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the γ-ray sky above 1 GeV
4 years with Fermi Large Area Telescope
whole sky every 3 h
> 1870 sources + interstellar CRay emission + extragalactic background
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γ-ray discoveries
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1873%sources

2FGL%source%catalogue

?

AGN
45.9 %

galaxies
0.5 %

AGN?
17.6 %

glob. cluster
0.6 %

SNR/PWN
4.7 %

PSR?
0.4 %

PSR
6.2 %

binary
0.2 %

unass.
23.8 %
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accelerator 1:
accretion +

jet propulsion
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a%thousand%γ4ray%quasars

radiogal

BL Lac

blazar type?

AGN
NLS1

FSRQ

massive Bhole
high dM/dt

FR II

FR I

FSRQ

Bl Lac

dust
torus

e±jet + B 
→ X
 

e±jet + X’ → γ
π0jet → 2γ ?  

radio-
galaxies

less massive Bhole
very high dM/dt
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constraining%blazars%SEDs

low%synchrotron%peaked

3C 279
LBL/LSP

Planck
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intermediate%synchrotron%peaked

S5 0716+714 
IBL/ISP

Planck

constraining%blazars%SEDs
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high%synchrotron%peaked

MKN 421

HBL/HSP

Planck

constraining%blazars%SEDs
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the%jet%in%γ%rays
Compton%dominance%=%Lpeak%γ%/%Lpeak%syn

• the%brighter%in%γ%rays…

• the%soAer%in%γ%rays%…

• the%faster%the%jet%…

• the%more%Compton%dominated

• the%more%variable%in%γ%rays%…

• the%lower%the%synchrotron%peak%energy%…

• the%fainter%in%X%rays%…

• the%brighter%in%the%radio%…

the%jet%in%synchrotron

sugges=ons%of%blazar%sequences

supersonic jet?

decelerating jet?
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Compton dominance and the sequence 
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FSRQs
BL Lacs
AGUs

JF (2012), ApJ, submitted 

An anti-
correlation 
clearly exists 
 
What about 
sources without 
known 
redshifts? 
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SED%modelling%difficul=es

SSC%models%fail%to%explain%most%LAT%blazars

origin%of%the%few%GeV%breaks%???

• (Xdisc%+%BLRlines)%+%ejet%→%γ
with%KN%cutoff?

• γ%+%γBLR%lines%→%e±%%%

oneWzone%models%cannot%explain%8%blazars

• ex:%AP%Librae%(LAT%+%HESS)
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The end of the one zone leptonic model? 

37 

H.E.S.S. Collaboration et al.: The high-energy γ-ray emission of AP Librae
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Fig. 6. The broadband SED of the LBL AP Librae. The red triangles come from the Planck Early Release
Compact Source Catalog (ERCSC). Blue points and butterflies are, from low energy to high energy, Swift-
UVOT, Swift-XRT/RXTE, Fermi-LAT and H.E.S.S. Light gray data are taken from NED. The dark gray
squares come from Falomo et al. (1993). The fit with two third degree polynomial function are shown with a
green line. The red butterfly is the Chandra spectrum. The dashed line is the SSC model from Tavecchio et al.
(2010) whereas the gray area and the red line are the model obtained in this work.
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PRELIMINARY 

Abramowski et al. (in preparation) 

AP Librae – HESS & LAT detected ISP BL Lac 

Extremely narrow 
synchrotron component, very 
broad (X-ray to TeV γ-ray) 
Compton component 
 
Cannot be fit with a one-zone 
synchrotron/Compton model 
 
Green curve:  not a radiative 
model fit, an empirical fit with 
two 3rd degree polynomials PRELIMINARY
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γ4ray%source%loca=on?

outside%the%broadWline%region?

• PKS1510W089:%
intense%radio%+%γ%flare%in%Oct.%2011
⇒%D%≈%7%W%17%pc%outside%BLR

(Oriene+%’12,%arXiv:1210.4319)

• 4C+21.35:
10%mn%flare%up%to%400%GeV%(MAGIC+LAT)
⇒%γ%+%γ%→%e±%absorpeon%if%inside%BLR%

(Aleksic+%2011)

rapid%variability%far%from%the%black%hole?

