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The origin of cosmic rays

» Charged CRs: GeV — 1e11
GeV

= CR electrons < 1e3 GeV

= vy-rays: GeV —100 TeV
(CR energy equiv.; mostly
ambiguous still — IC/brems)

= Neutrinos: 100 TeV — 20 PeV
(CR energy equiv.; no
directional information yet)

SUGAR 2015 | Geneva | Jan 22, 2015

Energies and rates of the cosmic-ray particles
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Source region, e. g.
surrounding dust clouds,

Source, e.g. Galaxies...

Supernova,

Interstellar
Active Galacti dust clouds

Satellite
experiments

p.C
Cherenkov

detector

Intergalactic
magnetic fields

Protons / charged particles

Air s_hower
Atmosphere

SUGAR 2015 | Geneva | Jan 22, 2015 Fig: W. Wagner, PhD thesis, TU Dortmund, Germany (2004)




RUHR-UNIVERSITAT BOCHUM
Theoretische Physik IV | Julia Tjus (born: Becker)

Multimessenger Astroparticle Physics
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Contents

Basic arguments from cosmic ray measurements

" Information from observations & (transport + source)-
modeling

SNRs as central candidates:
" direct information from photons and neutrinos

Outlook: expectations for the future

Summary
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ditions from CR observations

iC con

Bas

on

ity criteri

INOSI

(1) Lum

L<2d  Pulsars

[a |

<o [ ey
— —

[s/81a, o1] *

ty

iNoSi

= v, ~c > CR velocity

Cosmic ray lum

= 1~107 yrs > CR lifetime in Galaxy

- Galactic volume

V ~ 1087 cm3
Lcr = / / ver/(4m) - T -«

"JdE - EdE dV

IN

Comparison Supernova Remnants

1~y

10

-6
) 10

Lerg

Esn
10°

)-(

(e.g. Drury (2014); Gaisser (1991))

i)

0.02vyr

T

.?1)'(

0

Lep &~ 2- 101 erg/s - (

7

)
logl(E . /GeV)

6
Fig: Becker, Phys. Rep. (2008)

0

10

SUGAR 2015 | Geneva | Jan 22, 2015



RUHR-UNIVERSITAT BOCHUM
Theoretische Physik IV | Julia Tjus (born: Becker)

Basic conditions from CR observations
(2) Hillas criterion and maximum energy

= Breaks from different source classes? - . | ]
E.. ~ 1015eV/3*10'8eV/ >3*10'8eV GT P stars proton (5 = 1)
MT t I
. . . e, ‘white
= Hillas criterion: E< Z*e*B*R N e
(Hillas 1984) q KT  Nu B
= Necessary condition! 2 ol o 0\A(_1N
;:f Sll!]‘ ‘.‘ CRR bhml
= Time scale comparison for SNR shows: & | e 4/\‘ :
( V shock )2 B ) mG (ll]llllglf:;‘ % NN BG
. O \ “mgalas
8 mtul.)lmot SNR & N (‘Ql,l\t\(“\r
300 yrs \10 cm /s j ,LlG /IG i medium * . intergal.
See e.g. Blasi, A&A review (2013) g'*(llf\“c lh’?\ fme‘mm
\ star ll‘S
. . G |- \ “md
= = magnetic field needs to be enhanced " [. . . L e T
over ISM-field (B ~ 100 — 1000 MG) km Mm GmAU pc kpe Mpc cHy !

characteristic size R
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Magnetic field amplification

= Non-linear DSA, plasma
instabilities

]_UI'?

