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                                                            CNRS Concours Chercheurs 2010 - Section 03/07

Travaux de recherche

‣ „Diplomarbeit“ sur la physique hadronique

‣ production des mesons η sur faisceau et cible polarisé 

‣ Thèse sur ANTARES à l’Université d’Erlangen: 2007

‣ développement d’une méthode de reconstruction 

‣ modélisation des sursauts gamma

‣ Post-doc sur HESS à l’École Polytechnique (LLR)

‣ amélioration et vérification de l’analyse HESS (Model 3D) par 
comparaison MC/données 

‣ analyse du vestige de supernova SN 1006

‣ Post-doc sur FERMI au Sap à CEA/IRFU 

‣ travaux et analyses sur les catalogues de FERMI : 1FGL et 2FGL

‣ analyse du vestige de supernova Tycho

Travaux de recherche
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Why do we study SNRs ?

The SNR paradigm: 

• Cosmic rays are accelerated in SNRs by diffusive shock acceleration: 
Q(E)~E-γ

• They should reach energies up to the knee

Multiwavelength Observations necessary to 
understand the SNR emission: 

radio

+ + =

Radio
(synchrotron) Optical X-ray

(synchrotron
+ thermal)

full picture ?
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Why do we study SNRs ?

The SNR paradigm: 

• Cosmic rays are accelerated in SNRs by diffusive shock acceleration: 
Q(E)~E-γ

• They should reach energies up to the knee

Multiwavelength Observations necessary to 
understand the SNR emission: 

radio

+ + +

Radio
(synchrotron) Optical X-ray

(synchrotron
+ thermal)

full picture ?
gamma-rays !!!
(IC / bremsstrahlung /
π0-decay)
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What are the challenges in SNRs ?

• How efficient is cosmic ray acceleration in SNRs ?
– What is the energy density of the accelerated particles ?

• What is the maximum energy of the accelerated particles ?
• What is the nature of the accelerated particles (electrons/hadrons)?
• How large is the magnetic field ?

– Has it been amplified ?

Pending questions: 

Let us see what we can learn from 
gamma-ray observations 
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SNRs seen in γ-rays 

HESS Significance map

• SNRs interacting with molecular clouds:

- W51C, W44, IC443, W28, W49B, W30(G8.7-0.1), CTB37A, ...

• Evolved SNR without molecular cloud interactions:

- Cygnus loop, (Puppis A)

• TeV-bright SNRs:

- RXJ 1713

- Vela junior

• Historical SNRs:

- Cassiopeia A

- SN 1006 ☜

- Tycho ☜
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SNRs interacting with molecular clouds

HESS Significance map

• Historical SNR:

- Cassiopeia A

- Ty

LAT Discoveries of MC-SNRs

17

Fermi-LAT Collaboration (Uchiyama+) 2011

2.5 yr count maps (>2 GeV, front-converted) 

Extended GeV emission has been 

discovered from several SNRs,

with molecular cloud (MC) 

interactions. 

GeV extension is consistent 

with the size of a radio remnant

(except for W28). 

The dominant class of 

LAT SNRs. 

• Extended GeV emission has 
been discovered from several 
SNRs with molecular cloud 
(MC) interactions

• GeV extension is consistent 
with the size of the radio 
remnant

➠ SNRs interacting with MCs 
are GeV-bright + the dominant 
class of FERMI SNRs
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SNRs interacting with molecular clouds

HESS Significance map

• ☞ Uchiyama et al. 2010

• Crushed cloud model: radio and gamma-ray emission comes from radiatively-
compressed filaments

Gamma-ray Emission Sites

21

synchrotron radio emission 

correlated with shocked H2  gas 

SNR W44 

  Radio & !-ray emissions from radiatively-compressed filaments

  Crushed Cloud Model (Uchiyama+2010)
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The Cygnus loop

HESS Significance map

• Historical SNR:

- Cassiopeia A

- Ty

Cygnus Loop: LAT Results

28

Katagiri+ (submitted)

Correlation with X-ray and H! emissions 
! Gamma-ray-emitting particles distribute near 
shock waves

NOTE: southern radio emission would be 
another SNR.

Spectral steepening above ~ 2 GeV. 

(simple power-law disfavored at 3.5! level)

Gamma-ray Luminosity ~ 1"1033 erg/s (< other 

LAT SNRs)

• Spectral  break at 2-3 GeV
• γ-ray luminosity is ~1033 erg/s between 1-100 GeV   

(< other Fermi SNR)
• ringlike morphology with radii 0.7°±0.1° and 1.6°±0.1°
• strong correlation between X-ray rims, Hα filaments 

and γ-rays

➠ γ-rays originate in interactions between accelerated particles in the SNR 
and interstellar gas or radiation fields adjacent to the shock regions
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The Cygnus loop

HESS Significance map

• Historical SNR:

- Cassiopeia A

- Ty

Cygnus Loop: LAT Results

28

Katagiri+ (submitted)

Correlation with X-ray and H! emissions 
! Gamma-ray-emitting particles distribute near 
shock waves

NOTE: southern radio emission would be 
another SNR.

Spectral steepening above ~ 2 GeV. 

