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SNRs and the sources of Galactic CRs

Galactic CR luminosity = L
CR

 ~ 1041 erg/s →  η
CR

 ~ 0.1×(R
SN

/0.03 yr-1)×(1051 erg/E
SN

)

Successes of the NLDSA theory towards the CR origin in SNRs (Helder et al. 2012)

Reduced heating (larger r, lower T
down

) & Shock modification (precursor, r
BW

/r
CD

, concavity)

X-ray filaments & knots     → B >
 
100 μG (e.g. Völk et al. 2005, Bamba et al. 2005)

Maximum energy         → E
max

 ~ E
knee

 (Blasi et al. 2007, Eriksen et al. 2011, Bell et al. 2013)

Balmer-dominated shocks → high P
CR

 (e.g. RCW 86, Helder et al. 2009, 2013)

(Eriksen et al. 2011)

(Blasi 2010)
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SNRs at HE/VHE gamma-rays

RX J1713.7-3946

Energy (keV)

(Lazendic et al. 2004; Aharonian et al. 2007, 2011;
Tanaka et al. 2008; Acero et al. 2009; Abdo et al. 2011)

Leptons (SC+IC)
Hadrons (p-p→π0→2γ)

E
2  d

N
/d

E
 (

er
g 

cm
-2
 s

-1
)

100 MeV – 100 TeV gamma-rays
Direct evidence for GeV – PeV (e,p)
being accelerated at the shock fronts
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SNRs at HE/VHE gamma-rays

● GeV-hard TeV-bright young SNRs
(RX J1713, Vela Jr, RCW 86, HESS J1731?) :
Leptonic-like shape    not an efficient CR source

● GeV/TeV-faint « historical » SNRs
(Cas A, Tycho, SN 1006?) :
Hadronic-like shape    efficient CR source

● GeV-bright TeV-soft SNRs, interacting with MCs
(W44, W51C, IC443, W49B...) :
Hadronic-like shape    efficient CR source...

...But recent detection of the 
« π0 bump » → smoking-gun 
of the hadronic signal!
(Giuliani et al. 2011,  
Ackermann et al. 2013)

η
CR 

~ 0.3, n  =  0.1cm-3 still compatible...
→ efficient CR source ≠ hadronic γ-rays 

(Uchiyama 2011)

(Abdo et al. 2011)

(Ackermann et al. 2013)
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SNRs at HE/VHE gamma-rays

http://www.physics.umanitoba.ca/snr/SNRcat/ (Ferrand & Safi-Harb 2012)

No sign of interaction

Possible MC interaction

Clear MC interaction

http://www.physics.umanitoba.ca/snr/SNRcat
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SNRs at HE/VHE gamma-rays

http://www.physics.umanitoba.ca/snr/SNRcat/ (Ferrand & Safi-Harb 2012)

No sign of interaction

Possible MC interaction

Clear MC interaction

SNRs with age < 10 kyr

http://www.physics.umanitoba.ca/snr/SNRcat
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SNRs at HE/VHE gamma-rays

No sign of interaction

Possible MC interaction

Clear MC interaction

Emission towards SNRs in « isolation », with clear shell-type morphology
→ naturally associated with SNR shells 

Emission towards SNRs in crowded fields, with no clear shell-type morphology  
→ identification more difficult, sometimes doubtful
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SNRs at HE/VHE gamma-rays

(Caprioli 2011, 2013)

Several statistical studies of gamma-ray emitting SNRs have been carried out
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SNRs at HE/VHE gamma-rays

«Confused» PWNe

PWN candidatesOthers

Several statistical studies of gamma-ray emitting SNRs have been carried out

(Aharonian et al. 2008) (Abdo et al. 2010)

Cosmic-rays which have diffused from W28?
Other local sources (HII regions, SNRs)?
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SNRs at HE/VHE gamma-rays

«Confused» PWNe

PWN candidatesOthers

Several statistical studies of gamma-ray emitting SNRs have been carried out

PSR J1803-2137

W30
(Ajello et al. 2012)

HESS J1804-216

Confined GeV-CRs ?
Escaping TeV-CRs ? 
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SNRs at HE/VHE gamma-rays
Several statistical studies of gamma-ray emitting SNRs have been carried out

Broad-band modeling of GeV-TeV SNRs (Mandelartz & Tjus 2013)
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Monte-Carlo simulations of Galactic « isolated » SNRs (Cristofari et al. 2013)