(see e.g. Bell 1978, 2004, 2014; Blasi & Amato 2009)

= Supported by
observations of X-ray
filaments

(e.g. Vink et al 2006, 2012;
Ballet 2006 - rim width;

e.g.Patnaude and Fesen 2007,
Uchiyama et al. 2007 - X-ray variability)
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Basic conditions from CR observatlons

(3) SpeCtraI b&hﬂVlOf upstream

= (QObserved below knee:

= Leaky box model (simplest S a1
version): y |

« dN/dE ~ dQ/dE * 1,

downsiream

= dQ/dE ~ E™@

" Tesc D-'~E

» 3 dN/JE ~Ed~E27 |NGE)=Y (-7 )"
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Source spectra — massive
star projenitor SNR Diffusion coefficient

Expected B/C for 5 years

g 1: - T = HEAOD
E B - - - - o Chapped ot al
= Y T g - Semon et al
Y r . - ATIC
o I - fassanee : CREAM
R s 1 . . ® CALET (expected)
P.al . T
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458 e 0=03
10 e }'; e Liv' e
- . ‘,. ~ ! ' + I —
i | 0=06 § +
: s gl 2 aa sl : wasaul Dt
10%
$ 1 10 10° 10° 10*

kinetic energy [GeV/n]

Fig: CALET experiment

T ~ E-0-3 - E-06

Massive star progenitor (= explosion into dense wind)
Perpendicular shock, acceleration E-2,
locally steepened by turbulence, dQ/dE~E-2-2-E-2.3

SUGAR 2015 | Geneva | Jan 22, 2015 Biermann, Becker et al, PRL 103:061101 (2009)




RUHR-UNIVERSITAT BOCHUM
Theoretische Physik IV | Julia Tjus (born: Becker)

Source spectra — massive
star projenitor SNR

Diffusion coefficient

Expected B/C for 5 years

g L = > . a I = = HEAQD
] L - - - - - - o Chappe! ot ol
— = = = - - - — Simon et al
\ - -¥ ATIC
B CREAM
° CALET (expectec

2.74/- =
=> dN/dE ~ E-2-7+-0.2 =" —
| Compatible with observations - TT =

1 10 10? 10° 10*

kinetic energy [GeV/n]
Fig: CALET experiment

T ~ E-0-3 - E-06

Massive star progenitor (= explosion into dense wind)

Perpendicular shock, acceleration E-2,

locally steepened by turbulence, dQ/dE~E-2-2-E-2-3

SUGAR 2015 | Geneva | Jan 22, 2015 Biermann, Becker et al, PRL 103:061101 (2009)
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Basic conditions from CR observations

-1 x104
(4) Composition ] oo
:ﬁ 1.2 : -
. = 1.0 -
= Flattening of the ER - Q|
spectrum around || e
100-1000 GeV/N 10 102w 103
5x10°
N [®] PAMELA Helium
= Not clear yet how % | o AMscets
pronounced break is -
for H & He e ¥ %
= =2 o é%“
- W e T T 0

(talk Pasquale Blasi)

SUGAR 2015 | Geneva | Jan 22, 2015 AMS, ICRC 2013

rigidity (GV)



RUHR-UNIVERSITAT BOCHUM
Theoretische Physik IV | Julia Tjus (born: Becker)

Basic conditions from CR observations

(4) Composition
. : = 10°g
= Break clearly visible for heavier & E “M-—gg,,%fk
nuclei (CREAM data) R A i
u':_u 10 ;_AA - ‘DMH
> - c
. 3 -
= Explanations? 15 E g _
. g % wi” - a W O % 5107
= Galactic Transport > difficult ™ 10"z & ,
to explain difference between = o2L f”‘”"ﬁgﬁ
steep proton spectra and flat N S
nuclei spectra e A ot
- . . Y4 . = 107
= Intrinsic source properties e & i % g e
(e.g. local effects > Biermann R
et al 2010; Tomassetti (2012); o6l £ '
Blasi et al (2012);...) - ok )
1077 E “‘f“ Fe =< 107 Ao HEAO-3
SE e m ATIC-2
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Basic conditions from CR observations
(5) Anisotropy

= Northern
hemisphere:
MILAGRO and
TIBET

= Southern
hemisphere:
lceCube

= Level ~103-10* A

1.002
1.001

1.000

0.999
0.998

SR D | Eonee | e 22, 2078 (talks Paolo Desiati, Segev BenZvi)
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If you don‘t know yet what to do
next week and want to know more
about cosmic ray anisotropies:

e "Cosmic Ray Anisotropies”