(simple power-law disfavored at 3.5! level)

Gamma-ray Luminosity ~ 1"1033 erg/s (< other 

LAT SNRs)

Cygnus Loop: LAT Results

28

Katagiri+ (submitted)

Correlation with X-ray and H! emissions 
! Gamma-ray-emitting particles distribute near 
shock waves

NOTE: southern radio emission would be 
another SNR.

Spectral steepening above ~ 2 GeV. 

(simple power-law disfavored at 3.5! level)

Gamma-ray Luminosity ~ 1"1033 erg/s (< other 

LAT SNRs)

Unlike other middle-aged 
remnants, gamma-ray emission 
is not due to interactions with 
molecular cloud.

Gamma-ray emission comes from 
either (1) main blast wave regions 
(X-ray) or (2) radiative shock region 
(H!).

• Spectral  break at 2-3 GeV
• γ-ray luminosity is ~1033 erg/s between 1-100 GeV   

(< other Fermi SNR)
• ringlike morphology with radii 0.7°±0.1° and 1.6°±0.1°
• strong correlation between X-ray rims, Hα filaments 

and γ-rays

➠ γ-rays originate in interactions between accelerated particles in the SNR 
and interstellar gas or radiation fields adjacent to the shock regions
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RXJ 1713.7-3946

HESS Significance map

RX J1713.7–3946
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Fig. 2.— Panel (a): Counts/sq. deg. observed by the Fermi LAT above 3 GeV in the

region around RX J1713.7−3946. The map is smoothed with a 0.3◦-wide Gaussian kernel

corresponding to the width of the LAT PSF at 3 GeV. H.E.S.S. TeV emission contours

are shown in black (Aharonian et al. 2007). Rectangles indicate the positions of 1FGL

sources. Circles indicate the additional sources considered in our background model. Panel

(b): Residual counts after the subtraction of the counts attributed to the background model.

Panel (c): Residual counts after the subtraction of the counts attributed to the background

model and to RX J1713.7−3946.

The Fermi LAT collaboration recently published the results (Abdo+ 2011; arXiv 1103.5727) 

Spatially extended source at the location of the SNR
The extent determined by a maximum likelihood fit is consistent with that of the 

SNR observed in other wavelengths

Fermi LAT count maps (> 3 GeV)

Before background subtraction
After background (contributions from diffuse 

backgrounds + other sources) subtraction
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RXJ 1713.7-3946

HESS Significance map

RX J1713.7–3946
Fermi LAT spectrum:  Very hard with ! = 1.5 ± 0.1 (stat) ± 0.1 (sys)

Hadronic Models Leptonic Models 

The Fermi LAT + H.E.S.S. spectrum can be fit well with leptonic models
If interpreted with hadronic models, extremely efficient particle acceleration is required to fit the data

(proton index must be sp ~ 1.5 to fit the Fermi LAT spectrum)

➠ Joint FERMI/HESS gamma-ray spectrum favoures the leptonic model

Donnerstag, 12. Januar 2012



Melitta Naumann-Godo                                                                                              Seminar at LPNHE                                                                                                       12/01/2012

HESS Significance map

• ☞ Ellison et al. 2010

For J1713, reasonable fits possible to continuum only with either

pion-decay or inverse-Compton dominating GeV-TeV emission

Hadron model parameters:

np = 0.2 cm-3

e/p = Kep = 5 10-4

B2 = 45 !G

Lepton model parameters:

np = 0.05 cm-3

e/p = Kep = 0.02

B2 = 10 !G

IC

pion

Hadronic Leptonic

Ellison, Patnaude, Slane & Raymond ApJ 2010

Fermi LAT

RXJ 1713.7-3946
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HESS Significance map

• ☞ Ellison et al. 2011

When X-rays are calculated self-consistently, force lower density and higher

Kep = 0.02, eliminates pion-decay fit

Hadron model parameters:

np = 0.2 cm-3

e/p = Kep = 5 10-4

B2 = 45 !G

Lepton model parameters:

np = 0.05 cm-3

e/p = Kep = 0.02

B2 = 10 !G

IC

pion

Here, use only CMB photons for IC

emission

Well above

Suzaku limits

Hadronic Leptonic

Ellison, Patnaude, Slane & Raymond ApJ 2010

Recent Fermi LAT data consistent with

leptonic model

Fermi LAT

RXJ 1713.7-3946
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Vela junior

HESS Significance map

Fermi LAT image
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Fermi LAT count maps (> 10 GeV)

Spatially extended source at the location of the SNR RX J0852.0–4622
The emission clearly detected in the high energy region (Hereafter we show results with events > 5 GeV)

TS = 221 with the H.E.S.S. image used as a spatial template
Using a uniform disk as a spatial template, we obtain a radius of 1.12 (+0.07, –0.06) deg, 

which is consistent with the extent observed in radio, X-rays, and TeV gamma rays
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Vela junior

HESS Significance map

Hadronic or Leptonic

(a) Hadronic scenario 

(b) Leptonic scenario 

sp = 1.8, se = 1.8
B = 100 !G

Wp = 5.2 ! 1050 (n/0.1 cm–3)–1 erg
We = 3.9 ! 1046 erg

se = 2.1
B = 12 !G

We = 6.9 ! 1047 erg

Calculated assuming
D = 750 pc

constant injection over 3000 yr

The keys to disentangling the emission mechanisms: 
Low energy data from Fermi LAT

