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éOFe nucleosynthesis-clock isotope in Galactic cosmic rays

Binns et al 2016

beta-decay primary t;,, = 2.6 10 yr
primary cosmic-ray clock 105

ACE - CRIS instrument 10°

(Si solid-state detectors) -
c 10
=

17 yr of data collection at 195 - 500 MeV/n S 102

3.55 10° Fe nuclei 15 %Fe nuclei 10'
0
average source ratio 0Fe/%¢Fe = (7.5+-2.9) 10-5'°
ratio ejected by massive star ~ 4 10-4 50 52 5&3885?am 5)8 60 62
time between nucleosynthesis and acceleration: 10° yr < T < 2 106 yr
AN
Ni %0Fe

distance to the source (SNR) < 600 pc



basic Galactic model of cosmic-ray origin: acceleration in
SNR and pulsars + diffusion in interstellar magnetic fields

Ginzburg 1953, Ginzburg & Syrovatsky 1963, Berezhko & Krymsky 1988, Berezinsky et al. 1990
Galactic - /\fetmi\bybble

_—~wind _
I P C(\smzc—ra,y halo™,
A
N ‘ I /!

D ~3x10% cm? /5, at 1 GeV/
Doc(p/Z)', a=03..05 >1GeVi

resonant scattering r, =1/Kp

Lcr z1041erg/s’ ch m(p/Z)ys’
Y, =27-2=22.24, >1GeVin

numerical modeling: GALPROP
Strong & Moskalenko 1998, Strong et al 2007
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Events per 1347 Days

high energy neutrinos of cosmic origin

1 km3 IceCube neutrino detector at South Pole: registration of Cherenkov
light produced in ice by charged secondary particles

B Background Atmospheric Muon Flux

10° i mmm Bkg. Atmospheric Neutrinos (m/K)
=223 Background Uncertainties
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— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-**)
— - Bkg.+Signal Best-Fit Astrophysical (fixed slope £-?)
10 LB T 1 1 |eee I
: IceCube Preliminary
10°
-1
10
0 TeV
Deposited EM-Equivalent Energy in Detectol
101 | P | il
m Conv. atmospheric v, + ), (best-fit)
1075 B Prompt atmoespheric v, + &, (flux limit)
B Astrophysical v, + &, [best-fit) 3
p +++ HESE unfolding: I’n.‘ii_]("l{l"}ﬂ];';J'l]IJhI [
107" 3
1077 4 _
].U_‘ﬁ 3 E
107 5
| T
10° 10 10° 10 10

E2(dN/dE,)=(0.84+0.3)x10* GeV cm? 5™ sr”

~ WB bound;
no significant clustering found;
consistent with isotropy

Aartsen et al. 2013, 2014, 2015
54 (= 40+11) events at 30 Te V -2 PeV in 2009 - 2014

track events

= complimentary measurement: interaction
vertex can be outside the instrumental volume

Aartsen et al. 2016
29 events at 200 Te V - 5 PeV in 2009 - 2015



spectra of protons and pp neutrinos produced in SNR IIn

during 30 years via interactions and decay chains

+ + + + -
T S>pVvV,p —>evyv,

E, ~0.05xE,

Eg\=10°* erg, M=10 Mg, k=9,
presupernova wind mass loss
dM/dt=10-2 Mg, [yr

stellar wind velocity u,=100 km/s,
T, = 104K

neutrino flux produced by

1

0.1
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0.001

SN IIn in the Universe

SN IIn rate 10-6 (1+z)3-3 Mpc-3 yr

Zyox < 10~ (1+2)% 1< 2 <5
~ 1% of all core collapse SNs
in the Universe

Zirakashvili & Ptuskin 2016
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Correlations of IIn SNe and IceCube neutrinos

only: ~ 2 IceCube events are expected to be associated with known
Type IIn SN at z < 0.1;
14 of 54 are track events with angular resolution <~ 1 degree
(the rest <~ 15 degrees)

track event #47 from the 1s' list:
1.35 degree from SNIIn 2005bx; z = 0.03,
M_dot = 0.037 M./yr, u, = 813 km/s
{expect 0.25 tracks within 1.35 degree direction to known 200 SNIIn}

track event #11 from the 2nd list:

0.3 degree from SNIIn 2005jq: z = 0.23,
age at detection 5.3 yr

{probability of coincidence = 0.02}




anomalies in cosmic ray enerqgy spectra
below the knee

deviations from the plain power laws at 10 t010% Gev/n:
ATIC-2 (Panov et al. 2009),

CREAM (Yoon et al 2011),

PAMELA (Adriani et al. 2011),

AMS-02 (Aguilar et al 2015), ...



secondary nuclei

9 o4l i |
"(E 0.4 .%Qg? AMS-OZ BIC ‘ .
U:: 0.3 **’i%,%, . 7 M Carbon events i e i
S : %rﬁ{ 2 M Boron events '
E 0.2+ + i
O ? §
..? o  AMS-02 % %
PAMELA (2014)
g 0.1— : TRACER (2006) i (@)
B C &  CREAM-I (2004) ¢ foa) 1
T SR v } 107 -
[ o Buckley et al. (1991) il
0.05 - % CRN-Spacelab2 (1985) AMS-02 B/C data
004 3 iescseiom B/C best fiti I
s Smonstal(le7aterey L b L T estiitin Sampe
0.03 o Dwyer & Meyer (1973-1975) i propagation uncertainties
o Orthetal (1972)
0.02 ||||| 1 I ||||||| 1 L ||||||| L ||||||| L i
1 10 102 . 103 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
Kinetic Energy (GeV/n) 10" 10° 103

