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the GeV sky
5 years with the Fermi Large Area Telescope

whole sky every 3 h

> 2000 sources + interstellar CRay emission + extragalactic background  
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2 years of data: 1873 sources

2FGL source catalogue

AGN

galaxies
AGN?

glob. cluster

SNR/PWN

PSR?

PSR

binary

unassociated? Nolan+ 2012 

ApJS 199, 31
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TeV Galactic survey by HESS

Carrigan+ 2013 ICRC
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many extended sources ⇒ confusion 
and identification difficulties

Galactic TeV sources
predominance of supernova remnants (SNR)
and pulsar wind nebulae (PWN)

10% Crab
1% Crab

other

binary
super

ste
llar c

luste
r

SNR sh
ell

SNR+cloud

PWN

?

SNR
PWN

Carrigan+ 2013 ICRC
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detection & identification
caveats
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CRays in HI: N(HI)

CRays in H2: 

CRays in dark neutral gas, as traced by dust 

Galactic inverse Compton

γ-ray source

the Galactic GeV interstellar background
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Galactic sources & ISM confusion
at GeV energies: ISM confusion with angular resolution > 0.1°

• confused neighbours in the Galactic ridge

•un-modelled diffuse excesses filled 
with sources

•uncertain source properties because of 
the underlying background

at TeV energies: background estimation

in a ring around the source

•no sensitivity to extended sources ≳ 1°
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O = 50% containment PSF radius > 1 GeV

Nolan+ 2012 ApJS 199, 31

  

Adaptive ring background method

Using a small constant ring → gaps
Using a large constant ring → syst. effects on background
⇒ adaptively enlarge ring where large fraction of the ring area

   overlaps with an excluded region (2) → results in (3)

A ring around a trial source position is used to provide a background 
estimate.
Resulting excluded regions turn out to cover areas of the sky 
that are comparatively large on the scale of the size of the field 
of view. 
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Veritas survey of CygnusThe VERITAS view of Cygnus 
VER J2019+407
(SNR shock)

VER J2016+371
(Pulsar Wind)

VER J2019+368
(Unknown)

In Gal plane,
not in Cygnus

VER J2032+415VER J2032+415
(Pulsar wind)

Cyg X-3

MGRO 1908+06
(stay tuned)

All five papers to beAll five papers to be

ICRC 2013, July 2013                                      VERITAS Sources in Cygnus                                          Rene A. Ong

yg
(Not seen at TeV)

All five papers to beAll five papers to be
published In 2013published In 2013

Ong+ 2013 ICRC
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identification rationale

identification IF

• timing signature (pulsations, orbital variations, flares…)

•morphological correlation at 

another λ (shell SNR, PWN,…)

• characteristic 
spectral/morphological

evolution (ex: PWN)

  

X-rays VHE

HESS J1912+101 

6th TeV shell-like SNR

First SNR of this type discovered in VHE  -rays?!

THE BIG FIVE   THE BIG SIX?! 

Vela Jr 

RX J1713.7-39.47

RCW 86

Vela Jr 

SN 1006

HESS J1731-347

PSR

Ackermann+ 2010 Science 329, 817
HESS J1303-631 H

E
S

S
+ 

20
12

 a
rX

iV
:1

21
0.

65
13

Sunday, 22 September  13



identification rationale

plausible association IF

• single counterpart & SED consistency

but… (ex: CTA1)

unpulsed

radio shell
VERITAS
LAT Pulsar

G327.1+0.2
HESS
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identification rationale

else                

                               ex: HESS J1843-033C in Scutum with SNR + PWN-like + radiogal
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supernova remnants
& cosmic rays
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15 extended sources or associations with SNRs

including 4 young historical remnants

middle-aged one often interacting with surrounding clouds

gallery of GeV supernova remnantsGeV gallery

Cas A W51C W44 IC 443

RX J1713.7-3946Tycho SNR Cygnus Loop W49B

γ 
Cyg

GeV Survey of Radio SNRs
F. Giordano1, T. Brandt2, M. Brigida1, Y. Uchiyama3

On behalf of the Fermi Large Area Telescope Collaboration
francesco.giordano@ba.infn.it

1University of Bari and INFN L Bari;  2IRAP L Tolouse; 3SLAC/KIPAC

Summary: After two years of data taking, the Fermi-LAT has collected firm evidence of GeV emission from many radio
SNRs, and some others are under investigation. A possible correlation between radio luminosity and GeV flux is presented,
with the focus on possible explanations behind the emission mechanisms. For some cases, a closer look at possible
interactions of the SNRs with dense environment has been carried out and results are presented.

Fermi -SNRs Index 1 Index 2 ��Break (GeV) Age (yrs) Proton break Ref.

Cassiopeia A �2.1 �0.1 -2.4** >100GeV 330 80TeV [2]
Tycho �2.3 � 0.1 �� �� 438 350TeV [3] 

Vela Jr. -1.87�0.2 -2.1** 680 50TeV [4]

RX J1713 -1.5�0.1 -2.2** 1600 Leptonic
dominated [5]

CTB 37A �2.28�0.1 �� �� 1500? >10TeV [6] 

W49B �2.18 � 0.04 �2.9 � 0.2 4.8 � 1.6 1k-4k 4GeV [7] 

Cygnus loop -1.83 � 0.06 3.23�0.19 2.39�0.26 20k 2GeV [11]

IC 443 �1.93 � 0.03 �2.56 � 0.11 3.25 � 0.6 3-4k  
20-30k 70GeV [8]

W44 �2.06 � 0.1 �3.02 � 0.20 1.9 � 0.5 ~20k 9GeV [9] 

W28 (N)
(and G6.5-0.4) �2.09 � 0.3 �2.74 � 0.1 1.0 � 0.2 35-150k 

(40k) 1-2GeV [10]

W51C -1.97 � 0.08 -2.44 � 0.09 1.9 � 0.2 ~30k 15GeV (5-20) [12]
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Though extension studies with GeV data indicate the same acceleration
region, it is the analysis of the photon spectrum that allows us to get
into more details on the mechanisms behind the HE emission. For all
Fermi-LAT detected SNRs, only one single population of accelerated
electrons hardly explains the GeV flux and the observed shape.
For the Molecular Cloud Interacting SNRs, the interaction with dense
environments enhances the GeV flux, but may hide the natural
acceleration process by cosmic rays.