S
HESS 

(point-like, |l|<40°,|b|<3°) = 1.5% Crab

SNRs at HE/VHE gamma-rays
Several statistical studies of gamma-ray emitting SNRs have been carried out
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R ~ 0.27°
ΔR < 0.12°

R   ~ 0.3°
ΔR ~ 0.2°

R   ~ 1°
ΔR ~ 0.2°

R   ~ 0.45°
ΔR ~ 0.25°

(Aharonian et al. 2006 ; 2007 ; 2009 ; 2011 ; 2012)

HESS J1731-347RCW 86Vela JrRX J1713.7-3946

Young, isolated, TeV-bright SNRs

Leptonic-like spectral shapes
(courtesy of F. Acero, in prep.) What could H.E.S.S. II bring?

For the brightest SNRs (e.g. J1713)
Improve measurements of the spectral
parameters → origin of -ray emission ?

Search for emission in other young SNRs, 
such as Kepler...

SN 1006
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R ~ 0.27°
ΔR < 0.12°

R   ~ 0.3°
ΔR ~ 0.2°

R   ~ 1°
ΔR ~ 0.2°

R   ~ 0.45°
ΔR ~ 0.25°

(Aharonian et al. 2006 ; 2007 ; 2009 ; 2011 ; 2012)

HESS J1731-347RCW 86Vela JrRX J1713.7-3946

Young, isolated, TeV-bright SNRs

SN 1006

Gamma-ray spectrum in the form :
dN/dE = N

0
 E-Γ exp(-(E/E

c
)β)

π0→2γ, dN
p
/dE

p 
with exp(-(E

p
/E

cut
)) → β = 1/2

(Kelner et al. 2006)

IC, dN
e
/dE

e
 with exp(-(E

e
/E

cut
)ζ) for D α pζ-1

Regular B-field    → β = 1/2 for ζ = 2
Turbulent B-field → β = 1/3 for ζ = 2

(Zirakashvili & Aharonian 2007, 2010)

N.B. : increasing the statistics above ~30 TeV
could lead to a clear detection → hadrons! 
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R ~ 0.27°
ΔR < 0.12°

R   ~ 0.3°
ΔR ~ 0.2°

R   ~ 1°
ΔR ~ 0.2°

R   ~ 0.45°
ΔR ~ 0.25°

(Aharonian et al. 2006 ; 2007 ; 2009 ; 2011 ; 2012)

HESS J1731-347RCW 86Vela JrRX J1713.7-3946

Young, isolated, TeV-bright SNRs

SN 1006

Search for emission from Kepler SNR

H.E.S.S. T
obs

 = 13 h
(Aharonian et al. 2008)

(B
erezhk o et al.  2006)

(Patnaude et al. 2012)
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Middle-aged, interacting, GeV-bright SNRs

2-10 GeV count maps (Fermi/LAT collab., Uchiyama 2011)

(a) W51C (b) W44

(d) W28(c) IC443

Middle-aged SNRs ~ (1–4)×104 yr 

Bright at radio wavelengths
Interacting with molecular clouds
(Koo & Moon 1997, Reach et al. 2005,
Hewitt et al. 2006 ; 2008)

Extended GeV emission consistent
with the size of the radio SNR
(except W28)

Extended TeV emission detected
by HESS, VERITAS & MAGIC
(except W44)
(Albert et al. 2007, Aharonian et al. 2008,
Acciari et al. 2009, Fiasson et al. 2009,
Aleksic et al. 2012)
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Middle-aged, interacting, GeV-bright SNRs

2-10 GeV count maps (Fermi/LAT collab., Uchiyama 2011)

Middle-aged SNRs ~ (1–4)×104 yr 

Bright at radio wavelengths
Interacting with molecular clouds
(Koo & Moon 1997, Reach et al. 2005,
Hewitt et al. 2006 ; 2008)

Extended GeV emission consistent
with the size of the radio SNR
(except W28)

Extended TeV emission detected
by HESS, VERITAS & MAGIC
(except W44)
(Albert et al. 2007, Aharonian et al. 2008,
Acciari et al. 2009, Fiasson et al. 2009,
Aleksic et al. 2012)

High GeV luminosity up to 1036 erg s-1

Spectral steepening in the GeV band
Weak sources in TeV gamma-rays

Origin of these breaks at ~GeV?



