetars
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Map of EHECR events

Galaxy clusters with D < 200 Mpc
Local voud

CRs E(EeV) > 100

Magnetars

Starburst galaxies (D < 50 Mpc)
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Figure 1: Sky positions of EHECR sample together with positions of some potential sources and clus-
ters/superclusters of galaxies, that determine a large-scale mass distribution in the Local Universe.
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Problem of source identification

apparent
| source
\direction
To reduce such

problems:

. considering events charged
particle

with high energies
E > 10%V

. taking into account
modern magnetic field
models

Summer Lectures, DESY, August 26th Berlin



Backtracking trajectories of EHECR events
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Distance, [kpc]

Backtracking trajectories of the EHECR triplet of events

— E=118310% eV - ¢ Calculated backward trajectories of EHECR triplet

---- E=1.355-10%% eV

£=1014-10 v B . based on JF12 Galactic magnetic field
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Possible sources of the triplet

\
' SGR 1900+14
] '

Cosmic rays

L] Possible sources

Name Type |, deg | b,deg | d, kpc
1 | GRS 1915+105 | Microquasar |[45.37|-0.22 | 8.6x2.0
2 [SS433 Microquasar | 39.69 | -2.24 | 5.5+0.2
3 | NGC6760 Globular cluster | 36.11 | -3.9 | 7.410.4
4 | SGR 1900+14 Magnetar 43.02 | 0.77 | 12.5%1.7

Solid circles - initial
positions of CRs in the
triplet with 1 sigma errors

Dashed circles - positions of

CRs (Z=6) at the distance
12.5 kpc from the Earth

Magnetar SGR1900+14 is the most promising potential source



Magnetar SGR1900+14

SGR1900+14 in IR band

Magnetars - neutron stars with relatively large rotational periods (2...
8 s) and magnetic fields of the order of 10! . . . 101 G.

It is believed that newborn magnetars with millisecond rotation
periods generate a powerful relativistic pulsar wind, whose shock waves
can accelerate cosmic rays to energies of the order of EHECR energy of

1020 ¢V and more.

Magnetar SGR1900+14: P=5.2s,B=4 x 10'* G, d=12.5kpc




Giant magnetar flares

Some magnetars, including the magnetar
SGR 1900+14, can produce giant flares of
gamma-ray emission (SGR 1900+14 flared on
27th August, 1998).
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Maximum accessible proton energy £, inalflaring source,

,ma

with bulk Lorentz factor I' =10

Proton maximal energy E, (I' = 10)

1021

10™ In case of SGR1900+14,
T max acceleration energy
C 20
TDEs BH mergers 1107 Lﬂ& Emax = £ X Ep,max > 107 eV
|1q13 for nuclei with Z > 10

| 10
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SGR1900+14 region
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Multiwavelength observations of SGR1900+14
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arXiv:2009.0608],

()ur m()del ()f SGR1900+14 ev()luti()n PoS(ICRC2021)672

1. Birthplace: 17 Myr ago in young 2. Explosion as SN Ic in stellar wind cavity .
stellar cluster Cl1900-+14 d=12.5kpc Newborn pulsar with P=1msand B=4 x 10'* G E o was transformedinto:
Magnetar with E,, = 10> erg  E,a < 10 erg (Hypernova model)
10
| ~r~§ ® [y < 10°% erg (magnetar wind nebula
ot Cfom (0 T model)
g T
> of i, I
| i = PWN HESS J1825-137 at 4 kps
st (SGR1900+14- twin)
-8
10 -12.45.00
. A.:o ; PSR J1826-1258
Spherical dust shell OHESS J1826-120 |
(ejecta remannt) 8

arXiv:1907.04516v1
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Sun
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collimated giant flare
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Evolution of the magnetar driven Hypernova/MWN
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Figure 15. Schematic representation of the parameter space of
ratio of the injected energy to the initial kinetic energy governs
expansion (vertical axis). On the other hand, the ratio of the ir
radiative efficiency (horizontal axis). The expected observation

Magnetar Wind Nebula (MWN) pressure protrudes dense internal part
=102 erg

-1.5 “1 0.5 0 oS ! 15

Break out of collimated wind jet creates large-scale MWN (r ~ 30

pc) with Eyppn < 10°2 erg and I
debris
(R=2-3 pc IR shell)

of ejecta and accelerates its external layers up to E, jecta

Dittusive Shock Acceleration at HNR shock :
E., ,= (55 -100erg, E.., = K,, X E. ~ 108 erg

~ 10°%rg ahead ejecta



Spectral energy distribution modeling in case of HNR model
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Spectral energy distribution modelling in case of MWN model

with ECBPL lepton spectrum

W Fermi 4FGL J1908.6+0915e
HESS J1907+089 (2021 data)

i HAWC J1907+085 (2021 data)

—— CTA South sensitivity (50h)
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PARAMETERS OF HNRAND MWNMODLELS
OF GAMMA-RAY EMISSION FROM SGR1900+14 OUTSKIRTS