• jet%recollimaeon

• jet%B%reconneceon

• neutron%transport

• ???

FR II

FR I

FSRQ

Bl Lac

dust
torus

BLR
∼1 pc
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blazar%variability

the%brighter%in%γ%rays,%the%soAer,%the%more%variable%&%larger%amplitude%of%variaeons

more%“brownian”%changes%% % %%%%%%%%%%
slightly%longer%
emescales% % % % % % %
more “flickering”

duty%cycles:%5W30%%of%eme%with

oAen%correlated%optWX%vs.%γ%flares%
⇒%common%syn%+%IC%emiong%pairs%

99% 
conf.

72%

37%
41%

17%

F > F̄ + 1.5�F + �i

Ackermann+‘2011 ApJ 743 171
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γ-ray radiogalaxies: misaligned agn
15 radiogal. detected by Fermi
the γ-ray luminosity scales with 
that of the radio core

Cen A lobes: 
electron IC losses ⇒ in-situ (re)acceleration

Cen A

Gamma-ray luminosity function 
Correlation between radio core emission at 5 GHz and gamma > 100 MeV 

N. B. Similar results if we exclude: 3C380, 3C207; PKS0625-350 

Preliminary 
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Fermi%LAT%3%years%
residuals%above
gas,%IC,%isotropic,
&%pointWsources

Loop%I%&%Fermi%bubbles

γ/pixel

γ/pixel

Casandjian et al. 2009
eConf Proceedings C091122
Su et al. 2010, ApJ 724, 1044
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whence ?
4 years Fermi > 10 GeV and Planck haze
cosmic rays in Galactic winds? from a nearby bubble? jets from the central black hole? 

Fermi LAT > 10 GeV
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whence ?
4 years Fermi > 10 GeV and Planck haze
cosmic rays in Galactic winds? from a nearby bubble? jets from the central black hole? 

Fermi LAT > 10 GeV

Planck et al. 2012 aXiv 1208.5483
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whence ?
4 years Fermi > 10 GeV and Planck haze
cosmic rays in Galactic winds? from a nearby bubble? jets from the central black hole? 

Fermi LAT > 10 GeV

Planck et al. 2012 aXiv 1208.5483

Dobler 2012 aXiv 1208.2690
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cosmological%impacts

jet%acevity%and%duty%cycle

• feedback%on%intergalacec%scales%
and%galaxy%accreeon

• BHole%growth%linked%with%galaxy%
evolueon

γWray%background%light

• 25%%foreground%uncertainty

• other%sources?

• CRay%halo?%DM%χχ%→%γ%halo?

• UHE%CRays%+%EBL%→%γ%?

5        7.8              10.5                   12 Gyr 

detection limit Γ = 1.8 (2.2)

FSRQ
soft to hard BL Lac
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BL Lacs

hard SFgalSFgal

FSRQs

MSPs

radiogal
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γ4ray%aFenua=on%by%ancient%starlight

difficult%measurement%because%of%intrinsic%spectral%breaks%&%variability%in%sources

• absorpeon%compaeble%with%minimal%starlight%based%on%resolved%galaxy%counts
peak%SFR%at%z%>%10%and%<%0.5%M⊙%yrW1%MpcW3

• incompaeble%with%high%formaeon%rate%of%pop%III%stars

F
obs

= F
int
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Accelerator 2:
pulsar dynamo
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• 117 pulsars with 1.6 ms to 0.46 s periods

• 1/3 radio + γ emitters, < Myr-old isolated pulsars

• 1/3 γ only emitters, < Myr-old isolated pulsars

• 1/3 radio + γ Gyr-old ms pulsars (many binaries)

the twinkling γ-ray sky
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40%new%millisecond%pulsars

Nançay (France)             GMRT (India)                GreenBank (USA)         Parkes (Asutralia)             Effelsberg (Germany)

Ray+
‘arXiv 1

205.3089
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first blind-search γ-ray ms pulsar
very compact system (Porb = 0.065 day, Mcomp > 8 MJupiter)

PSR J1311-3430
The'PSR'J1311:3430'system'(1/2)

