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Chasing cosmic rays

CR are charged + B fields
— do not track back to
sources (< 10'8 eV)
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Y rays as a charged particle tracer

o .
B ® neutral secondaries —

complement direct

e gas nucleon-nucleon :
observations

collision

\Bremsstrah,ung ® Y rays — neutral and easy
to detect
.

radiation
fields i? Inverse
Compton (IC)
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Fermi tells us the story of cosmic rays

focus on CRs below the knee, <10/>
eV

® acceleration in supernova
remnants

® |ink with massive-star forming
regions/early propagation

® |arge-scale propagation

® external galaxies
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Outline

® Cosmic-ray acceleration
In supernova remnants
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Supernova remnants as CR sources

energetic and numerous
enough

non-linear diffusive shock
acceleration

SNRs accelerate
® clectrons

® nuclei? up to the knee?

NASA/CXC/Rutgers/J Warrfen & kHughes et al
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Supernova remnants in the y-ray sky
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Supernova remnants in the y-ray sky
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O Source B
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Source A

Cy&us Loop RXJI713 0
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Accelerated nuclei!
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Ackermann+ 2013 Science 339 807 IC 443
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® |C 443 & VV44: pion bump

(+AGILE)

® TJycho:accelerated nuclei
up to ~500 TeV

(Morlino&Capriol
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The ages of supernova remnants
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The ages of supernova remnants
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The ages of supernova remnants
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The first LAT SNR Catalog

n Radio vs 1-100 GeV Index

® systematic/uniform PRELIMINARY
characterization of radio o
S N RS bremsstrahlung
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® SNRs as a population of
CR sources
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Photon Index I' (1-100 GeV)
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inverse Compton
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Radio Index o

® Pt. Candidate SNRs

Pt. Candidate PSRs
® Ext. Candidate SNRs
® I1D'd Interacting SNRs
® ID'd Young SNRs

L.Tibaldo A tale of cosmic rays narrated in Y rays by Fermi 14 of 29



Outline

® Cosmic rays in massive
star-forming regions
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A link with massive-star forming regions?

® isotopic abundances of
WVR stars (22Ne, > Fe)

® ~80% of supernovae in
massive-star clusters

® superbubbles!?

® impact of massive-star

environment on young
CRs?

L.Tibaldo
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The Fermi LAT view of Cygnus X
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Ackermann+ 201 | Science 334 1103
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A cocoon

® requires freshly-
accelerated CRs

® hadronic — too soft

15-2) (5 6e7)

® |eptonic — too soft

©
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—— X
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of young cosmic rays
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Origin and propagation

Gamma Cygni

a

supernova remnant? . 5 T R AT
P ( B i :i‘\"ﬁj}lép@m‘.# g
stellar-wind o % B A |

superbubble!?

active airlock?

10 pc at
Ackermann+ 201 | Science 334 1103

HESS.
_-Westerlund |
H.ES.S. DN~
Galactic ridge

(Arches, Quintuplet, Sgr B2)

G09+01
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Outline

® |arge-scale propagation
of cosmic rays in the
Milky VWay
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A travel through the Galaxy

® diffusion on magnetic fields + + HEAO380
= ACE 97-98
0 =t  « CREAM 04-05
R i o _
D = Dy (E o2 25 7/
@ '*:L‘ | /// "
e 0=1/3,1/2,0.7? 2 02F 7 -
,/;5/. [
® breaks in D and/or CR 01
spectral’
Ackermann+ 2012 ApJ 750 3
0.0 b ] R ol
® size of the propagation halo? 10° 10° 10* 10°

E [MeV/nucleon]

® convection? reacceleration?

cosmic-ray interactions produce
~60% of these Y rays!
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"'Hatom ' MeV ')

Sr

emissivity (MeV* photons s

o

10-25

The Rosetta stone of diffuse Y rays
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black points: statistical+systematic uncertainties
color points: statistical uncertainties only

4 4 Casandjian (2013), PRELIMINARY
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® Y-ray emission rate per H atom w
in the local interstellar medium v 5
® propagation g %
® solar modulation CHEN
N %
1.
10°

L.Tibaldo

protons

A tale of cosmic rays narrated in Y rays by Fermi

10* 10° 10°

momentum, MeV
22 of 29

10’



The modelin

g of |

arge-scale propagation
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The gradient problem

CR densities larger than expected in
outer Galaxy

large propagation halo
more sources

missing gas

varying diffusion coefficient

(e.g. Evoli+ 2012)
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Outline

® Y rays as
tracer

2ale propagation
)€ rays in the

in external

® Cosmic| EE
and summary
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Probing cosmic rays in external galaxies

-6500

-66°00

© EGRET:CRs < |0'> eV are
Galactic in origin

® Fermiimages CR propagation
in nearby galaxies

Declination (J2000)

7100
-72'00

Large Magellanic Cloud:
Y- ray emISSIVIty ma’P S e RightASt?eS:gi%; (J2000) s A

(Abdo+ 2010 A&A 512 A7 o
Murphy+ 2012 ApJ 750 126) et
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The star formation

Ackermann+ 2012 Ap| 755 164

quasi-linear scaling y
luminosity with radio/IR

large fraction of energy in
CRs escapes

starbust galaxies: E-
independent CR cooling?
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Outline

® Challenges and summary
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Summary

® supernova remnants

® massive-star forming regions

® galaxies
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