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Galactic cosmic ray sources: Julia Tjus,

a multimessenger view RAPP Center,
Bochum, Germany
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Astroparticle physics today —
keeps us all busy!
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Galactic origin of cosmic rays? — basic arguments
from the 1990s

" Intensity

N 41 1 n Esn o
Ler = 2-107 erg/s - (m) : (W) - (H]Terg) (e.g. Drury (2014); Gaisser (1991))

= Central candidates SNRs (following Baade & Zwicky 1934)
= Extragalactic sources can only reproduce part above ankle
= =» Part below knee must be of Galactic origin, best candidate: SNRs

= |Sotropy

(e.g. Sigl 2017) 0(E,d)~1°-Z - ( E )_1 . ( Lc )1/2 . ( d )1/2 . (Brms)

1019:5 ey 10 pc 8 kpc 3uG

= =» 1020 eV particles would lead to a highly anisotropic signature if they
originate in the Milky Way: part above ankle should be extragalactic
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Information available today to investigate origin

Direct: cosmic rays p Indirect: e, v, v, ...

» Hadrons: Spectral
behavior (all-particle
and chemical
composition)

MeV - ZeV
= Electrons: primary

spectrum (local)
MeV — 20 TeV

= Anisotropy level
TeV — 10 PeV, EeV

Pe— Positronspectrum/
1 = muon -fraction MeV - TeV

T = pion

v=neurino ® Gammas: Sources,
et=electon  Hiffuse emission

e~ = positron

T:photgn MeV - 10(0) TeV

= Neutrinos: first

detection
Vi TeV - PeV

Julia Tjus (RAPP Center) @ TeVPA 2017 % RAPP
~ ‘ Center



Talk today: Galactic multimessenger approaches
from MeV to EeV
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Voyager-I: direct view, uninfluenced MeV spectrum

» Transition ionization/pion ' T %1 T
dominated at ~ 100 MeV % Ty
IS )
= Total momentum loss: ER g
% spallation I
g (A>1)
- ) ) E IV \
p= ”gas[blz p - +bi(l+a)p] 2 D(p)aa_]y + (3ip [pN] — % =—0(z, p) i
£ L7 c |
/ T \ 2 Diffusion Ienergy source %
lonization 7t production adla_batlc : (scalar) 0% |
cooling (wind) o1—————u T
Energy (MeV)

Schlickeiser, Webber, Kempf (2014) - —
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lonization by cosmic rays: influence on the ISM

Vib/Rot modes: H,0*

IE' OA@ O&&O Gfbo = Molecules in

HEH+ symmetric stretch asymmetric streteh bend I’Ota’[lonally/
He lH? x , . vibrationally
cR forstons s excited states

H, ——= H>" — Hs™* —PQH+ — H,Ot —— H;O*

H le' l le' le' A//le_ = Cosmic ray

2H O OH H.O tracers?

cR =+ = =+
H— H*T——=O

H
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Molecule spectra at SNR: H," and H,;*

= First prediction of an —— —
observable H," spectrum s S
= H,* simplest tracer of |
lonization rate (Herschel etc, oo _
see papers by Indriolo et al) z |

= H,* would be best tracer, but
with half-life of ~6 months

0.2 -

|-

= Prediction for possible
deteCtlon In eXtreme IOnlzatlon Wavelength A [um] 6 B che;ei(;thm[um]bo "
environments (Crab'?, SN RS'7) Becker, Black, Safarzadeh & Schuppan, ApJL (2011)
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Fermi detection of pion bump (W44, IC44 & W51C)
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1

ionization rate, normalized to 2.0*10"%s

Fermi detection of pion bum
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Enhanced ionization rates @ TeV sources
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Enhanced ionization rates @ TeV sources

Vaupré et al, A&A (2014)
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Talk today: Galactic multimessenger approaches
from MeV to EeV
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Voyager & AMS: p/He explanation?

| I

» Rigidity-dependent ratio

» Possible explanation:

= Jower-mass SNRs with high
H/He ratio (red-dotted)

= Wind-SNRs (lower p/He ratio,
harder spectrum)
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see also talks by Daniele Gaggero (Wednesday),
Veronica Bind (Thursday) and Stephan Zimmer (Friday)



Chemical Composition (AMS,
CREAM, PAMELA)

» Break at same rigidity ~ 300 GV
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Cosmic ray dipole anisotropy

» Dipole vector:

N 90
§=3Kv(nn) + (a+2)-""~Ae;+Be,
= =»Options below flip: %0;;3'
» Local source anistropy (e.g. Erlykin &  £22]
Wolfendale 2006, Pohl & Eichler 2013), 13af
projected onto local B-field (anlers ol
2017) T
= |SM velocity (Biermann, JBT et al 2013) 3
= 2 Above flip:
= change in B-field OR velocity field?