Registration

26 - 30 Januar 2015, Physk Zentrum Bad Honnef, Bad Honnef, Germany

The mderdscipiresy workshop wil gree a synopbc ovenaeyw of the cosmec ray anisoropy obiservabons by e

Geiertifa Praoram roe area ilescooas a8 oeCubee, Milaaro, the Tibet alrshower aray amona ofwers, and hose abserved by

SUGAR 2015 | Geneva | Jan 22, 2015
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Basic conditions from CR observations
(6) Electrons and positrons
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Astrophysical explanations

manifold =

T PAMELA 2011 [
o PAMFLA 2013 |

SNRs in dense CSM (e.g. 107k
Biermann et al, PRL 2009: ;
Mertsch & Sarkar, PRL 2014)

IOEE

Pulsars (e.g. YUksel, Stanev &
Kistler, PRL 2008)

E* J(E) (GeV'm™s™'sr™)

el
::"]

10"t
improved transport modeling N
(e.g. Gaggero et al, PRD 2013) O D R I
10° 10 10? 10°
No real need for DM, but who E (GeV)
knows... Gaggero et al, PRD (2013)
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SNRs as THE cosmic ray sources
— a basic check

. Luminosity criterio @
2. Maximum energy criterion ¢'o still with open

questions)

3. Spectral behavio @

4. Compositior(> ok 3
5. Anisotropy(> ok
6. Electrons and Positrons -&Z different possible explanations

SUGAR 2015 | Geneva | Jan 22, 2015
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Contents

Basic arguments from cosmic ray measurements

" Information from observations & (transport + source)-
modeling

SNRs as central candidates:
" direct information from photons and neutrinos

Outlook: expectations for the future

Summary
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1.) CR acceleration 2.) CR interaction 3.) Detection
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E . ~1015-17eV E_. ~1014-16gV
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Dominant interaction process
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[ Figure: Kelner et al, PRD (2008) i
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Sources:
available information from observations

= Radio observations = sources of non-
thermal electrons

» Difficulty: losses through synchrotron
radiation change spectral behavior,
dependent on B-field at the sources.

» Signal can be influenced by other
processes

= Gamma-ray radiation - hadronic sources
» GeV - TeV radiation

= Difficulty: Other radiation processes
(IC/bremsstrahlung)

= Molecular ions: lines
= Cosmic ray ionization

= Difficulty: CR spectrum at low energies
not known

Karlsruhe | Dec 12, 2012
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Radio: Synchrotron
spectrum as electron

SpeCtrum tracer E 50 " Spectral index data from Green (2009)

g 70 b
" Details of spectral behavior 2 :
complex 60 ¢
" Distribution of SNR radio spectral 50 -
indices, S, ~v™® 0 ]
" p=2%+1, dN/dE ~ EP
" Green'’s catalog: 4 ]
" <a>~0.6><p>~22 20 ¢
® Same true for protons? 10 _

0 B e, .

0 0]0203040506070809@]

Karlsruhe | Dec 12, 2012
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Example: CasA
IC + brems + 10

= Brems + IC works with current data
= 10 works as well

= - discrimination of models:
= high-energy cutoff (hadronic
models > IC)
= Low-energy cutoff (hadronic
models > brems)

= - extension of detected energy
range will help to distinguish models
(>CTA/HAWC)

Figs from Mandelartz & Becker Tjus, Astrop.Phys. (2015)

Karlsruhe | Dec 12, 2012
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Brems - IC — 1t©

1000

= Simplified example,
= Assumptions:

= same number of
particles
accelerated

= same injection
spectrum (E2)

» fixed synchrotron
spectrum

100 Bremsstrahlung

n_H (cm”-3)

10

1 10 100 1000
B (muG)