•%Following%the%discovery:%
%%%%→ pulsar%7ming%to%precisely%measure
%%%%%%%%%%the%system%parameters%(%%%%%%)
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accelerator in the outer magnetosphere
10 TeV accelerator in the outer magnetosphere, maybe over a single pole
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evolu=onary%trends

unexplained%evolueon%in%the%
extraceon%of%the%dynamo%power%
as%the%pulsar%slows%down

the%older,%the%harder%in%γ%rays

PRELIMINARY

– 41 –

Fig. 9.— Power-law index � for the exponentially cuto↵ gamma-ray spectra versus the
spindown power, for the pulsars bright enough in gamma-rays to allow spectral analysis (see
text). The straight-line fit results are in Section 5.2. The uppermost line is for millisecond
gamma-ray pulsars. The middle line fits young, radio-quiet gamma-ray pulsars, while the
lowest line is for young, radio-loud gamma-ray pulsars.

6. Unpulsed Magnetospheric Emission537

GeV emission from pulsars is modulated at the rotational period, with the emission538

concentrated in one or more narrow peaks. Depending on the viewing geometry and emission539

model, gamma-ray light curves can have a 100% duty cycle. This emission would appear in540

the observed light curves as a low-level, unpulsed component above the estimated background541

level (i.e., not attributable to di↵use emission or nearby point sources) and can be a powerful542

discriminator for the emission models.543

Young pulsars are also known to power PWNe which can be bright at GeV and TeV544

energies. This emission would not be modulated at the rotational period and could be545

PRELIMINARY
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Accelerator 3:
diffusive shock 

acceleration
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• spatial correlations of multi-GeV electrons and γ rays inside remnants ?

• electron ageing inside remnants

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
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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

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
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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

gallery of GeV supernova remnants

Cygnus!Loop!
Vela!Jr!Tycho!

counts!

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

Fermi-Detected SNRs 

CTB37A!
Cygnus!Loop!

Vela!Jr!Tycho!

counts!

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

Fermi-Detected SNRs 

CTB37A! Vela Jr

Puppis A
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signature%of%the%π0%bump?

Ackermann+ 2013, Science
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collec=ve%proper=es

luminosity%increases%with%age%(nISM%↑%?)

• esp.%for%SNR%near%clouds

SNRs%are%radio%bright

• esp.%for%SNRs%near%clouds

• compressed%shock?

< 2 kyr old SNR
SNR impacting cloud
new candidate
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Emerging classes: Young or Interacting SNRs

SNRs vary in Lγ(>1GeV) by more 
   than two orders of magnitude

Diameter traces SNR evolution
   

Young SNRs have similarly low Lγ 

=> Evolving in low densities?  

Interacting SNRs have higher Lγ 
=> Encountering higher densities?

W49B

RX J1713-3946

(in Sedov phase R ∝ t2/5)

Sources are color coded:
Interacting with dense ISM
Young SNRs: Age < 2000 yrs
New extended SNRs candidates

Pointlike candidate SNRs 
Pulsar contamination indicated 
  by multiwavelength data
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GeV%breaks%
⇒%escaped%CRays%?

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

< 2 kyr old SNR
SNR impacting cloud
new candidate

PRELIMINARY
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credit S. Funk
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nova V 407 Cyg 
1037 J, 44 Mkm/h shock
1 to 2 novae per year

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  
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cosmic-ray
matters
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the%total%ISM

Dust Optical depth (MW) 

Bernard  Planck 2011, La Villette, Paris, France 

Planck+IRAS dust optical depth
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CRay%spectrum
outside%the%solar%system
consistent%with%
nearWEarth%measurements
+%solar%demodulaeon

⇒%measures%of%the

solar%modulaeon

HI%emissivity%spectrum%<%1%kpc

eCR+H
eCR+He

LAT 3 yr PRELIMINARY

αCR+ISM

CRA≥1+ISM

Casandjian+ in prep

N�(l,b,E�)� qCO(E�)WCO(l,b)�NIC(l,b,E�)�
X

jsources

Nj(l,b,E�) = qHI(E�)NHI(l,b)
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consistent%with%LIS%spectrum
lizle%arm/interarm%contrast%
=>%loose%coupling%with%the%kpcWscale%surface%
density%of%gas%or%star%formaeon%