Estimate of the gas density (n) from thermal X-rays (not yet detected)
How to reconcile the weak magnetic field with X-ray filaments in the case of the leptonic model

sync

sync

IC

IC

!0 decays
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SN 1006

‣ SN Type Ia ☞ Schaefer et al., 1996

‣ distance: 2.2 kpc ☞ Winkler et al., 2003

‣ diameter: 30‘

‣ 500 pc above the galactic plane -> clean 
environment

‣ First detection of nonthermal 
component of hard X-rays (synchrotron 
radiation) in the rims of SN 1006 by 
ASCA ☞ Koyama et al., 1995  and ROSAT ☞ 

Willingale et al., 1996

➠ An (almost) sure SNR candidate for gamma-ray telescopes
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SN 1006 observations in γ-rays
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• CANGAROO-I observation → signal 
claim ☞ Tanimori et al., 1998

• CANGAROO-II observation → signal 
claim ☞ Tanimori et al., 2001

• HESS observation in 2003 (18h, 2 tel) 
and 2004 (6h, 4 tel) → upper limit:  
Flux(E>0.26 TeV) < 2.39 10-12 ph 
cm-2s-1 ☞ Aharonian et al., 2005

• CANGAROO-III observation → 
upper limit ☞ Tanimori et al., 2005

•

• HESS continued observations in 2006, 2007 and 2008

• The source is both extended and very faint (~1% of Crab, 130 h of data)

• SN 1006 - a difficult field of view to analyse due to bright stars (2.7 mag)
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X-ray morphology

‣ Comparison with XMM-
Newton data in the 2 - 4.5 
keV energy band

‣ synchrotron emission 
regions are located in the 
filaments

‣ shock-acceleration of 
particles

XMM Newton
2 - 4.5 keV
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XMM-Newton vs H.E.S.S.

HESS excess mapXMM MAP smoothed to 
HESS PSF

➠ TeV-morphology traces very well the non-thermal X-ray emission if PSF is accounted for
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H.E.S.S. data analysis
F. Acero et al.: First detection of VHE γ-rays from SN 1006 by HESS

Fig. 1. HESS γ-ray significance map of SN 1006 using an integration
radius of 0.05◦. The linear colour scale is in units of standard deviations.
The white solid contours correspond to the regions which contain 80%
of the non-thermal X-ray emission from the XMM-Newton flux map in
the 2–4.5 keV energy range after smearing with the HESS PSF, shown
in the inset. The white dashed circles correspond to the regions that are
excluded from background determination.

Fig. 2. HESS γ-ray significance distribution over the full field-of-view
of SN 1006 (black histogram) and excluding the circular regions around
the NE and SW emission regions (red histogram). A normal distribution
(red dashed line) shows that the significance distribution over the rest
of the field-of-view is compatible with expectation from statistical noise
fluctuations.

Excess event counts and significances for both regions are1

given in Table 1 for the two sets of cuts. The ON photons are2

from the regions enclosed by the solid lines in Fig. 1, while the3

OFF events are taken from regions of identical shape rotated in4

the field-of-view of the instrument around the observation po-5

sition and not intersecting the exclusion regions (enclosed by6

dashed lines in Fig. 1). Due to varying observation positions,7

the number of OFF regions varies from observation to obser-8

vation. Individual observation values are combined into an av-9

erage normalisation factor (α) quoted in Table 1. Similar ex-10

cess event counts and significances are observed in both regions,11

thus attesting to the bipolar morphology of the remnant in the12

TeV energy range. This is a highly constraining result, because13

Fig. 3. HESS sky area with γ-ray significance above some threshold as
a function of its value over the full field-of-view of SN 1006 (black
histogram) and excluding the circular regions around the NE and SW
emission regions (red histogram).

Table 1. HESS excess events and significances for the two regions de-
fined from X-ray observations. α is the normalisation factor between
OFF and ON exposures.