Cygnus Loop

RADIO SNRs

HE SNRs

Assuming that the acceleration
process takes place at the same
moment and in the same place, a
strong correlation between radio
Map and gamma counts is
expected [1].
Superimposing radio contours on
GeV count maps (Fig.1), good
indications about possible
correlation between the two
emission mechanisms can be
obtained.
Radio data are explained by
synchrotron emission from
accelerated electrons interacting
with amplified magnetic field.

To highlight cosmic rays acceleration, the background has to be well
studied and known. More straightforward objects may be those
where the contribution from possible interaction with nearby
molecular clouds is not dominant. When the SNR is evolving in a cloud-
free region, the GeV emission is not enhanced by the dense target,
and the age evolution may be more easily studied.

«Hidden» SNRs:
Analysis details
The detection of GeV emitting SNRs  is very complex. 
SNRs are expected to be extended sources, often hidden 
by very bright PSRs and embedded in very crowded region 
within the galactic plane. The detection analysis is based 
on:   
� A likelihood method for extended sources [13]

• PuppisA
� Off-Pulse analysis [14]

• VelaX
� A selection of high energy photons [15] 

• GammaCygni

Extended SNR

As a common behavior, the photon spectrum observed in Middle Aged
SNRs (i.e. the IC443 Fig.2) typically shows a steeper slope than young
SNRs (i.e. VelaJr Fig.3)

Tycho

References
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For the Cygnus Loop case, an interaction with clouds is not favored, while from the very good
match with X- rays and H� (Fig.4) it can be inferred that acceleration processes for protons
and electrons are taking place at the shocks of the SNR with interstellar matter.

Fig.9 GammaCygni : Residuals E>10 GeV, 408 
MHz from CGPS (green), PSR J2021+4026 
(X) VER 2019+407 (black) .

Fig.8 VelaX: [16] Fermi-LAT TS map (E 
> 800 MeV)WMAP @ 61 GHz (green) 

Fig.7 PuppisA: Fermi-LAT smoothed
Count map (BKG subtracted)

** the index is taken from VHE measurements

Fig.4 Smoothed BKG subtracted CountMap with a) 
ROSAT, b)Ha DSS; c) 1420 MHz; d) CO; e) 100um IRAS 

With the goal of solving the puzzle of CR acceleration and injection, we have analyzed in detail some of
the radio SNRs detected as GeV-TeV emitters. For almost all of them, the observed spectrum can be
interpreted as the result of neutral pion decay produced in hadronic interactions between accelerated
particles and the surrounding environment.

Tycho is a historical SNR, observed for the
first time by the astronomer Tycho Brahe in
1572. Due to its age and its expansion in
mostly free environment, it is an ideal case
where cosmic rays acceleration processes
may be studied «easily».
Looking at the SED, a pure leptonic model is
unable to fit the GeV-TeV data for the
following reasons:
1. the CMB is the minimal target for IC
emission 2. the ambient density is <0.3cm-3;
3. the resulting spectrum (in which the IC
has to be a significant component) would be
much harder than the GeV-TeV data.
Then the expected gamma-ray spectrum is mainly of hadronic origin and can be calculated 
on the assumption that efficient proton acceleration is taking place at the forward shock 
in Tycho's SNR.Fig.5 Pure leptonic model is not excluded, but

hadronic acceleration process are favored [7]

Fig.1 VLA contours superimposed on Fermi GeV count Maps

Fig.2 IC443 SED Fig.3 VelaJr SED

Fig.5

Fig.6 The MW Spectral energy Distribution of 
Tycho SNR [3]

Starting from a sample of 274 radio sources (The Greenis Catalog), a GeV
survey with the Fermi-LAT has been conducted. 11 firmly detections have
been obtained as SNRs and 6 as PWNe. The survey is still continuing
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Though extension studies with GeV data indicate the same acceleration
region, it is the analysis of the photon spectrum that allows us to get
into more details on the mechanisms behind the HE emission. For all
Fermi-LAT detected SNRs, only one single population of accelerated
electrons hardly explains the GeV flux and the observed shape.
For the Molecular Cloud Interacting SNRs, the interaction with dense
environments enhances the GeV flux, but may hide the natural
acceleration process by cosmic rays.

Cygnus Loop

RADIO SNRs

HE SNRs

Assuming that the acceleration
process takes place at the same
moment and in the same place, a
strong correlation between radio
Map and gamma counts is
expected [1].
Superimposing radio contours on
GeV count maps (Fig.1), good
indications about possible
correlation between the two
emission mechanisms can be
obtained.
Radio data are explained by
synchrotron emission from
accelerated electrons interacting
with amplified magnetic field.

To highlight cosmic rays acceleration, the background has to be well
studied and known. More straightforward objects may be those
where the contribution from possible interaction with nearby
molecular clouds is not dominant. When the SNR is evolving in a cloud-
free region, the GeV emission is not enhanced by the dense target,
and the age evolution may be more easily studied.