Karisruhe | Dec 12, 2012 Mandelartz & Becker Tjus, Astrop. Phys. (2015)



SNR #
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24 y-ray spectra — derivation of

maximum contribution from protons

21 out of 24 possible to fit hadronically

Karlsruhe | Dec 12, 2012
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SNRs:Neutrino emission
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IceCube: first detection of astrophysical
high-energy neutrinos

= Neutrino energy range ~ 10 TeV to > 2 PeV
= =» cosmic ray energy range covered: ~ 200 TeV to > 40 PeV

= =» transition region knee to ankle: mix of Galactic and extragalactic
sources expected
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Aartsen et al (IceCube Coll), Science, Nov 2013
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Energy spectrum up to PeV energies

e T IC79 unfolding
o L
-g 1 0'4 = IceCube - HESE (Science "13)
%) E ————— Fedynitch et. al. (QGS) + Enberg et. al.
o L
el_.LIJ 1 0'5 = - Fedynitch et. al. (SIBYLL) + Enberg et. al.
'c|'o i
c|\I.|J i Sum
10 3
107 - IceCube preliminary
108 =
L -
o,
10° = ~
E ~le,
C \\:'.‘"-'\".
L S,
|- \;:"Q.\-'
10_105| L L . . PR | . . P . Ny
10° 10° 10* 10° 10° E [GeV]

SUGAR 2015 | Geneva | Jan 22, 2015 Florian Scheriau, Wolfgang Rhode et al, for the IceCube Collaboration, ECRS 2014
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No significant clustering in the
Galactic Plane

Temporal evolution of a cascade can be used to get to resolutions
of a few deqgrees:

S eemnsghisssasmincnnsupansnnsglesnasnnbonansan

......................................................................................................................................

Galactic

0 TS=2log(L/LO) 11.2917

SUGAR 2015 | Geneva | Jan 22, 2015 Aartsen et al (IceCube Coll), Science, Nov 2013
Aartsen et al (IceCube Coll), PRL 2014
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Theoretische Physik IV | Julia Tjus (born: Becker) : J
u = = = in 10 2/rect meosurem. . Jrem.
Galactic origin v signal? v ,
5710
Supernova remnants >
§ 0
Astrophysical signal of strength: g“‘j b
E2*dN,/dE, ~ 10-® GeV s' cm2 sr 7 . 10-20/m’/yr
= Bt 1 .
= Too strong & 10
, A =6l S R T
Spectral behavior ~ EA-2.3: 10|« horsa
S " :?—,.kUtSk .
-8 Tibet
S :
: : : : 102 L Froton-sa I
Spatial Clustering?: isotropic -

e 2 3 4 5 6 7 8 9 10 11 12
= would expect clustering in the loglO(E /GeV)

Galactic plane

Temporal Clustering?: no

SUGAR 2015 | Geneva | Jan 22, 2015
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Prediction: Neutrinos from Galactic

sources

Conclusions from basically all papers: MAX 1-2 events per year contributing to

JHESE® results (= max 10%-20%)

= Unidentified y-ray sources: max 2

events
» Fox, Kashiyama, Meszaros ApJ (2013)
= Neronov, PRD (2013)
= Razzaque, PRD (2013)

= CR interactions: <<1event
= Joshi, Winter & Gupta, MNRAS (2014)

=  Well-identified y-ray SNRs: <<1event
= Becker Tjus & Mandelartz Astrop. Phys. (2014)

SUGAR 2015 | Geneva | Jan 22, 2015
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Fig: Mandelartz & Becker Tjus, Astrop.Phys (2015)
ISM-vs: Joshi, Winter & Gupta, MNRAS (2014)
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Low-energy signatures from
cosmic ray interactions

proton-proton

Der+Hy 2 g +Hy +e
per + H, > H+H;

