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Galactic Cosmic Rays (GCRs)
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High-energy observations of (shell-type) SNRs
and the origin of Galactic Cosmic Rays

I Supernova remnants are widely considered likely sources of
Galactic cosmic rays up to the “knee”, E ∼ 3× 1015 eV :

I well-studied shock acceleration mechanism;
I GCR composition compatible with and SNR origin;
I energetics require ∼10% of total SN energy of 1051 erg

Part I : X-ray observations of SNRs
I Observational evidence for accelerated e− (synchrotron)
I indirect evidence for accelerated protons/ions (magnetic field

amplification, modified hydrodynamics)

Part II : TeV γ-ray observations
I For accelerated p (and ions), hadronic interactions with ambient

matter produce π0, decaying into two γ-rays which we observe
I On of aims of TeV γ-ray astronomy (e.g. Drury et al. 1994)
I But how to discriminate from leptonic (IC) emission?
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X-ray evidence : the case of Tycho’s SNR
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(2) Morphology : Thin non-thermal rims
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Methodology : Self-consistent magnetic field
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Maximum energy and constraints on turbulence
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(3) Indirect evidence for accelerated ions :
modified hydrodynamics
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More detailed studies in Tycho
(Cassam-Chenaï et al. 2007)
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(Next to) youngest Galactic SNR : Cassiopeia A
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Other young (historical) shell-type SNRs
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Other historical shell-type SNR : SN 1006
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Bipolar morphology of particle acceleration
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SNRs with shell morphology in TeV γ-rays
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TeV γ-ray shells
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Probable TeV shell : RCW 86 (or MSH 14–63)
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A new non-thermal shell : HESS J1731–347
I discovered in HESS Galactic plane survey; Γ = 2.3± 0.1± 0.2
I coincident radio shell discovered with ATCA data: G 353.6–0.7

(Tian et al. 2008)
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A new non-thermal shell : HESS J1731–347
I discovered in HESS Galactic plane survey; Γ = 2.3± 0.1± 0.2
I coincident radio shell discovered with ATCA data: G 353.6–0.7

(Acero et al., ICRC 2009) (Tian et al. 2008)

I further HESS observations: hint of limb-brightening (∼2σ level)
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A new non-thermal shell : HESS J1731–347
I discovered in HESS Galactic plane survey; Γ = 2.3± 0.1± 0.2
I coincident radio shell discovered with ATCA data: G 353.6–0.7

(Acero et al., ICRC 2009) (Tian et al. 2008)

I further HESS observations: hint of limb-brightening (∼2σ level)

I X-ray observations of (part of) shell reveal rims of emission with
non-thermal spectra! (no evidence for thermal emission)

I X-ray absorption gradient suggest SNR lies behind a CO cloud
I D > 3.5 kpc ⇒ L1−10 TeV > 2× 1034 erg/s, R > 15 pc
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TeV γ-ray shells : general properties

I dominantly non-thermal X-ray emission
(thermal only in RCW 86, SN 1006 and especially Cas A)

I weak radio synchrotron emission (except younger SNRs)

I similar TeV luminosities, L1−10 TeV ∼ 1034 erg/s
(historical SNRs ∼ 1033 erg/s)

Leptonic emission scenario

I might explain spatial correlation with synchrotron X-rays
I implies fairly low B ∼ 10µG (in one-zone model), in apparent

contradiction with evidence for turbulent B-field amplification
I TeV shell widths larger than X-ray filaments (e.g. Renaud 2009):

if rapid B-field damping behind the shock, may be compatible
with weak spatially-averaged B value

I difficult to fit TeV spectral shapes in one-zone model
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One-zone spectral modeling of G 347.3–0.5

(M. Lemoine-Goumard)
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TeV γ-ray shells : general properties

Hadronic emission scenario

I no obvious explanation for high correlation with X-rays, and
poor correlation with surrounding medium density

I all TeV-detected SNRs have Γ > 2.0 or cutoff at
Eγ ∼ 10 TeV ⇒ Ep ∼ 1014 TeV — well short of “knee”

I spectrum must flatten to Γ ∼ 2 at lower energies (as seen in
G 347.3 and hinted in others), otherwise CR energetics prohibitive

I relatively high surrounding medium density (n ∼ 1 cm−3)
required to explain G 347.3, Vela Jr and HESS J1731

I but upper limits on n from lack of thermal X-ray emission are
a few×0.01 cm−3 (assuming kBT ∼ keV)

I Caveat: distances to these SNRs uncertain; most precise
estimates often rely on unmodified shock jump conditions
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Summary and Outlook
Summary on shell-type SNRs

I indirect evidence for hadron acceleration from X-ray and other
observations (magnetic amplification, shock modification)

I ambiguity between hadronic and leptonic interpretation of γ-ray
emission : correlation with synchrotron, not clearly with matter

I no clear evidence that Emax ∼ 3× 1015 eV can be attained by p

Outlook on SNRs interacting with MCs
I often clear correlation with dense matter⇒ hadronic

interpretation natural; “probes of CR acceleration”?
I likely correlated dense photon fields (thermal IR from dust,

stellar photons from embedded recently-formed stars. . . )
⇒ more detailed study of leptonic scenarios necessary

I key observational issue : angular resolution in γ-rays
I important theoretical issue : changes in shock acceleration,

evolution and modification due to interaction with dense cloud
(spectrum and maximum energy of accelerated particles. . . )
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