«Hidden» SNRs:
Analysis details
The detection of GeV emitting SNRs  is very complex. 
SNRs are expected to be extended sources, often hidden 
by very bright PSRs and embedded in very crowded region 
within the galactic plane. The detection analysis is based 
on:   
� A likelihood method for extended sources [13]

• PuppisA
� Off-Pulse analysis [14]

• VelaX
� A selection of high energy photons [15] 

• GammaCygni

Extended SNR

As a common behavior, the photon spectrum observed in Middle Aged
SNRs (i.e. the IC443 Fig.2) typically shows a steeper slope than young
SNRs (i.e. VelaJr Fig.3)
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For the Cygnus Loop case, an interaction with clouds is not favored, while from the very good
match with X- rays and H� (Fig.4) it can be inferred that acceleration processes for protons
and electrons are taking place at the shocks of the SNR with interstellar matter.

Fig.9 GammaCygni : Residuals E>10 GeV, 408 
MHz from CGPS (green), PSR J2021+4026 
(X) VER 2019+407 (black) .

Fig.8 VelaX: [16] Fermi-LAT TS map (E 
> 800 MeV)WMAP @ 61 GHz (green) 

Fig.7 PuppisA: Fermi-LAT smoothed
Count map (BKG subtracted)

** the index is taken from VHE measurements

Fig.4 Smoothed BKG subtracted CountMap with a) 
ROSAT, b)Ha DSS; c) 1420 MHz; d) CO; e) 100um IRAS 

With the goal of solving the puzzle of CR acceleration and injection, we have analyzed in detail some of
the radio SNRs detected as GeV-TeV emitters. For almost all of them, the observed spectrum can be
interpreted as the result of neutral pion decay produced in hadronic interactions between accelerated
particles and the surrounding environment.

Tycho is a historical SNR, observed for the
first time by the astronomer Tycho Brahe in
1572. Due to its age and its expansion in
mostly free environment, it is an ideal case
where cosmic rays acceleration processes
may be studied «easily».
Looking at the SED, a pure leptonic model is
unable to fit the GeV-TeV data for the
following reasons:
1. the CMB is the minimal target for IC
emission 2. the ambient density is <0.3cm-3;
3. the resulting spectrum (in which the IC
has to be a significant component) would be
much harder than the GeV-TeV data.
Then the expected gamma-ray spectrum is mainly of hadronic origin and can be calculated 
on the assumption that efficient proton acceleration is taking place at the forward shock 
in Tycho's SNR.Fig.5 Pure leptonic model is not excluded, but

hadronic acceleration process are favored [7]

Fig.1 VLA contours superimposed on Fermi GeV count Maps

Fig.2 IC443 SED Fig.3 VelaJr SED

Fig.5

Fig.6 The MW Spectral energy Distribution of 
Tycho SNR [3]

Starting from a sample of 274 radio sources (The Greenis Catalog), a GeV
survey with the Fermi-LAT has been conducted. 11 firmly detections have
been obtained as SNRs and 6 as PWNe. The survey is still continuing

Gamma-ray Emission from SNR S147 3

FIG. 1.— (Left) Fermi-LAT count map above 1 GeV around SNR S147 in units of counts per pixel. The pixel size is 0.◦1. Smoothing with a Gaussian kernel of
σ = 0.◦25 is applied. SNR S147 is represented by a white circle. The background sources contained in the ROI are shown as green crosses. (Middle) Background
model map. The green boxes each with the dimensions of 1.◦0× 1.◦5 represent the regions used for the evaluation of the accuracy of the Galactic diffuse model.
(Right) Background-subtracted count map. A simulated point source is shown in the inset.

FIG. 2.— Left: TS map obtained with maximum likelihood analysis of the Fermi-LAT data in the vicinity of SNR S147 above 1 GeV. Overlaid are linear
contours of the background-subtracted count map above 1 GeV taken from Figure 1. A white circle represents the outer boundary of SNR S147. A cyan cross
and circle represent a position and positional error (95% confidence level) of 3EG J0542+2610, respectively (Hartman et al. 1999). A magenta cross indicates
the position of PSR J0538+2817. Right: Hα flux intensity map of SNR S147 in units of rayleighs (106/4π) photons cm−2 s−1 sr−1 (Finkbeiner 2003), with the
contours of the background-subtracted count map overlaid.

S147
Cygnus!Loop!

Vela!Jr!Tycho!

counts!

13 identified SNRs, including  
 - 9 interacting 
 - 4 young SNRs 

Fermi-Detected SNRs 

CTB37A!

Puppis A

HB21

Cygnus!Loop!
Vela!Jr!Tycho!

counts!

13 identified SNRs, including  
 - 9 interacting 
 - 4 young SNRs 

Fermi-Detected SNRs 

CTB37A! Vela Jr
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TeV gallery
shell SNRs
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Name Dist.
(Kpc)

Diameter 
(pc)

Age 
(ky)

Lγ 
(10^33 erg/s)

 

RXJ0852.0−4622
HESSJ0852−463

0.2 (1) 6.8 (34) 0.4 (5) 0.26 (6.4) 2.24

RXJ1713.7−3946
HESSJ1713−397

1 17.4 1.6 6 2.04

RCW 86
HESSJ1442-624

1-2.5 11-28 1.6-10 1-6 2.5

SN 1006
HESSJ1502-421 
HESSJ1504-418

2.2 18.3 1 1.24
0.76 
0.48

2.35
2.29

HESS J1731-347 3.2 27 2.5 
(14)

10.7 2.32

HESSJ1912+101 4.5? 60? 7 ? 9.2? 2.7

Distance, physical size? 
   Line of sight intersects :
● The inter-arm region Scutum-Sagittarius
● Inner Sagittarius 
 [4-7] kpc → D

SNR
~ [27-47] pc 

Association to PSR J1913+1011? 
 d

PSR
~4.5 kpc   D

SNR
 ~30 pc 

 
Multi-TeV  -rays 
  suffi cient shock velocity needed   
low density  ~0.1 cm-3

  Age ~7 kpc
  PSR proj. velocity v~630 km/s 
  IC emission (too low  )

If association to PSR and dstance is 
correct :
HESS J1912+101 would be :

   the oldest and farthest
   one of the largest and most            
luminous VHE shell up to now
Its soft spectrum   old SNR
If closer than 4 kpc,  size, age and 
luminosity would be more in line of the 
others. 