uniform%spectrum%across%arms

interarm
local arm

The Astrophysical Journal, 726:81 (15pp), 2011 January 10 Ackermann et al.
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Figure 9. Same as Figure 8 but for TS = 250 K.
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Figure 10. Correlation between the H i and CO emissivities in the 200 MeV–9.05 GeV energy range for the Local arm and the interarm regions. The cases of
TS = 125 K and 250 K are shown in the left panel and the right panel, respectively. Dotted lines show the best linear fits. Each data point corresponds to an energy bin
used in the γ -ray analysis. (See Tables 1 and 2)

component of Galactic CRs does not vary significantly in the
outer Galaxy in the third quadrant. We note that Abdo et al.
(2010a) reported a possible spectral hardening in the Perseus
arm in the second quadrant. This might be due to the presence
of the very active star-forming region of NGC 7538 and of CRs
having not diffused far from their sources, or to contamination
by hard unresolved point sources. In fact, Abdo et al. (2010a) did
not rule out the possibility that their result is due to systematic
effects.

4.2. Calibration of Molecular Masses

High-energy γ -rays are a powerful probe to determine the
CO-to-H2 calibration ratio, XCO, if the CR flux is comparable in
the different gas phases inside a cloud. Since the γ -ray emission
from the molecular gas is primarily due to CR interactions with
H2, and since the molecular binding energy is negligible in
processes leading to γ -ray production, the emissivity per H2
molecule is expected to be twice the emissivity per H i atom.
Then, under the hypothesis that the same CR flux penetrates the
H i- and CO-bright phases of an interstellar complex, we can
calculate XCO as qCO = 2XCO · qH i.

We show qCO as a function of qH i for the Local arm and
the interarm region in Figure 10. We do not consider the
correlation in the Perseus arm, because qCO from this region

is affected by large systematic uncertainties (see Section 3.2).
Since the emissivity associated with the CO-bright gas is not
well determined in the lowest energy range (see Tables 1 and 2)
because of the poor angular resolution of the LAT, and the fit at
very high energy is affected by larger uncertainties (Section 4.1),
we have plotted only data in the 200 MeV–9.05 GeV range.
The linear correlation supports the assumption that Galactic
CRs penetrate molecular clouds uniformly to their cores. It also
suggests that contamination from point sources and CR spectral
variations within the clouds are small.

We have derived the maximum-likelihood estimates of the
slope and intercept of the linear relation between qCO and qH i
taking into account that qCO and qH i are both measured (not true)
values with known uncertainties. The resulting intercepts are
compatible with zero. The XCO values we have obtained for TS =
250 K are (2.08 ± 0.11) × 1020 cm−2(K km s−1)−1 for the Local
arm (R � 10 kpc) and (1.93 ± 0.16) × 1020cm−2(K km s−1)−1

for the interarm regions (R = 10–12.5 kpc). Decreasing the spin
temperature to 125 K does not affect the XCO derivation in the
well resolved, not too massive, clouds of the Local arm where
we find XCO = (2.03 ± 0.11) × 1020 cm−2(K km s−1)−1. On the
other hand, the separation in the γ -ray fit between the dense H i
peaks and clumpy CO cores becomes more difficult for more
distant, less resolved clouds where H i and CO tend to peak
in the same directions. A change in the largest N(H i) column
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shallow%CR%gradient%in%the%outer%Galaxy

flat%emissivity%gradient%beyond%the%Solar%circle

• large%uncertainty%due%to%HI%gas%mass
100%≤%Tspin(HI)%≤%400%K

CR%source%distribueon%too%steep%
with%uniform%diffusion%if%pulsarWlike%or%SNRWlike%
source%distribueons,%even%if%large%halo%size

• large%amounts%of%missing%gas%?

• nonWuniform%diffusion?

7.1 the distribution of cosmic rays in the galaxy 151

crease of CR densities in the outer Galaxy (e.g. Fig. 4.3), therefore LAT
measurements strengthen the CR gradient problem (§ 3.3.1).