Region ON OFF α # γ Significance
NE, Std Cuts 4306 25421 6.67 495 7.3

NE, Hard Cuts 619 2575 6.44 219 9.3
SW, Std Cuts 3798 26523 7.615 315 4.9

SW, Hard Cuts 548 2591 7.25 191 8.7

due to the relatively uniform target density around the remnant 14

the HESS morphology directly reflects the distribution of high- 15

energy particles responsible for the γ-ray emission. 16

Figure 4 shows the γ-ray HESS excess map, produced with 17

hard cuts and the same integration radius of 0.05◦, overlaid with 18

the smoothed XMM-Newton flux contours. A striking similarity 19

between the γ-ray and X-ray emission regions is found. For a 20

quantitative analysis uncorrelated radial and azimuthal profiles 21

of the HESS excess events were derived and compared to the 22

XMM-Newton profiles (Figs. 5 and 6). Again the XMM-Newton 23

data were smoothed to match the HESS point spread function, 24

and the relative normalisation was adjusted to the maximum 25

value. Within error bars, the HESS and XMM-Newton emission 26

profiles are almost identical, thus possibly indicating a common 27

origin. 28

The geometrical X-ray centre of the SNR was derived from 29

the unsmoothed XMM-Newton data by fitting them with a 30

Gaussian radial profile convolved with an azimuthal profile with 31

two Gaussian components, yielding 15h2m51.1s, –41d55′32.2′′ 32

as the centre of the SNR with a radius of R = 0.239◦ and a thick- 33

ness of dR = 0.013◦. Figure 5 shows the radial profiles of HESS 34

and smoothed XMM-Newton excess events from the centre of 35

the SNR. When a Gaussian is fit to the HESS profile (Fig. 5) the 36

shell radius is found to be 0.24◦ ± 0.01◦ and the width of the 37

radial distribution is 0.05◦ ± 0.01◦, which is consistent with the 38

HESS point spread function, thereby showing that the emission 39

region is compatible with a thin rim. 40

The azimuthal profile, restricted to radii 0.12◦ ≤ r ≤ 0.36◦ 41

from the centre of the SNR, is shown in Fig. 6 for HESS data 42

and smoothed XMM-Newton data in the 2–4.5 keV energy band. 43

The azimuth is defined clockwise with zero toward the East. The 44

HESS profile is compatible with a superposition of two Gaussian 45

emission regions almost at 180◦ from each other, respectively 46
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• 1ºx1º significance map using 
hard cuts (>200 p.e.)

• PSF R68=0.064º

• NE and SW region defined 
as regions which contain 
80% of the non-thermal X-
ray emission in the 2-4.5 
keV energy range             ☞ 

Rothenflug et al., 2004 after 
smearing with the HESS PSF
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F. Acero et al.: First detection of VHE γ-rays from SN 1006 by HESS

Fig. 8. Broadband SED models of SN 1006 for a leptonic scenario
(top), a hadronic one (centre) and a mixed leptonic/hadronic scenario
(bottom). Top: Modelling was done by using an electron spectrum in
the form of a power law with an index of 2.1, an exponential cutoff
at 10 TeV and a total energy of We = 3.3 × 1047 erg. The magnetic
field amounts to 30 µG. Centre: Modelling using a proton spectrum in
the form of a power law with an index of 2.0, an exponential cutoff at
80 TeV and a total proton energy of Wp = 3.0 × 1050 erg (using a lower
energy cut off of 1 GeV). The electron/proton ratio above 1 GeV was
Kep = 1 × 10−4 with an electron spectral index of 2.1 and cutoff en-
ergy at 5 TeV. The magnetic field amounts to 120 µG and the average
medium density is 0.085 cm−3. Bottom: Modelling using a mixture of
the above two cases. The total proton energy was Wp = 2.0 × 1050 erg,
with Kep = 7 × 10−3, with exponential cutoffs at 8 TeV and 100 TeV
for electrons and protons respectively. The magnetic field amounts to
45 µG. The radio data Reynolds (1996), X-ray data Bamba et al. (2008)
and HESS data (sum of the two regions) are indicated. The following
processes have been taken into account: synchrotron radiation from pri-
mary electrons (dashed black lines), IC scattering (dotted red lines),
bremsstrahlung (dot-dashed green lines) and proton-proton interactions
(dotted blue lines). The Fermi/LAT sensitivity for one year is shown
(pink) for Galactic (upper) and extragalactic (lower) background. The
latter is more representative given that SN 1006 is 14◦ north of the
Galactic plane.