Hess J1912+101 Hess J1912+101 
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non-γ-ray information

mandatory to constrain

the ambient gas density

(for π° and brem. emissions)

•often in X rays

•opt+Hα for evolved SNRs 

Photon emission by accelerated charged particles

Energy 

Energy Flux 
�0 decay 

(! need target 
material!)

Photons emitted by Protons

67 MeV =0.5*m(�0)

Stars

Dust
Emission from

 secondary electrons

10

proton or electon dominated γ rays

Photon emission by accelerated charged particles

Energy 

Energy Flux 
�0 decay 

(! need target 
material!)

Photons emitted by Protons

67 MeV =0.5*m(�0)

Stars

Dust

Synchrotron 
(need B-field)

Photons emitted by Electrons

Inverse Compton 
(need photon fields)

Bremsstrahlung

10
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signature of freshly accelerated nuclei?
IR opt γ 

pCR + p → π0 → 2 γ

A
ck

er
m

an
n+

 2
01

3 
S

ci
en

ce
 3

39
, 8

07

Sunday, 22 September  13



π° emission in SNR ?
hadronic emission “preferred” 

in very young SNRs

• ex: Tycho

in middle-aged SNRs interacting with clouds (OH masers)

• ex: convincing spectral evidence in W44 + IC443  (previous slide)

•other possibilities = W51C, W49B, W28, CTB37A, G349.7+0.2 (very distant)

in isolated evolved SNRs

• ex: Cygnus loop 
IC unfavoured because it requires a low
gas density at odds with opt+X data

e/p ≈ 10-3 
e/p > 10-2 

Giodano+2012

Saclay 

Irfu 

Montpellier, November 5, 2012 

Hadronic model fits OK. Assumes broken power-law (at a few GeV) to reconcile 
hard radio and soft gamma. Wp = 2.6 1048 (5 / nH) erg 
IC model would require low density (< 0.1 cm-3) inconsistent with optical and 
even X-ray bright limbs 
Similar but fainter: S 147 (Katsuta et al 2012, ApJ 752, 135) 

Cygnus Loop Katagiri+2011
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electronic signature

important use of the thermal X rays 

to give an upper constraint on the ambient gas density

thus on the γ(π°) yield

• ex: RXJ 1713   Ellison+ 2010

iii.  hadronic or leptonic

abdo+ 2011ellison+ 2010

rx j1713.7-3946

Protons or Electrons? E.g. RX J1713.7-3946

B-Field ~ 10 �G
Inverse Compton

�0-dominant

Mixed �0/IC 

12
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mixed case of CTB 109
single zone fit + thermal X rays

Castro et al. (Slane, Ellison, …)
0.03

0.025

0.02

0.015

0.01
04:00 02:00 23:00:00 22:58:00

15:00

59:00:00

45:00

58:30:00

Right ascension

D
ec

lin
at

io
n

LATX IR

Sunday, 22 September  13



collective brigthness trends
γ-ray luminosity increases 

•with age ?

•&/or with nISM ↑ ? (esp. for SNR near clouds)

GeV SNRs are radio bright

• esp. for SNRs near clouds
compressed shock in radiative filaments?

• large scatter among young SNRs

TeV SNRs: large scatter with age
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< 2 kyr old SNR
SNR impacting cloud
new extended candidate

ICRC 2013 Template
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

where q is the CR acceleration efficiency, n is the ambient
density around the SNR, ESN is the total kinetic energy
output of the SNR and d is the distance to the object. The
parent particle energy distribution in the remnant is assumed
to be power-law shaped with a spectral index of a over the
whole energy range. Finally, the parameter q represents the
gamma ray production rate which depends on a .

By restricting the SNR sample to sources where a dis-
tance estimate is given and assuming a blast energy of
ESN = 1051erg, it is possible to derive an UL on the product
n ·q . The distribution of these constraints is shown in Fig 4
for assumed spectral indices of a = 2.1 (top) and a = 2.3
(bottom).
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Fig. 4: Upper limits on the product q ·n for assumed parent
particle distribution spectral indices of a = 2.1 (top) and
a = 2.3 (bottom). Solid lines: All SNRs with distance
estimate (42 sources), dashed lines: SNRs with additional
age estimate (30 sources). The sources are taken from the
loose sample (see text).

For an assumed spectral index of a = 2.1 the distribution
median value is hn · qi = 1.65 · 10�1 (hn · qiAge = 1.59 ·
10�1 for sources with additional age estimate) and hn ·qi=
7.46 ·10�1 �hn ·qiAge = 7.15 ·10�1� if a = 2.3 is assumed.
Assuming typical values of n in the order of 1cm�3 puts the
result in the expected range for the acceleration efficiency
q of a few times 0.1. However, there are several limitations
to this constraint:

• the q value is a result of decaying proton in the
energy range that corresponds to resulting gamma

rays with energies E >1TeV and holds only under
the assumption of a simple power law over the whole
proton energy range;

• in the 1-100 TeV energy range there might be a
spectral cut-off or break in the proton spectrum
which would not be accounted for. Indeed, the escape
of CRs from the SNR shock surface and/or the
interaction of the SNR with a molecular cloud (MC)
can significantly change the spectral shape from the
one expected with the DSA. Note that a spectral
index softer than 2.3 would shift the constraint n ·q
to higher values;