Table 1: HNR and MWN NAIMA-fitted models of SED from SGR 1900+14 neighbourhood

2¥Parameter HNR: PL and ECPL spectra (i=p) MWN: ECBPL(i=e) MWN:Two electron population spectra (i=e)

PL ECPL ECBPL ECPL #1 ECPL #2
E min 1GeV |(fixed) I I I I I
Eax [GeV |(fixed) leb le6 le6 le6 le6
Noi|l/eV] (1.18+£0.04)e35 (1.42+0.05)e37 (1.90+0.12)e40 (4.41+0.51)e38 (8.81+£0.44)e34
Eoi |TeV] 3.93+0.1 0.78+0.01 0.19+0.01 1.91+0.19 [.81+0.19
Evori[TeV] - - 0.0047+0.0003 _ _
Ecui | TeV] - 185.2+9.5 396.7+41.7 0.0096+0.0008 9.99+1.06
Yl 2.55+0.01 2.41+0.03 [.49+0.07 1.65+0.11 -
Y2.i - - 3.04+0.06 - 2.58+0.17
Wy lerg] 5.03e50 5.12e50 - - -
We lerg] 1.04e49 2.16e48 3.60e50 5.20e50 6.08e49
ny [em™] 11.42+0.66 9.81+0.35 _ i _
Kep 0.02 (fixed) 0.0041+0.0002 - - -

In both HNR and MWN cases the TeV gamma-ray emission
corresponds to CR energy Ecg = 5:1050 erg in both

hadronic (HNR) and leptonic (MWN) scenarios
Such CR energies are expected in Hypernova model
of magnetar-related Supernova



Summary

The most promising candidates for UHECR accelerators are Hypernovae with millisecond pulsar/
magnetar, giant flares of magnetars, Kilonovae (NS-NS mergers), tidal disruption events etc.
accompanied by (mildly) relativistic jets with close to the Earth directions.

Galactic magnetar SGR1900+14 may be responsible for the observed EHECR triplet

Promising signature of effective acceleration processes in magnetars’ neighbourhoods should be
nonthermal high-energy and very high-energy gamma-ray emission

We have explained the observed gamma-ray emission from the magnetar SGR 1900+14 neighbourhood
in a model of magnetar-connected HNR and MWN created by an energy supply to a SN ¢jecta from a

fast-rotating newborn magnetar with initial rotational energy E.  ~ 10°“erg
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The era of multi-messenger astronomy

Multi-messenger carriers:

« Cosmic rays (CR, protons, nuclei leptons)

source

« Neutrinos

« EM radiation (gamma-rays etc.)
o Gravitational waves

CR are the principal, because:

Interaction of accelerated particles (CR) with
magnetic fields and EM background results in
generation of nonthermal emission and neutrinos




First steps in multi-messenger astronomy
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Dechnation [*)

The IceCube Collaboration et al., Science 361, 146 (2018)

Multimessenger observations of a

flaring blazar coincident with

high-energy neutrino IceCube-170922A
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Multi-messenger carriers: photons, neutrinos, CR + (gravitational waves)
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Variant 2: protrusion of SN ¢jecta due to CD instability

3D HD simulations of SN ¢jecta (105! erg,

10M
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Variant 1: Evolution of magnetar driven Hypernova

(E,jeetra = 107" erg, E = E. . = 10"erg)

mag_wind —

Energy Dominated MWN SITUATION:

Magnetar Wind pressure accelerates ejecta
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Spectral energy distribution modeling in case of HNR model
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Spectral energy distribution modelling in case of MWN model
with ECBPL lepton spectrum
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Naima package

Naima is a Python package for computation of non-thermal radiation from
relativistic particle populations. It includes tools to perform MCMC fitting of
radiative models to X-ray, GeV, and TeV spectra.

Model:
1) Power law spectrum or power law spectrum with exponential cut-off

f(E) = A(E/Ey)™
f(E) = A(E/Ey) “exp(—(E/E)F)

2) Pion decay, Inverse Compton, Synchrotron

3) Prior parameters for fitting: spectral index, A, E,, E., nh (for pion decay), B (for
synchrotron)



Hadronic mechanism of emission

The main mechanism for the energy loss of protons and nuclei of
the TeV-PeV bands in the ISM is the inelastic nucleon-nucleon
(mainly proton-proton) collisions, as a result of which charged and
neutral pions are born. The decay of the neutral pions into
gamma-photon pairs completes the operation of the so-called
hadronic mechanism of gamma-ray production.

p+p/y—=p/n+rt+7’ + K* 4

= w4y,

ut et + v, 4+,
T = U+,

B =€ -+ Ve + Vy,
T — Y+ Y
K* = ut/u=+v,/v,



OUR MODEL: HYPERNOVA EXPLOSION IN CAVITY BLOWN
‘
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SED modelling in case of MWN model
with 2 component ECPL lepton spectrum
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Slide about leptonic mechanism