M. Renaud « SNRs in the H.E.S.S. II era »23–25 october 2013 OKC-DIAS workshop, Stockholm

Several scenarios involving acceleration/diffusion effects due to the interaction of a 
SNR shock with a dense, partially ionized, medium:

1) ion-neutral collisions → Alfven wave damping → reduction of confinement & escape
    → break with ΔΓ = 1 at E

br
 ~ 10 B

μG
2 T

4
-0.4 n

0
-1 n

i
-1/2 GeV (Malkov et al. 2011, 2012)

Middle-aged, interacting, GeV-bright SNRs

Origin of HE spectral breaks
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Several scenarios involving acceleration/diffusion effects due to the interaction of a 
SNR shock with a dense, partially ionized, medium:

1) ion-neutral collisions → Alfven wave damping → reduction of confinement → escape
    → break with ΔΓ = 1 at E

br
 ~ 10 B

μG
2 T

4
-0.4 n

0
-1 n

i
-1/2 GeV (Malkov et al. 2011, 2012)

2) Reacceleration of Galactic CRs in crushed clouds (Uchiyama et al. 2010)

Middle-aged, interacting, GeV-bright SNRs

Origin of HE spectral breaks

W44
W51C
IC443



M. Renaud « SNRs in the H.E.S.S. II era »23–25 october 2013 OKC-DIAS workshop, Stockholm

Several scenarios involving acceleration/diffusion effects due to the interaction of a 
SNR shock with a dense, partially ionized, medium:

1) ion-neutral collisions → Alfven wave damping → reduction of confinement → escape 
    → break with ΔΓ = 1 at E

br
 ~ 10 B

μG
2 T

4
-0.4 n

0
-1 n

i
-1/2 GeV (Malkov et al. 2011, 2012)

2) Reacceleration of Galactic CRs in crushed clouds (Uchiyama et al. 2010)
 

3) Two-step acceleration model with secondary shocks (Inoue et al. 2010)
 

4) Diffusion of escaping CRs from interacting SNRs (Ohira et al. 2011, Li & Chen 2010 ; 2012)

Middle-aged, interacting, GeV-bright SNRs

Origin of HE spectral breaks

Besides the breaks due to the  
finiteness of the source and
target regions, one break is
interpreted as being E

p,max
 when

the shock encountered the MC

Good fits... at the expense of several 
(poorly constrained) parameters related
to diffusion and MC properties...

W44W51C

IC 443 W28(N)
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Several scenarios involving acceleration/diffusion effects due to the interaction of a 
SNR shock with a dense, partially ionized, medium:

1) ion-neutral collisions → Alfven wave damping → reduction of confinement → escape 
    → break with ΔΓ = 1 at E

br
 ~ 10 B

μG
2 T

4
-0.4 n

0
-1 n

i
-1/2 GeV (Malkov et al. 2011, 2012)

2) Reacceleration of Galactic CRs in crushed clouds (Uchiyama et al. 2010)
 

3) Two-step acceleration model with secondary shocks (Inoue et al. 2010)
 

4) Diffusion of escaping CRs from interacting SNRs (Ohira et al. 2011, Li & Chen 2010 ; 2012)

Middle-aged, interacting, GeV-bright SNRs

Origin of HE spectral breaks

W44W51C

IC 443 W28(N) (Torres et al. 2010)

IC 443

MC illuminated by CRs that 
have escaped a nearby SNR 



M. Renaud « SNRs in the H.E.S.S. II era »23–25 october 2013 OKC-DIAS workshop, Stockholm

HESS J1801-233 (Source N) on E rim of W28
Coincident with GeV source
Coincident with CO cloud 
1720 MHz OH maser : shock/MC interaction

HESS J1800-240B (Source S) outside W28
Coincident with GeV source
Coincident with CO cloud & HII region W28A2
MC illuminated by CRs escaping W28...?

Fermi/LAT

Middle-aged, interacting, GeV-bright SNRs

W28 : SNR/MC interaction and escaping CRs

(Aharonian et al. 2008) (Abdo et al., Giuliani et al. 2010)
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HESS J1801-233 (Source N) on E rim of W28
Coincident with GeV source
Coincident with CO cloud 
1720 MHz OH maser : shock/MC interaction

HESS J1800-240B (Source S) outside W28
Coincident with GeV source
Coincident with CO cloud & HII region W28A2
MC illuminated by CRs escaping W28...?