RIGV]  Kappl et al 2015

L L T T T T T T T T T T T T T T T T

p/p

1 1 H

T T 1T

1074
Q i
= L AMS-02 plp data
--------- B/C best fit in sample 7
15 — —— pl/p best fit in sample
" propagation uncertainties ]
nuclear uncertainties ]

1 |||||||| 1 |||||||| 1 T N |

1 10" 10?
T [GeV/n]



hardening of H & He spectra above ~ 230 GV
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some suggested explanations of features in H & He spectra:
hardening above 230 GV

spectrum produced by superposition of sources Viadimirov et al 2012, Zatsepin & Sokolskaya 2006;
reacceleration by SNR shocks VP, Zirakashvili, Seo 2011, Thoundam & Hoerandal 2015;

effect of local sources Erlykin & Wolfendale 2011, Bernard et al 2013, Liu et al 2015;

streaming instability below 200 GV Blasi, Amato. 2012;

different turbulence in halo and disk Tomassetti 2012.

spectra of p and He are different
shock goes through material enriched in He:

bubble Onhira & loka 2011 or variable (ionized) He/p concentration Drury 2011;
p,.He injection for varying M, Malkov et al 2012.

possible explanation of both features: e e
concave spectrum and contribution of - = J
reversed SNR shock VP, Zirakashvili, Seol 2013  He ] 1
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- reverse shock in radioactive ejecta Eliison etal 1990, Zirakashvili, Aharonian 2011

- annihilation and decay of dark matter Tylka 1989, Fan et al 2011
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structure above the knee and

transition to extragalactic component

knee at 3 PeV (light
primaries),

hardening at 20 PeV
(medium component),

2 knee at 300 PeV

Sveshnikova et al 2014:

composition at 1PeV: H 17%, He 46%, CNO 8%, Fe 16%
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the classical view:

rigidity dependent cut-
offs of different nuclei

groups (E.~2)

the composite knee —
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acceleration limit of
the Galaxy

+ EG component H 75%, He 25% as in Kotera & Lemoine 2008
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extragalactic sources of cosmic rays

energy release in units 1040 erg/(s Mpc?)

needed in CR SN AGN jets GRB newly born accretion on
at E> 10195 ¢V fast pulsars galaxy clusters
(< 5ms)
3104 (Auger) 3 101 3 310-4 103 10
kin. &6 1072 for X/gamma rotation strong shocks
8 103 for E>10° eV L, > 104 ergls

Ve /SHOCKED IGM

/ OBSERVABLE
RADIO LOBE

'SHOGKED
JET MATERIAL

Schematic diagram of overpressured cocoons around jets (Begelman & Cioffi 1989).

seNjets  E, <10 xZxBVx(L, /105 erg/s) eV

Lovelace 1976, Biermann & Strittmatter 1987, Norman et al 1995, Lemoine & Waxman 2009
fast new born

pulsars E o ® 10" x Z x (Q / 104sec)2 eV

B =1012 10136 Gunn & Ostriker 1969, Berezinsky et al. 1990, Arons 2003, Blasi et al 2000, Fang et al. 2013
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- light composition
- "hot spot” anisotropy

if protons dominates:

source spectrum
~ E2, E o ~ 10%! eV;
6ZK suppression

Auger

- transition to heavy elements
above 1019 eV

- anisotropy - correlation with
matter distribution

source composition is highly
enriched in heavy nuclei;

source spectrum is more hard
than E-!, E, . ~ B 1018Z eV



Conclusions

Cosmic ray origin scenario where supernova remnants serve as principle
accelerators of cosmic rays in the Galaxy is strongly confirmed by
numerical simulations of diffusive shock acceleration. PWN may be
responsible for observed flux of cosmic ray positrons.

Diffusion provides reasonably good description of cosmic ray
propagation in the Galaxy even under simple assumptions on cosmic ray

transport coefficients and geometry of propagation region (e.g. as
loaded in GALPROP code).

High precision measurements confirm anomalies in cosmic ray spectra of
Hydrogen and Helium that require further theoretical work. The
antiproton data are compatible with pure secondary origin but allow DM
annihilation contribution above ~ 100 GeV.

Eliminating the uncertainties with energy spectrum and composition is
necessary for understanding of cosmic ray origin at the highest
energies.



Neutrino production of accelerated protons in extragalactic
SNIIn supernova remnants may explain the flux of high energy
astrophysical neutrinos observed in IceCube experiment.

other models from review Murase 2014:
HighI-Luminoslity GRB :

=T Newbom Magnetar 7]
Starburst Galaxy -------
-6 - Active Galactic Nuclej - i

Galaxy Cluster/Group ===
Cosmogenic -------
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cosmic ray anisotropy, equatorial dipole amplitude
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