• there is no reason to believe that the CR acceleration
efficiency q is constant with time. CRs could be ac-
celerated to the highest energies at the very beginning
of the SNR evolution and the CR acceleration effi-
ciency could decrease significantly after the Sedov-
Taylor transition time;

• the ambient gas density around SNRs is not very well
known and large variations in this value are possible
especially for core-collapse (cc) SNRs. A young cc-
SNR expanding in the wind of its progenitor might
encounter densities of n � 10 cm�3. At a later phase,
due to a steep radial circumstellar gas density profile,
the same object could expand into a very thin medium
(n  0.1cm�3);

• the SNR blast energy ESN can easily vary on the order
of a few, especially for core-collapse SNe.
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Fig. 5: Upper limits on the integrated luminosity in the 1-
100 TeV energy range versus the age for 29 SNRs with
known distance and age of the Loose sample, assuming a
spectral index of 2.3. Integrated luminosity over 1-100 TeV
of H.E.S.S. published shell SNRs (blue squares) and SNRs
interacting with MC (red dots) are also shown on the plot.

Figure 5 shows the upper limits on the integrated lumi-
nosity over the 1-100 TeV energy range versus the SNR age
for 29 SNRs of the Loose sample, and assuming a spectral
index of 2.3. The luminosity upper limit of about twenty
SNRs are at the same level as the integrated luminosity of 4
H.E.S.S. detected shell SNRs (blue squares), showing that
the derived UL constrain the TeV SNR population.
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collective spectral trends
young SNRs are harder in γ rays

• escape from slower shocks ?

• lower Emax with age ?

no spectral link between the syn+γ 

• => sampling the same electron population, 
but different parts of the SED ?

• sampling nuclei vs. aged leptons 
with different spectra ?

interacting SNRs softer than expected from 
protons with the same spectrum as electrons

< 2 kyr old SNR
SNR impacting cloud
new extended candidate

Γ = α+1

Γ = 2α+1
π0 or brem

IC

PRELIMINARY
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spectral evolution with age
the older, the softer 

• escaped CRays ?

•particle ageing inside ?

main drivers 

•decrease in shock speed

• increase in ambient density

• increase in Alfven wave 
damping by neutrals

Break!region!

Fermi IACT

E!

E
2 d

N
/d

E
 

IC 443 

IC 443 SED 

1!TeV!1!GeV!

GeV-TeV Index 

!  Indication of break at TeV energies 
! Caveat: TeV sources are not uniformly surveyed. 

5!T.!J.!Brandt!
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< 2 kyr old SNR
SNR impacting cloud
extended candidate
point-like candidate

The origin of Cosmic rays - individual SNRs
• Mounting evidence that protons are accelerated in Supernova remnants

• Case-by-case investigation for each remnant is necessary to establish dominant 
emission mechanism. A lot depends on the environment ...

• Start to see evolution of particle acceleration in the remnants

Cas A
RX J1713.7-3946

credit S. Funk APS 2012

iv.  time evolution of emission

dermer & powale 2012 
Dermer & Powale 2012
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complex diffusion & escape
Alfven wave dissipation 

•wave-wave interactions

• ion-neutral collisions

=> Emax decreases with age

varying diffusion properties DISM ∝ pδ

•0.2 ≤ δ ≤ 0.6 provide good curved fits to 
the data of interacting SNRs 
Ohira+ MNRAS 2011, 410, 1577

iii.  hadronic or leptonic

inoue+ 2012
credit Inoue 2012

V. S. Ptuskin and V. N. Zirakashvili: Limits on diffusive shock acceleration in supernova remnants 7

Fig. 2. The same as in Fig. 1 but for the supernova burst in warm interstellar gas (T = 8 × 103 K, n0 = 0.4 cm−3, n = 0.1 cm−3, B0 = 5 µG).
Three solid lines correspond to three cases of wave dissipation considered separately: nonlinear wave interactions; damping by ion-neutral
collisions at given above number density of neutral atoms; damping by ion-neutral collisions when the diffuse neutral gas restores its density
after complete ionization by the radiation from supernova burst.

The solution with a smaller value of pmax at given shock ve-
locity ush should be chosen when both nonlinear and collisional
wave damping are present.

It is known that some envelopes of type Ia supernovae ex-
pand in partly ionized interstellar gas (see Lozinskaya 1992),
so that the equations obtained above are appropriate in this in-
stance. On the other hand, an explosion of type II supernova
leads to the full ionization of surrounding diffuse gas over dis-
tances of several tens of parsecs, a condition that holds about
105n−1 years after the burst. Therefore, the intercloud neutral
gas density is very low shortly after the burst and rises linearly
in time because of recombination as

nH = Crn2t, (23)

at t # (Crn)−1, whereCr(T ) is the recombination rate of hydro-
gen. At a later time t ∼ (Crn)−1 the value of nH tends to some
constant value which is determined by the balance between ion-
ization and recombination. The standard value of recombina-
tion rate Cr = 4.1 × 10−13 cm−3 s−1 at T ≈ 104 K (Seaton
1959) gives the time-dependent frequency of ion-neutral col-
lisions νin(t) = 〈vthσ〉Crn2t ≈ 1 × 10−10n2tKyr s−1. One can
continue to use Eqs. (20), (21) with the substitution ν in = νin(t)
for the determination of maximum momentum of accelerated
particles. Figure 2 illustrates the results. It is evident that the
ionization of interstellar atoms by supernova radiation dimin-
ishes the collisional wave dissipation.