An unknown parameter with large impact on the radial gradient of
CR densities is the size of the propagation halo (e.g. Stecker and Jones,
1977; Strong and Moskalenko, 1998). The distribution of putative CR
sources in the Galaxy is also highly uncertain (§ 2.2.2), so a flatter
distribution in the outer Galaxy is, a priori, a viable possibility. We
explored these tentative solutions of the gradient problem in § 5.1. In
Fig. 7.2 I compare the summary of H I emissivities collected along the
thesis (Fig. 7.1) with the CR propagation models presented there.
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Figure 7.2: H I emissivity integrated above 200 MeV as a function of Galac-
tocentric radius, compared with different CR propagation models.
With respect to § 5.1 (Fig. 13) the model-predicted emissivities were
integrated above 200 MeV and renormalized to match the average
of the measurements at the solar circle.

Based on the observed distribution of pulsars and SNRs, LAT data
favor large propagation halos, with heights zh � 10 kpc. Let us note
that zh = 10 kpc is approximately the maximum halo height allowed
by 10Be/9Be measurements (§ 2.2.3). On the other hand, assuming
zh = 4 kpc as in Fig. 7.2 (right panel) and in many pre-Fermi stud-
ies (e.g. Strong et al., 2004a,b), the LAT profile would imply a flat CR
source distribution at the solar circle and beyond. This would be in
contrast with all the available tracers of CR sources and their progen-
itors, massive OB stars (Fig. 2.6) as well as with the observations of
the 26Al line, which is a tracer of explosive nucleosynthesis products
(Diehl et al., 2006).

Different propagation scenarios need to be considered before firm
conclusions can be drawn. Let us mention, e.g., that Evoli et al. (2008)
proposed a propagation model with non-uniform diffusion satisfacto-
rily reproducing EGRET data.

Missing gas might bias the estimate of H I �-ray emissivities and
origin of the gradient problem. Strong et al. (2004b) proposed for this
reason an increase of one order of magnitude in XCO beyond the so-
lar circle. The analyses reported in the thesis do not confirm such a
large increase as I will summarize in § 7.2.2, yet, a strong XCO gradi-
ent would not explain the small H I-emissivity variations. Abundant
quantities of warm, diffuse, dark molecular gas were suggested to be
present in the low-metallicity environments of the outer Galaxy (Pa-
padopoulos et al., 2002); other models (e.g. Wolfire et al., 2010) of the
dark phase, however, do not provide enough dark gas to explain our
emissivities.
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a little tour of Cygnus X
most active star-forming region at 1.4 kpc
CGPS/IRAS 74 cm 21 cm 60 µ 25 µ

γ Cyg

Cyg OB2
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Fermi,%10W100%GeV%band,%smoothed%(0.25°)
% total%emission% total%W%γ(ISM)% %%%%total%W%background%
% % % W%point%sources% %%%%W%extended%γ%Cyg

broad%Gaussian:%10.1%σ%deteceon%>%1%GeV,%1σ%radius%=%2.0°%±%0.2°%

an%extended%γ4ray%excess
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bounded%by%PDRs

• extension%>>%SNR%or%cluster%sizes,%smooth%radial%profile,%spectral%uniformity

• worse%fit%with%discrete%point%sources
turbulent%superbubble

a%γ4ray%superbubble
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hard%excess%E%>%1%GeV
if%pure%IC:%%%Etot%=%4%1041%J% %

if%pure%pion:%%%%Etot%=%1.3%1042%J%≈%1%%ESN%

cocoon%of%freshly%accelerated%cosmic%rays
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diffusion%D%≈%DISM%/%100%=>%trapping
what%leaks%out?

• hard%reaccelerated%parecles%

• or%soA%exhausted%ones?
HII%&%dark%gas%flooded%with%young%CRays

• but%“normal”%CR%flux%averaged%over%the%whole%complex
ionizaeon%rate%in%all%the%PDRs?

an%ac=ve%“airlock”%between%sources%&%ISM

W49A

Westerlund 1
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radio/γ study:   Lelectrons ≈ 100-140 pc at ~3 GeV and Lnuclei ≈ 200-320 pc at ~20 GeV if 
accelerated in 30 Doradus (Murphy et al. 2012)

30 Dor in LMC

8 µm PAH, Hα, X 

Fermi, γ
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stellar%vs.%cosmic4ray%ac=vity
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Science Support Center:
http://fermi.gsfc.nasa.gov/ssc/ 

http://www.nasa.gov/
mission_pages/GLAST/

main/index.html

Fermi Sky on iphone
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