< H;,H2D+,HCU+,HC3NH+,CE,H',...
excited in rotation and vibration

Signatures: gamma-rays; neutrinos; ionization-induced molecules

SUGAR 2015 | Geneva | Jan 22, 2015
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lonization rates for five SNRs

le+10 — — \W49B — le+25
| - 1C443 L
— W44 I
1e+08 - —- W28 - 1e+24
—- W51C L
§ stopping range
le+06 4 L 1e+23 &
—_— L -}
--..__“H‘-“ "'4._“- | E.
1 - ~~r 5
3 . S~ e L [1=]
& -._____‘.-“ H“"“"-.._. ._“‘“ 3
< le+04 ~— Sl e - le+22 3
Fr ~—— h“‘--._“ T~ . 3 ©
] e S, Sl T
—— S~ TSI 0
100 A I - le+21 i.
| ~——— — T - H"“’-“;‘.‘.
. — ‘“"h'___‘_‘_t le+20
0.01 T T T T T T T T T T T T T T L | le+19
1le+05 1le+06 1e+07 1e+08
Emin [EV]

(Careful: dependence on extrapolation towards low energies increases with
decreasing Emin)

Still > Expectations even for large Emin can be far above Galactic average

SUGAR 2015 | Geneva | Jan 22, 2015 Becker, Black, Safarzadeh & Schuppan, ApJL (2011)
Schuppan, Becker, Black, Casanova, ApJ (2012)
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Molecule spectra at SNR: H,* and H,*

First prediction of an observable [t e renten = o

L g‘N(HZ}=1C'g at n(H,) 102 0.8 - resolution = 100 nm

H,* spectrum

H,* simplest tracer of ionization : “*|
rate (Herschel etc, see papers
by Indriolo et al)

L 0.4
.01 -

Intensity [J

0.2 -

Coincident observations with

significant spatial resolution -

submm arrays + IACTs

Wavelength & [um]

Becker, Black, Safarzadeh & Schuppan, ApJL (2011)
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Schuppan, Becker, Black, Casanova, ApJ (2012)
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Radial profiles

= Examples W49 and W44

] 0.5 1 1.5 2
1a+07 TR TR TN TN N TN TN N N T Y N TN [N SN N Y TR AN SN N 1e+07
1e+06 e 1e+06
100,000 H H H - 100,000
CR ionization 3
10,000 = 10,000
1,000 = 1,000
100 = 104
10 10
1 1
L o o e . s B S B Sy B B S p e e L Y

i} 0.5 1 1.5 Fi
penetration depth z [pc]

(a)
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T/ (2*1077% 57)

a 2 4 1 8 10
1000 g————L oL 1,000
‘IDU—; ;—‘IUI:]'
i CR ionization -

10 = E_“:I
1—; ;—“
0.1—; . ;—0.1
1 X-ray ionization
0.0 ] ——————rr—r—rT—7 T I 0.1
[§] F 4 & 8 10

penetration depth z [pc]

(b)

Schuppan, Roken, Becker Tjus, A&A (2014)
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v-rays & molecular ions: W28

—23°00'00" -

~23°20'00" |- \ e o 10 N7
|

A \ :L
HESS J1801-233 = 5
L ‘ : ’ ,,,l' bl l SE_II_
_o304000" | |2 . / 410 N1
O i3 o
L ﬁ_‘ —— -
/ e , . 4
! \ » Standard value in dense clouds (g = 10-175-!
—24°00'00" | ) .\ _ mEp---—---—-----"-"-"""=-"""-"-"-"—"-"—-"-"—-"-"—"—"—"——— - — -
Nl S , 0 2 4 6 8 10
I A \ Py A o Approx. projected distance to SNR shock [pc|
—24°20'00" _lHE§L59180072‘01 ., ,_ Fig. 7. CR ionisation rate ¢ as a function of the approximat
18"04™00° 18"02™00° 18"00™00° projected distance from the SNR radio boundary (blue circle i

Fig. 1), assuming a W28 distance of 2 pkc. We note that the
error bars are dominated by the uncertainties on the H2 densitie
(see text).