3. Supernova explosion in a stellar wind
Immediately after the supernova burst, the shock propagates
not in the interstellar medium but through the wind of a

progenitor star. The duration of this phase depends on the wind
power and it may cover even the considerable part of the adia-
batic (Sedov) stage of supernova remnant evolution if the pre-
supernova star was very massive, more than about 15 solar
masses. The massive progenitors of type-II and Ib supernovae
undergo a significant mass loss prior to explosion during their
red and blue giant phases, and the Wolf-Rayet phase for the
most massive stars. The stellar wind modifies the ambient den-
sity distribution and creates an expanding shell. The cosmic
ray acceleration in the case of shock propagation through the
wind was considered by Völk & Biermann (1988), Berezinsky
& Ptuskin (1989), and Berezhko & Völk (2000) under the as-
sumption of Bohm diffusion for energetic particles. Bell &
Lucek (2001) included the effect of strong cosmic-ray stream-
ing instability into the consideration of high velocity shocks.

A distinctive property of the problem is the non-
homogeneous distributions of gas density and magnetic field
in the stellar wind flow. In particular, the spherically sym-
metric distribution of gas density in the stellar wind is nw =
Ṁ/

(
4πmauwr2

)
, where Ṁ = 10−5Ṁ−5 M' yr−1 is the mass

loss, uw = 106uw,6 cm s−1 is the wind velocity, and the nor-
malization and numerical values here and below are given for
the typical supernova type II progenitor, the red giant star
(see Berezinsky & Ptuskin 1989). Similar to the interplane-
tary magnetic field, the stellar wind magnetic field has the
shape of a Parker spiral (Parker 1958).The magnetic field has
predominately azimuthal structure at distance from the star
r ( uw/(Ω sin θ) ≈ 5 × 1012/sinθ cm where its value is B0 =
B∗r2∗Ω sin θ/(uwr). Here B∗ = 10G is the surface magnetic field
strength at star radius r∗ = 2× 1013 cm, Ω = 2× 10−7 s−1 is the

Ptuskin & Zirakashvili 2003, A&A 403, 1
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irradiated crushed cloud 

radiatively compressed filaments in older SNRs  (Uchiyama et al. 2010)

re-acceleration of pre-existing CRays

• enhanced radio + γ radiations

=> large & correlated luminosities

Gamma-ray Emission Sites

21

synchrotron radio emission 
correlated with shocked H2  gas 

SNR W44 

  Radio & γ-ray emissions from radiatively-compressed filaments
  Crushed Cloud Model (Uchiyama+2010)

Crushed Cloud: GeV vs Radio 

24

Surface Brightness Diagram (d-independent)
LAT (1-100 GeV) vs Radio (1 GHz)

W49B & G349.7+0.2
- relatively young < 10000 yr 
- “canonical” radio index
  (α = 0.5) 
- Strong infrared lines 

open symbols: model
(for various sets of parameters)

W49B

LAT

re-acceleratio
n 

acceleration 
from thermal

LAT (1-100 GeV) 
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irradiated crushed cloud

flat radio index (α ∼ 0.37) naturally explained

curved GeV π° spectra bright enough

Crushed Cloud Model

22

R=10, n=30/300, E=1
R=5/15, n=100, E=1
R=30, n=100, E=5

f: Preshock cloud filling factor
          f  = 0.2 fixed 

n: Preshock cloud density in cm-3

B: Preshock B-field in µG
         B = 2 n1/2 fixed 

R: SNR radius in pc

E: SN kinetic energy in 1051 erg

Uchiyama+2010

Naturally accounts for a gamma-ray luminosity of ~1035 erg/s
A slow (~100 km/s) shock explains spectral steepening in GeV range 

Re-acceleration of pre-existing CRs in MC at cloud radiative shock.
π0-decay gamma-rays in a radiatively-compressed layer.

Model Parameters

GeV Spectra of MC-SNRs

18

W51C

W44

IC443

Fermi-LAT Collaboration (Uchiyama+) 2011

W28

Cas A (no MC)

High GeV luminosity 
up to 1036 erg/s

Assuming e/p ratio less 
than 10%, 
the only way to achieve 
the high luminosity is:

π0-decay γ-rays in dense 
gas (>10 cm-3).

Spectral steepening
in the GeV band

GeV luminosity
  >> TeV luminosity 
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irradiated crushed cloud

example 

of S147

10 J. Katsua et al.

where nGCR is the number density of pre-shock CRs, α ≡

(rsh +2)/(rsh −1) and rsh is the shock compression ratio. Here
we adopt rsh to be 4, assuming the specific heat ratio of non-
relativistic monoatomic gas (= 5/3) and a strong shock (Mach
number ! 10). Given the finite acceleration time, the maxi-
mum attainable momentum of the accelerated particles is also
finite. Here we introduce a cutoff momentum (pc_acc) for the
spectra of the accelerated particles. Then, the number density
of particles accelerated at the shock wave is described as

nacc(p) = nDSA(p)× exp

(

−

(

p
pc_acc

)2
)

. (15)

Since the diffuse region is behind the shock wave, the number
density of relativistic particles in the diffuse region nde,p(p) has
the spectral distribution of Equation 15. On the other hand,
the filaments are formed as the shocked gas is compressed
radiatively. In this process, the particles frozen in the gas are
heated and gain energy as p→ s1/3p, where s≡ (nHf/natc)/rsh,
and the density increases by a factor of s (Blandford & Cowie
1982). Therefore, the number density of the accelerated and
compressed particles in the filaments is calculated as nfe,p(p) =
s2/3nacc(s−1/3p).
To calculate the multiwavelength spectrum, the same pro-

cedure and parameters as Section 4.1 are applied except for
the injection rates of the relativistic particles:

Qde,p(p) = (1− f )V(nICM/nHd)× nde,p(p)/tdint, (16)
Qfe,p(p) = fV (natc/nHf)× nfe,p(p)/t fint, (17)

where tdint = t0 and t fint = t0/2 are the total injection time. The
filling factor of the preshocked atomic gas is defined as f ≡
V0/V , where V0 and V are volumes of the atomic clouds and
the SNR, respectively. In this scenario, the relativistic particle
distributions are almost fixed unlike those in Section 4.1. Free
parameters of the particle distributions are only f and pd,fc_acc.
In the calculation of the diffuse components, the parameters
Bd and pdc_acc are uniquely determined to fit the radio observa-
tional data. The gas density nHd, which affects the calculated
flux of the gamma-ray emission, ranges within the values in
Table 2. We note that the gamma-ray emission in the diffuse
region is negligible within this range of nHd, compared with
the emission in the filamentary region. On the other hand, the
gas properties of the filaments have free parameters of nHf and
natc. When we set nHf and natc within the values in Table 2, the
parameters Bf, pfc_acc, and f are uniquely determined to fit the
observational data in the gamma-ray and radio bands.
Figure 9 shows the spectra in the case of nHf = 250 cm−3,

natc = 6 cm−3, and nHd = 0.4 cm−3. The cases of different
values of the parameters are summarized in Table 5. Note
that the spectra are almost the same for the values of the pa-
rameters in the table. The gamma-ray flux is dominated by
the π0-decay emission from the dense filaments due to high
densities of gas and CRs as in the case of Section 4.1. This
is consistent with the result in Section 3.1, which indicates
the spatial correlation between the GeV gamma-ray and the
filamentary Hα emissions. The obtained magnetic pressures
are consistent with the values in Table 2, except for the case
of nHf = 100 cm−3 where Bf = 70 µG is slightly smaller than
that in the table. In all cases, the filaments are supported by
thermal pressure. While the intensity of emission can be ex-
plained well, the observed spectral index is harder than the

calculated one at lower energy below the break in the ra-
dio band. This discrepancy could be attributable to a cutoff
around 100 MHz (4× 10−7 eV) due to free-free absorption,
which makes the spectral index harder than predicted by our
model.
In this paper, we assume the compression ratio of 4 based

on the specific heat ratio of non-relativistic gas (= 5/3). The
compression ratio is expected to increase if we consider the
effect of the relativistic gas whose specific heat ratio is 4/3.
The precise treatment of this effect is beyond the scope of this
paper. Here, let us consider the case of a compression ratio
of 7 based on the specific heat ratio of the relativistic gas, i.e.,
CRs. In this case, the calculated spectral index of the particle
energy distribution becomes harder by ∼ 0.5. The reaccel-
eration model can still explain the observed multiwavelength
spectra when we set the values of f and Bd to ∼ 60% of those
in the default case where the compression ratio is 4. The
harder spectra explain the observed radio data better than the
default case.
Middle-aged SNRs interacting with molecular clouds con-

stitute the dominant class of SNRs detected by the Fermi
LAT (see Uchiyama 2011). It has been proposed by
Uchiyama et al. (2010) that the radiative filaments formed
through interactions between molecular clouds and the SNR
blast wave can account for the high gamma-ray luminosity of
these SNRs (the Crushed Cloud model). In most cases, the
reacceleration of Galactic CRs is sufficient to supply the re-
quired CR density in the filaments. The scenario discussed in
this section can be regarded as the atomic cloud version of the
Crushed Cloud model, which is indeed insensitive to the phys-
ical parameters of a pre-shock cloud. The GeV gamma-ray
emission from the Cygnus Loop (Katagiri et al. 2011) may be
explained by the Crushed Cloud model as well.
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FIG. 9.— SEDs of SNR S147 with model curves of emission from
the reaccelerated CRs in the case of nHd = 0.4 cm−3, nHf = 250 cm−3,
and natc = 6 cm−3. The distance to the SNR is assumed to be
d = 1.3 kpc. The observed data in the gamma-ray and the radio
bands (black points) are the same as Figure 7. The red and green
lines represent diffuse and filamentary components, while the blue
lines represent a sum of both fluxes. The radio emission is mod-
eled by synchrotron radiation from the relativistic electrons (dashed
line). The gamma-ray emission is explained with a combination of
π
0-decay from the relativistic protons (dashed line), bremsstrahlung
from primary (dot-dashed line) and secondary electrons (vertical-
dashed line), and IC scattering from primary electrons (dotted line).

4.3. Dependence on the Distance
In Section 4.2, the distance to S147 is adopted as that to the

plausibly associated pulsar. However, the absorption lines of
the B1e star indicate a different distance. In this section, we
consider a dependence on the distance for the reacceleration
model as described in Section 4.2.
We first evaluate the dependence on the distance of the

Drew+ 2005

Hα 
Katsuta+ 2012

Hα
LAT
> 1 GeV

diffuse contribution
filament contribution
− − − π°
− . − brem (e1)
⧛ ⧛ ⧛ brem (e2)
. . . IC
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runaway cosmic rays

highest-energy CRs escape first !

=> spectral evolution as the CR-wave passes by

CR over-density typically within < 100 pc

over few kyr

difficult to firmly associate the SNR and

irradiated cloud in 3D

powerful tool to measure the diffusion coefficient

of CRs … once we have firm examples (Gabici arXiV:1011.2029v1)

vs

How to use Molecular Clouds...