5. Discussion 1

The source SN 1006 is an ideal example of a shell-type super- 2

nova remnant because it represents a type Ia supernova explod- 3

ing into an approximately uniform medium and magnetic field, 4

thereby essentially maintaining the spherical geometry of a point 5

explosion. This can be attributed to the fact that SN 1006 is 6

about 500 pc above the Galactic plane in a relatively clean en- 7

vironment, where the external gas density is rather low, nH ≈ 8

0.085 cm−3 as indicated by Katsuda et al. (2009). Moreover, 9

SN 1006 is one of the best-observed SNRs with a rich data-set of 10

astronomical multi-wavelength information in radio, optical and 11

X-rays, and all the important parameters like the ejected mass, 12

its distance and age are fairly well-known (Cassam-Chenaï et al. 13

2008). For this reason, the semi-analytical models of Truelove & 14

McKee (1999) can be approximately applied and the velocity of 15

the shock calculated. The value of the shock velocity calculated 16

by this means agrees well with the recent measurement in X-rays 17

by Katsuda et al. (2009), yielding (0.48±0.04) arcsec yr−1 in the 18

synchrotron emitting regions (NE and SW), which corresponds 19

to 5000 ± 400 km s−1 for a distance of 2.2 kpc. This does not 20

contradict the value of (0.28 ± 0.008) arcsec yr−1 measured by 21

Winkler et al. (2003) in the optical filaments, which are situated 22

in the NW region of the remnant. All those calculations neglect 23

the dynamic role of accelerated particles however, which is po- 24

tentially quite important. 25

The basic model of VHE γ-ray production requires particles 26

accelerated to multi-TeV energies and a target comprising pho- 27

tons and/or matter of sufficient density. The close correlation be- 28

tween X-ray and VHE-emission points toward particle acceler- 29

ation in the strong shocks revealed by the Chandra observation 30

of the X-ray filaments. Moreover, the bipolar morphology of the 31

VHE-emission in the NE and SW regions of the remnant sup- 32

ports a major result of diffusive shock acceleration theory, ac- 33

cording to which efficient injection of suprathermal downstream 34

charged nuclear ions is only possible for sufficiently small an- 35

gles between the ambient magnetic field and shock normal, and 36

therefore a higher density of accelerated nuclei at the poles is 37

predicted (Ellison et al. 1995; Malkov & Völk 1995; Völk et al. 38

2003). 39

Radio (Reynolds 1996) and X-ray (Bamba et al. 2008) data 40

integrated over the full remnant were combined with VHE γ-ray 41

measurements to model the spectral energy distribution of the 42

source in a simple one-zone stationary model. For the sake of 43

consistency, the VHE γ-ray energy distribution was determined 44

from the sum of the two previously defined regions. In this phe- 45

nomenological model the current distribution of particles (elec- 46

trons and/or protons) is prescribed with a given spectral shape 47

corresponding to a power law with an exponential cutoff, from 48

which emission due to synchrotron radiation, bremsstrahlung 49

and IC scattering on the Cosmic Microwave Background (CMB) 50

photons is computed. The π0 production through interactions of 51

protons with the ambient matter are obtained following Kelner 52

et al. (2006). 53

It is clear that this model oversimplifies the acceleration 54

process in an expanding remnant, as discussed by e.g. Drury 55

et al. (1989) and Berezhko et al. (1996). In addition one must in- 56

clude the uncertainties introduced by the dynamics of the ejecta, 57

the nonuniform structure of the ambient medium and the com- 58

plexities of the reaction of the accelerated particles on both the 59

magnetic field and the remnant dynamics. This is of importance 60

when comparing the data to the model results below. 61

Assuming first a purely leptonic form (Fig. 8, top), the radio 62

and X-ray data constrain the synchrotron part of the SED in a 63

Page 5 of 7

Mixed emission model

➠ A mixed model (hadronic + leptonic) fits all multi-wavelength data best
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HESS Significance map

SNR parameters:

• Type Ia

• ejected Mass: 1.4 Msol

• radius: 256” 

• age: 439 yr

• distance measurements: 

☛ Hayato et al. 2010: d=4 
(3-5) kpc by combining the 
proper motion 
measurements and 
Doppler broadening of 
thermal X-ray lines of Si
☛ Krause et al. 2008: 
d=3.8 (2.7-5.3) kpc based 
on the optical echo

Tycho SNR: introduction
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HESS Significance map

Recent VERITAS results:

• Flux(> 1TeV) = 0.9% Crab

• 5.0 sigma detection (post-trial)

• B-field constraint by X-ray 
measurements does not rule out 
IC origin

• Fermi-LAT can test :       
“leptonic versus hadronic”

VERITAS Collaboration (2011)

7

Tycho: Recent TeV Detection 

Flux(>1 TeV) ~ 1% Crab
5.0! detection (post-trial)

LAT

LAT

Fermi-LAT can test 
“leptonic vs hadronic” 

B-field constraint put by X-ray 
does not contradict IC origin.
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Fig. 1.— VERITAS TeV gamma-ray count map of the region
around Tycho’s SNR. The color scale indicates the number of ex-
cess gamma-ray events from a region, using a squared integration
radius of 0.01 deg2 for the 2009/2010 data and 0.015 deg2 for the
2008/2009 data. The centroid of the emission is indicated with a
thick black cross. Overlaid on the image are X-ray contours from a
Chandra ACIS exposure (thin black lines; Hwang et al. 2002) and
12CO emission (J=1-0) from the high-resolution FCRAO Survey
(magenta lines; Heyer et al. 1998). The CO velocity selection is dis-
cussed in the text. The VERITAS count map has been smoothed
with Gaussian kernel of size 0.06◦. The point-spread function of
the instrument (see text) is indicated by the white circle.

sented here required that at least 3 of the telescopes in
the array recorded an image with more than 800 digital
counts (∼ 230 photo-electrons, corresponding to an en-
ergy threshold of 800 GeV). These images were then used
to reconstruct the air shower properties. Gamma-ray
events were selected through cuts on the mean reduced
scaled width and mean reduced scaled length parameters
(Krawczynski et al. 2006), which were required to fall
between -1.2 and 0.5, and on the square of the angu-
lar distance from the test position to the reconstructed
arrival direction of the shower, θ2. For the 2008-2009
data set, we required θ2 < 0.015 deg2, and for the 2009-
2010 data set, we required θ2 < 0.01 deg2 because of the
improved angular resolution of the array. The ring back-
ground model was used to estimate the background (see,
e.g., Berge et al. 2007, for a description).
This analysis produced an excess which is significant

at the 5.8σ level (pre-trials). This is the peak excess
found in a blind search region with sides of length 0.26◦

- roughly twice the diameter of the radio remnant. A con-
servative a priori trials factor was determined by tiling
this area with square 0.04◦ bins (Aharonian et al. 2006),
and additionally accounting for the two sets of applied
cuts. This results in a 5.0σ post-trials significance.