(Aharonian et al. 2008)

Fermi/LAT

Middle-aged, interacting, GeV-bright SNRs

(Gabici et al. 2007 ; 2009, 2012)
(Abdo et al., Giuliani et al. 2010)

W28 : SNR/MC interaction and escaping CRs

HESS J1800-240B
(d

SNR-MC 
= 32 pc)

HESS J1800-240A
(d

SNR-MC 
= 65 pc)
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Middle-aged, interacting, GeV-bright SNRs

W44 : SNR/MC interaction and escaping CRs

Fermi/LAT 2–100 GeV count map Fermi/LAT 2–100 GeV residual map

High-energy emission detected in the vicinity of W44
(Uchiyama et al. 2012)

Halo of CRs that escaped the SNR, diffused and
interacted with the GMC with : 
W

esc
 ~ (0.3–3) × 1050 (M

GMC
/5×105 M

sun
)-1 erg,

depending on D(p) and slope of escaped protons

→ Observations at E > 50 GeV to constrain the γ-ray
     spatial distribution as a function of energy 

12CO contours
(Dame et al. 2001)
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Middle-aged, interacting, GeV-bright SNRs

W30 : Origin of the HE/VHE emission

PSR J1803-2137
Young Vela-like PSR
Ė = 2.2×1036 erg/s 
τ = 16 kyr
d = 3.8 ± 0.4 kpc

W30

HESS J1804-216
(Aharonian et al. 2006)

Confined GeV-CRs ?
Escaping TeV-CRs ? 

(Ajello et al. 2012)

Suzaku J1804-2140
(Bamba et al. 2007
Kargaltsev et al. 2007a
Lin et al. 2013)

SNR G8.31-0.09
(Brogan et al. 2006)

« relic » VHE PWN ?
(Kargaltsev et al. 2007b)
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Middle-aged, interacting, GeV-bright SNRs

HESS J1640-465 : Origin of the HE/VHE emission

Originally discovered in the H.E.S.S. Galactic Plane Survey (Aharonian et al. 2006) toward
  
SNR 

G338.3-0.0 which hosts a X-ray PSR/PWN candidate (Funk et al. 2007, Lemière et al. 2009)

Fermi/LAT data revealed emission coincident with HESS J1640-465 with no evidence for a
 
 

cutoff at ~1–10 GeV, reminiscent of pulsars (Slane et al. 2010)

If HE/VHE emissions are of the same origin → PWN scenario « spectrally » disfavored
 
 

→ New TeV SNR with W
p
n

H
 ~ 4×1052 d2

10kpc 
erg cm-3 (H.E.S.S. Collaboration, in prep.)

 

(Lemière et al. 2009)

4.5-8 keV
843 MHz
2.5-4.5 keV

PRELIMINARY

X-ray PWN candidate
2FGL 1640.5-4633

PRELIMINARY
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SNRs with H.E.S.S. II

Isolated, « clean » SNRs

Precise spectral measurements in the brightest TeV SNRs (RX J1713-3946)

Search for gamma-ray emission from young SNRs (Kepler)

Interacting, « crowded » SNRs

Origin of the GeV spectral breaks (W28, W44)

Constraints on diffusion properties of CRs escaping & interacting with MCs (W28, W44)

Revealing the nature of several VHE sources (W30, HESS J1640-465)

1FHL (E > 10 GeV) source catalog recently released (2013arXiv1306.6772T)
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HE sky from Fermi/LAT

5-yr all-sky image (E > 1 GeV)
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HE sky from Fermi/LAT

1873 2FGL sources
(Nolan et al. 2012)
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VHE sky from IACTs

155 sources
as of june 2013

 6
55

21
 2
30

 6

http://tevcat.uchicago.edu/

35
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VHE sky from IACTs

155 sources
as of june 2013

 6
55

21
 2
30

 6

http://tevcat.uchicago.edu/

35

H.E.S.S. Galactic Plane Survey
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1°

8'

XMM-Newton 0.5-4.5 keV H.E.S.S.

Chandra Chandra

1'

Thermal emission         → hydrodynamical conditions
Small-scale structures → B-field → CR acceleration
Nonthermal spectrum  → diffusion regime

Origin of γ-ray emission ↔ E
max

, ε
CR

SNRs ↔ Galactic CR sources ?
(L

ee
 e

t a
l.,

 2
01

2 ,
 2

01
3)

SNRs at HE/VHE gamma-rays
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