SNRs accelerate CRs

CRs “somehow” 
escape the SNR

�

�

MCs enhance the 
gamma ray emission

Aharonian&Atoyan, 1996; SG&Aharonian, 2007
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irradiated clouds around W44 ?
extended GeV flux around W44

but uncertain modelling of the 

background ISM emission from normal CRs

if 0.5 105 M⊙ uniformly distributed within 100 pc

• slow case: D = 0.1 DISM

Nesc(E) ∝ E-2.6 and Wesc ∼ 0.3 1050 erg

• standard case: D = 0.1 DISM

Nesc(E) ∝ E-2.0 and Wesc ∼ 1.1 1050 erg

• fast case: D = 3 DISM

Nesc(E) ∝ E-2.0 and Wesc ∼ 2.7 1050 erg

Large-scale GeV γ-rays vs CO map

17

W44 is known to be surrounded by a complex of MCs.
Size ~100 pc, Mass ~106 Msun (Dame+1986)

MC complex is illuminated 
by a “CR halo” around W44 

CO: contours 

SNR W44

Uchiyama+ 2012
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halo

Sunday, 22 September  13



B
ab

a4
9

prompt 
cosmic-ray sources:

novae

Sunday, 22 September  13



4 γ-ray novae

•V 407 Cyg    Sco 2012

•Mon 2012 (discovered in γ rays)  Del 2013

white dwarf + companion

10-7-10-3 M⊙ thermonuclear runaway ejecta, 400-5000 km/s, 1044-46 erg

0.1-2 γ novae yr-1 (95%CL) compared to < 8 yr-1 in the visible

Fermi acceleration in “real time”

radio synchrotron absorbed

(free-free radio from stellar wind)

mini-supernova shock waves

• Binary systems with a 
white dwarf and a red 
giant star (symbiotic)  

• Best-known object:    
RS Ophiuchi  

• Massive white dwarf 
(MWD~1.35 M  ) - maybe 
a SN Ia in ~105-107 yrs  

• Thermonuclear runaway 
outbursts: 1898, 1907, 
1933, 1945, 1958, 1967, 
1985, and 2006 

! 

#  ~20 years recurrence period, as compared to 104-105 yrs for classical 
novae, due to the higher (dM/dt)acc and MWD 

cosmic
ray acceleration

pCR + pRG → π0 → 2γ  
eCR + γred giant → γ 
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4 γ-ray novae

companion period distance 
(kpc)

velocity 
(km/s)

X rays

V407 Cyg
symbiotic 
He/N nova

red giant 50 hr 2.7 3000 yes

 Mon 2012
classical 
O/Ne nova

KV 7.1 hr 3.6 2000-2500 yes

Sco 2012
classical nova

? 4.9 ? no

Del 2013
CO type? August 14th 2013
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similarities in lightcurves

• rise over days

•decline over 2-3 weeks

similarities in spectra

• soft & curved

similar γ-ray novae

Very High Energy Phenomena in the Universe 

Gamma-ray properties 

12 

Nova Mon 2012 
PRELIMINARY 

Nova Sco 2012 
PRELIMINARY 
 

V407 Cyg 
PRELIMINARY 
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Adam Hill 

Preliminary 

Preliminary 

Preliminary 

8/28/13 Novae - Cheung 
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a mini SNR accelerator
acceleration by shock wave (free expansion + Sedov phase), but aspherical

• test particle approximation + equipartition B upstream + Bohm diffusion

• Emax(p) from age < few 100 GeV

• Emax(e) from IC losses < few 10 GeV

(small) anisotropy effects on IC yield

swept-up stellar wind not dense enough

=> matter accumulation around white dwarf

• large injection early on (fast rise)

• acceleration drops when shock exits the zone
(week 
decline) 

thermal X-ray constraint on swept-up density

• symbiotic system: red giant wind & radiation

• thermonuclear runaway WD ejects 10-6 M⦿ at ~ 3000 km/s

Gamma-rays from V407 Cyg

Walder, Folini & Shore 2008Abdo et al. (Fermi) 2010

77Wednesday, May 8, 13
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matter accumulation 
from swept-up gas

SNR evolution in ‘real’ time
max electron energy IC emission

time & location-dependent γ-ray, X-ray, radio emission depends on

– ejecta parameters (~10-6 M⊙ at 3000 km/s)

– system parameters (stellar wind, radiation, separation, circumstellar material)

– acceleration parameters (test particle, diffusion eff., B field, e-/p inj. fraction)

Martin & GD 2013

γ-ray Razzaque+ 2010, Sitarek+Bednarek 2012 X-ray Nelson+, Orlando+ 2012 radio Chomiuk+ 2013
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SNR evolution in ‘real’ time
max electron energy IC emission

time & location-dependent γ-ray, X-ray, radio emission depends on

– ejecta parameters (~10-6 M⊙ at 3000 km/s)

– system parameters (stellar wind, radiation, separation, circumstellar material)

– acceleration parameters (test particle, diffusion eff., B field, e-/p inj. fraction)

Martin & GD 2013

γ-ray Razzaque+ 2010, Sitarek+Bednarek 2012 X-ray Nelson+, Orlando+ 2012 radio Chomiuk+ 2013
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V407 Cyg as a cosmic-ray source
if low non-thermal efficiency

• IC on nova light dominates

important spectral test in γ rays < 100 MeV

•10% of nova energy in nuclei, 1% in electrons

if high non-thermal efficiency

• π° emission dominates

•but CR pressure feedback on the shock !!

problem with other novae: not so dense winds

mass reservoir for injection and for π° production ?

why other recent novae un-detected ? 

we only see the fastest ones?  

SNR evolution in ‘real’ time
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Inverse Compton model
– nova light dominates

– need density enhancement

– 10% energy in acc. particles

– e~0.03%, p~0.5%
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Inverse Compton model
– nova light dominates

– need density enhancement

– 10% energy in acc. particles

– e~0.03%, p~0.5%
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SNR evolution in ‘real’ time
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Inverse Compton model
– nova light dominates

– need density enhancement

– 10% energy in acc. particles

– e~0.03%, p~0.5%

π0 model
– helps with low γ points

– X-ray thermal important

– 100% energy in acc. particles

– acceleration: non-linear regime !
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