3.1. Morphology

The morphology of the source was investigated by bin-
ning the uncorrelated acceptance-corrected map of excess
event counts. Bins of size 0.05◦ were used to provide suffi-
cient statistics for fits to source models. The map is com-
patible (χ2 = 508; ndf = 438; Prob = 1.2%) with a point
source located at 00h 25m 27.0s, +64◦ 10′ 50′′ (J2000)
and hence we designate the object VER J0025+641. This
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Fig. 2.— Differential gamma-ray photon spectrum of Tycho
as measured by VERITAS. The error bars represent 1σ statistical
errors only. The solid red line shows the results of a power-law fit
to the VERITAS data. The lower panel shows the residuals of the
data from this fit. The dashed blue line represents the hadronic
model of Völk et al. (2008) for gamma-ray emission from Tycho,
scaled to 4 kpc. The details of the model and of the analysis are
discussed in the text.

position is derived from a simple symmetric Gaussian
fit with a width fixed at the instrument point-spread
function (i.e., the 68% containment radius for photons,
θ68%= 0.11◦). While other source functions (e.g., an
offset asymmetric Gaussian) may provide a marginally
better fit (perhaps hinting at a more complex underlying
source morphology) a likelihood ratio test shows that the
extra degrees of freedom are not statistically justified in
this data set.
As shown in Figure 1, the center of the fit position is

offset by 0.04◦ from the center of the remnant. The sta-
tistical uncertainty in this location is 0.023◦, while the
systematic uncertainty resulting from telescope pointing
accuracy is 0.014◦. We note that the derived centroid po-
sition depends also on the source shape assumed for the
fit. Future observations will allow more detailed study of
the source morphology.

3.2. Spectrum

The differential photon spectrum between 1 and
10 TeV is shown in Figure 2. This spectrum is gen-
erated from the complete data set after quality selec-
tion. The shape is consistent with a power law dN/dE =
C(E/3.42 TeV)−Γ with Γ = 1.95±0.51stat±0.30sys and
C = (1.55±0.43stat±0.47sys)×10−14 cm−2 s−1 TeV−1,
where the systematic error on the flux is dominated by
uncertainty in the energy scale. The χ2 of the fit is 0.6
for 1 degree of freedom. The integrated flux above 1 TeV
is (1.87±0.51stat)×10−13 cm−2 s−1, about 0.9% that of
the steady Crab Nebula flux above the same energy.

4. DISCUSSION

Figure 1 shows the TeV gamma-ray image of Tycho’s
SNR. The color scale indicates the number of excess
gamma-ray events in a region, using a squared integra-
tion radius of 0.015 deg2 for the 2008/2009 data and
0.01 deg2 for the 2009/2010 data. The map has been
smoothed with a Gaussian kernel of radius 0.06◦. Over-
laid on the image are X-ray contours from a Chandra
ACIS exposure (thin black lines; Warren et al. 2005). A

Multi-Wavelength Observations
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HESS Significance map

Tycho with the Fermi-LAT 3

Figure 1. left: Fermi-LAT count map of the region of 10×10◦ for photons above 1GeV. The crosses indicate the pointlike sources included in
the model for the fit. A gaussian smoothing of 0.3◦ has been applied. right: Map of the likelihood TS (i.e., map of the TS values obtained for a
test source that has been stepped through a grid of positions, with the likelihood re-optimized at each position) of the same region for photons
above 1GeV. All contributions from known sources and diffuse emission have been included in the source model and so are not apparent here
except Tycho, which corresponds to the bright spot (TS>25) in the center of the image.
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Figure 2. Fermi-LAT TS map zoomed in. The green contours are 4.5 keV -
5.8 keV continuum band from XMM-Newton (Decourchelle et al. 2001) and
the black line denotes the 95% confidence area for the Fermi-LAT position.
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Figure 3. Spectrum obtained by evaluating the flux in separate energy bins.
The shadowed regions indicate the uncertainties due to systematics in the
effective area and in the accuracy of the modeling of the Galactic diffuse
emission. The solid line reproduces the best fit for a power-law model.

which Eamb
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For either bremsstrahlung or π0 decay which use the same219

target gas, the predicted γ-ray flux will be220

Fγ ∝ fCREamb
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where we have used Eq. 2.221

Eqs. 1 and 3 define, as a function of distance, a family of222

solutions in which n0 decreases as D−3/2
kpc and E51 increases as223

D11/4
kpc .224

4.3. γ-ray emission225

There are three radiation processes potentially responsi-226

ble for the GeV γ rays from (or in the direct vicinity of)227

Tycho’s SNR: inverse-Compton (IC) scattering on the cos-228

mic microwave background (CMB) by relativistic electrons;229

nonthermal bremsstrahlung by relativistic electrons; and π0-230

decay γ rays resulting mainly from inelastic collisions be-231

tween relativistic protons and ambient gas nuclei (Gaisser232

Tycho with the Fermi-LAT 3

Figure 1. left: Fermi-LAT count map of the region of 10×10◦ for photons above 1GeV. The crosses indicate the pointlike sources included in
the model for the fit. A gaussian smoothing of 0.3◦ has been applied. right: Map of the likelihood TS (i.e., map of the TS values obtained for a
test source that has been stepped through a grid of positions, with the likelihood re-optimized at each position) of the same region for photons
above 1GeV. All contributions from known sources and diffuse emission have been included in the source model and so are not apparent here
except Tycho, which corresponds to the bright spot (TS>25) in the center of the image.
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Figure 2. Fermi-LAT TS map zoomed in. The green contours are 4.5 keV -
5.8 keV continuum band from XMM-Newton (Decourchelle et al. 2001) and
the black line denotes the 95% confidence area for the Fermi-LAT position.
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is as n2
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Figure 3. Spectrum obtained by evaluating the flux in separate energy bins.
The shadowed regions indicate the uncertainties due to systematics in the
effective area and in the accuracy of the modeling of the Galactic diffuse
emission. The solid line reproduces the best fit for a power-law model.
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For either bremsstrahlung or π0 decay which use the same219

target gas, the predicted γ-ray flux will be220
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where we have used Eq. 2.221