= Galactic Center?

90 L

| Super-K ~ @IceCube @lceTop VWK-Grande A Tibet-ASY EAS-TOP *ARG()-YBJI

L J
*oxxx « K 0% 8 Fig Anlers (2017)
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High-energy neutrinos from the Cosmos

= No significant
clustering along the
Galactic Plane

Only fraction of detected
neutrinos of Galactic
origin (or halo-scenario)

o N* Throughgoing Tracks

2 N New Starting Tracks @ I\ Earlier Starting Tracks TP T
& N New Starting Cascades & /' Earlier Starting Cascades Copper for IceCube (ICRC 2017)

: 10 10° 10°
See also talks by Francis Halzen ‘
and Marek Kowalski (both Tuesday) Deposited Energy or Muon Energy Proxy [TeV]




Galactic neutrinos — diffuse intensity?

= y-ray emission too low to
produce the full signal (e.qg.
Mandelartz & JBT, Winter et
al, Neronov et al, Ahlers et
al)

= all models << 10%

= Maximum energy should be
lower than the observed few
PeV:

* Ernaxe ~ Emax cr/20 ~ 100 TeV

maxv

N:—I . ELELEE BLELELE BUNLELEY BLRLRLEN B NN BN NN BLNLELE B
g TR, ® IC-79, unfolded -
@ 10 Ttvel } E

T SE 0 T + —— | ]

10 2 T | =

Z 9 T, :
O 10 preeee R E
:I;JQ L]0 B
H _!j‘ ; E
&0 |

21 this work, E...,=1PeV L
1 B this work, E ..=3PeV

: - atmospheric, conv :

1o P BMeontribution | N
46 48 5 52 54 56 5.8 6 6.2 64

Mandelartz & Becker Tjus, Astrop. Phys. (2015) lﬂg(E\, J"GEV)
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Galactic Neutrinos:

localized regions — point sources

KM3NeT preliminary - detector with 2 building blocks
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E? ®/(TeVem 2s 1)

Galactic Neutrinos:
localized extended regions
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Talk today: Galactic multimessenger approaches
from MeV to EeV

1) MeV - GeV: Voyager,
lonization and Gamma-
rays

2) GeV — PeV: Composition,
Anisotropy, Gamma-rays
and Neutrinos

3) PeV - EeV: Composition
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Spectrum & Composition above the knee
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» Flattening of the all-particle
spectrum at ~ 106 eV, re-
hardening at ~ 1017 eV
(KASCADE-Grande, TUNKA,
lceTop)

= Composition becomes
heavier toward ankle i
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Acceleration at Wind-SNR Thoudam et al (2016)

= Acceleration at WR-SNRs
(Stanev, Biermann,
Gaisser 1991)

» Extreme maximum
energies possible due to
possibly large

= Good fit of the overall-
spectrum (but: detalls of
rigidity breaks?

——H = SNR-CRs C/He=0.4
-~ He === WR-CRs
=:=i=1 EG-RSB93
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Contribution from Galactic Wind Termination Shock?

= 600 km/s (MHD S .

wmd = ] CasaMIA -
modeling, Bustard et al 2017) §*» T i
= L = 10*%erg/s (10% of E,;,)) ¢ |
2.0 22 24 26 2.8 3.?DQ(EHEV?.3 35 37 39 41 43
= O(5%-20%) of particles travel . o b .
back to Galaxy: could Sisen
contribute to CR spectrum Broedm
above the knee e I TR T e m— '
m (detalls |n prep) 0 30 60 % 1ét;ewamn Tj-rsngpuintt[M]\;réiG 210 240 270 300

Lukas Merten, talk in ,,Cosmic Rays” @ 2pm .E.é-‘
Julia Tjus (RAPP Center) @ TeVPA 2017 RAPP
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Summary & Outlook

» Data have revealed many detailed features of the CR spectrum in the past
10 — 15 years that challenge astroparticle theory

= SNR-scenario still works quite well (including wind-SNRs), but questions
on details have become more
= Future developments in theory: | Z o oo o "
= Full anisotropic diffusion models | crPropa 3.1 [Merten,IBT, Fichtner, Eichmann, Sigl, JCAP 2017]
on the way
= Careful analysis of plasma parameters necessary to determine diffusion tensor

= EXperiments:
» |SS-CREAM, Auger Prime, KM3NeT, IceCube-Gen2, CTA, LIGO ++ on the way

= \We have the privilege to work in exciting times!

Julia Tjus (RAPP Center) @ TeVPA 2017 . — ‘
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