(Careful > Derived from CO/HCO+/DCO+: more parameter dependent than H;*)
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SNRs: Expected humber of v -

induced events

__________________________

........................

# events

__________________________

sy SRy Ly JHSp SN S

mean obs. events
— — mean signal events
mean bkg events

__________

__________________

______________________

__________________

e s e R

..............

................

__________________
______________

________________________

_____________________

Sy Ay LT PRSPUREY S

PeVatrons should be visible within IceCube lifetime for E-2 spectrum, BUT:

SUGAR 2015 | Geneva | Jan 22, 2015
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Best-case SNRs in IceCube:

4 years of data
10710 e

= FHux prediction - Cassiopeia A
; ; == 90% Upper Limit - Cassiopeia A ]
S~ i | == Flux prediction - IC 443 |
R { | == 90% Upper Limit - IC 443
10'11 ot e e Fyy prediction - G40.5-0.5 E
- S = = 90% Upper Limit - G40.5-0.5 ]

10
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Contents

Basic arguments from cosmic ray measurements

" Information from observations & (transport + source)-
modeling

SNRs as central candidates:
" direct information from photons and neutrinos

Outlook: expectations for the future

Summary
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Composition in knee-to-ankle region

(see talks Pasquale Blasi; Gwaenel Giacinti)

Fe knee
GCR knee - :
I > | I +  all-particle ~ PRL 107
1 > Rpre-knee slope ¥ w = all-particle
| _‘::——E--:__ , B o heavy (sep. between He-CNO)
1 Wk % -
I =
I T N
10—~
I o daall T * y
| % [ ankle
[ : - |
I slopex=3.3 i e SR _:
| B I ' L
| |
: * same slope E light (seql. between CNO-Si) ~ PRL 107 I
: * natural match light (seg. between CNO-Si) R T :
to the knee! sl v light (sed. between He-CNO) P % P ey
I 10— eV,
- o ligM(seJ. on He) | )
L ________ B A B M ! 1= L . N L + 1
31055 eV 164 166 168 17 172 174 176 178 18 182 18.4
log (E/eV)

Data: KASCADE-Grande, Astrop.Phys. 2013 & 2014
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Future: neutrino point sources?! -
KM3NeT & IceCube-Gen2

I [ [
Dark Sector | : Clzan Air Sgctor
000 ------ dpoccascosss fooscssscoss Fpooosoosces Joocescoasss Joooocas

2000

1000

—1000

positicn offset w.rt. lceCube center (m)

—2000

—3000 e ; : e
Downwing Settor ; + Quiet Sector
| | | | |
—2000 —1000 0 1000 2000
KM3NeT:First test arrays installed off-shore of Toulon and Sicily position offset w.r.t lceCube center (m)

SR D | Eonee | e 22, 2078 IceCube-Gen2 whitepaper, arXiv:1412.5106
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Cherenkov Telescope Array (CTA)

= Energy range of =Resolution up to 6 ~ 0.03°

10 GeV <E <300 TeV > > Exact origin of radiation & improved

Low- and high-energy behavior to  ~grrelation studies
distinguish leptonic from hadronic

scenarios

QV

// “l .-ur
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' ' ' CAPRICE —&—
The future of 10° b orotons only BESSEs o
. yanetal. —»—
multimessenger ToeeE T |
- - ~ Akeno  a
astroparticle physics b !%i apance  TenShan
" electrons :
= Charged CRs: GeV —1e11 GeV .© R \@% R ELANCA —a
including composition o pcfégéon:xx GEClA T
g ) _- e X - TiEbeet —— 1
=> 10 L] . Hazergh R
= vy-rays: GeV to >PeV S B
. = X AGASA +—a—1 |
(CR energy equiv.) z . HiRes
% 10°® | antiprotons : -
= Neutrinos: 100 TeV — 100 (?) NE
PeV (CR energy equiv.) %
= Theory/Phenomenology have
to (!) provide tools to connect ' !
pieces of information! 1010 : : |
10° 107 104 10° 10® 10" 10"
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