Eqs. 1 and 3 define, as a function of distance, a family of222

solutions in which n0 decreases as D−3/2
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Tycho’s SNR: inverse-Compton (IC) scattering on the cos-228

mic microwave background (CMB) by relativistic electrons;229

nonthermal bremsstrahlung by relativistic electrons; and π0-230

decay γ rays resulting mainly from inelastic collisions be-231

tween relativistic protons and ambient gas nuclei (Gaisser232

Fermi-LAT Observations of Tycho

• Data-set: 34 months

• Zenith-angle cut: <100 deg

• Energy range: 0.4 - 100 GeV

• Binned analysis mode
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HESS Significance map

Tycho with the Fermi-LAT 3

Figure 1. left: Fermi-LAT count map of the region of 10×10◦ for photons above 1GeV. The crosses indicate the pointlike sources included in
the model for the fit. A gaussian smoothing of 0.3◦ has been applied. right: Map of the likelihood TS (i.e., map of the TS values obtained for a
test source that has been stepped through a grid of positions, with the likelihood re-optimized at each position) of the same region for photons
above 1GeV. All contributions from known sources and diffuse emission have been included in the source model and so are not apparent here
except Tycho, which corresponds to the bright spot (TS>25) in the center of the image.
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Figure 2. Fermi-LAT TS map zoomed in. The green contours are 4.5 keV -
5.8 keV continuum band from XMM-Newton (Decourchelle et al. 2001) and
the black line denotes the 95% confidence area for the Fermi-LAT position.
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Figure 3. Spectrum obtained by evaluating the flux in separate energy bins.
The shadowed regions indicate the uncertainties due to systematics in the
effective area and in the accuracy of the modeling of the Galactic diffuse
emission. The solid line reproduces the best fit for a power-law model.
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target gas, the predicted γ-ray flux will be220

Fγ ∝ fCREamb
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decay γ rays resulting mainly from inelastic collisions be-231

tween relativistic protons and ambient gas nuclei (Gaisser232

• TS-map in the energy 
range  1 – 100 GeV 

• Green contours 
correspond to the XMM-
Newton map in the 4.5 – 
5.8 keV energy range

• The pointlike emission 
can be localised at 95% 
confidence level within 
the black line, thus 
implying that the best fit 
is compatible with 
Tycho’s supernova 
position. 

Fermi-LAT Localisation
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HESS Significance map

Tycho with the Fermi-LAT 3

Figure 1. left: Fermi-LAT count map of the region of 10×10◦ for photons above 1GeV. The crosses indicate the pointlike sources included in
the model for the fit. A gaussian smoothing of 0.3◦ has been applied. right: Map of the likelihood TS (i.e., map of the TS values obtained for a
test source that has been stepped through a grid of positions, with the likelihood re-optimized at each position) of the same region for photons
above 1GeV. All contributions from known sources and diffuse emission have been included in the source model and so are not apparent here
except Tycho, which corresponds to the bright spot (TS>25) in the center of the image.
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Figure 2. Fermi-LAT TS map zoomed in. The green contours are 4.5 keV -
5.8 keV continuum band from XMM-Newton (Decourchelle et al. 2001) and
the black line denotes the 95% confidence area for the Fermi-LAT position.
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Figure 3. Spectrum obtained by evaluating the flux in separate energy bins.
The shadowed regions indicate the uncertainties due to systematics in the
effective area and in the accuracy of the modeling of the Galactic diffuse
emission. The solid line reproduces the best fit for a power-law model.
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4.3. γ-ray emission225

There are three radiation processes potentially responsi-226

ble for the GeV γ rays from (or in the direct vicinity of)227

Tycho’s SNR: inverse-Compton (IC) scattering on the cos-228

mic microwave background (CMB) by relativistic electrons;229

nonthermal bremsstrahlung by relativistic electrons; and π0-230

decay γ rays resulting mainly from inelastic collisions be-231

tween relativistic protons and ambient gas nuclei (Gaisser232

Integral flux 0.4 - 100 GeV of: (3.5 ± 1.1stat ± 0.7syst) X 10-9 cm-2 s-1

Photon index: 2.3 ±  0.2stat ± 0.2syst

Significance is 5 standard deviations. 

Fermi-LAT Spectrum
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HESS Significance map

Results: • B =  215 μG

• Ee,max = 6 TeV

• Γp = 2.2

➠ Hadronic model fits all multi-wavelength data very well
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Figure 4. Broadband SED model of Tycho’s SNR for the far scenario.

et al. 1998).233

Two different cases are considered in the following: in the234

first case, called the "nearby" scenario, the total energy output235

of the supernova will be fixed to a standard value of 1051 erg,236

which results in a distance of 2.78 kpc assuming the maxi-237

mally allowed value for the ambient density of 0.3 cm−3. In238

the second case, we place the remnant at a distance of 3.5 kpc239

and calculate the supernova energy and its ambient density to240

be 2×1051 erg and 0.24 cm−3 respectively. This constitutes241

the "far" scenario.242

In both cases, the synchrotron flux is constrained by the ra-243

dio and X-ray data. These data imply that a population of244

shock-accelerated electrons described by a power-law spec-245

trum with a spectral index of 2.2–2.3 and a cut-off energy of246

6-7 TeV is the origin of the observed synchrotron emission if247

we assume the downstream magnetic field to be Bd ∼ 215µG248

as inferred by X-ray measurements (Cassam-Chenaï et al.249

2007). Since the magnetic field strength is the only param-250

eter to determine the strength of the IC flux produced by the251

above mentioned population of electrons on the CMB radia-252

tion and IR photon fields, the IC flux at ∼ 1 GeV is inevitably253

far below the observed value.254

Bremsstrahlung is the only way to possibly fit the data in a255

leptonic model. The flux of bremsstrahlung γ rays scales with256

the electron population and nH. Since the electron population257

cannot be increased too much, otherwise the IC contribution258

would quickly exceed the TeV data, the ambient density needs259

to be increased and the downstream magnetic field has to be260

decreased to 65 µG. In the most favorable case of the nearby261

scenario, the required gas density would be nH = 9.7 cm−3 (us-262

ing an effective density twice larger behind the shock, as pre-263

scribed by a Sedov model). This value exceeds the gas density264

allowed by X-ray measurements by a factor of 30 (Cassam-265

Chenaï et al. 2007). Moreover, given the extremely high gas266

density, the energy in the accelerated hadrons needs to be267

severely reduced to at least 1.5×1048 erg which would corre-268

spond to an extremely high electron to proton ratio (Kep = 0.1).269

In this case the SNR has to be in the Sedov phase and thus the270

supernova energy would be 4.4× 1051 erg, which is excep-271

tionally high for a type Ia supernova. For all these reasons the272

bremsstrahlung and IC channel are very unlikely to account273

for the Fermi-LAT measurement.274

On the other hand, the expected γ-ray spectrum of hadronic275

origin can be calculated on the assumption that efficient pro-276

ton acceleration is taking place at the forward shock in Ty-277

cho’s SNR, whereby the protons acquire the same power-law278

spectrum with the same spectral index as the aforementioned279

electron spectrum. Only the cut-off energy is much higher as280

protons do not suffer from synchrotron losses as much as elec-281

trons do. Since the VERITAS spectral measurements (Acciari282

et al. 2011) do not indicate any cut-off, we estimate the maxi-283

mum proton energy by equating the acceleration time (assum-284

ing Bohm diffusion) with the age of Tycho. For Bd = 215 µG,285

this results in an energy break for protons of Ep,max = 44 Dkpc
2

286

TeV (Parizot et al. 2006).287

The intensity of this emission depends on the total energy288

in the accelerated protons (and other ions) as well as on the289

density of the ambient medium nH. Even though the density290

is expected to be around 6 nH just behind the shock front, the291

average density seen by the shock-accelerated protons over292

the full emission zone between the blast wave and the ejecta293

is only around 3 nH in the self-similar model.294

Furthermore, the γ-ray emission has been computed assum-295

ing that shock acceleration is not very efficient and only 10%296

of the available energy eventually gets transferred into the297

protons/cosmic-rays (Eamb
51 = 0.77E51 or 0.61E51 in the “far”298

or “nearby” case respectively from Eq.2)299

The relevant parameters for the two different cases used300

here are summarized in Table 1. As shown in Figure 4 this301

conventional hadronic model can explain very well the whole302

γ-ray emission from the GeV to the TeV part of the spectrum303

in a way consistent with all the constraints.304

Case Dkpc nH ESN Ep,tot Ke p Ep,max

[kpc] [cm−3] [1051erg] [1050erg] TeV
Far 3.50 0.24 2.0 1.50 4.5× 10−4 540

Nearby 2.78 0.30 1.0 0.61 7.0× 10−4 340

305

Table 1
Parameters used in the spectral energy modeling shown in Figure 4. Spectral

indices have been fixed to 2.3 for both electrons and protons.
306

5. CONCLUSIONS307

A 5σ detection of GeV γ-ray emission from Ty-308

cho’s SNR is reported. The flux above 400 MeV is309

(3.5±1.1stat±0.7syst)×10−9 cm−2s−1 and the photon index310

2.3±0.2stat±0.1syst . The measured Fermi spectrum as well as311

the available radio, X-ray and TeV data can be explained by an312

accelerated proton population which produces γ-ray photons313

via π0 production and decay. IC emission and bremsstrahlung314

can account for only a fraction of the observed γ-ray flux.315

6. ACKNOWLEDGMENTS316

The Fermi LAT Collaboration acknowledges support from317

a number of agencies and institutes for both development and318

the operation of the LAT as well as scientific data analysis.319

These include NASA and DOE in the United States, CEA/Irfu320

and IN2P3/CNRS in France, ASI and INFN in Italy, MEXT,321

KEK, and JAXA in Japan, and the K. A. Wallenberg Foun-322

dation, the Swedish Research Council and the National Space323

Board in Sweden. Additional support from INAF in Italy and324

CNES in France for science analysis during the operations325

phase is also gratefully acknowledged.326

REFERENCES

Abdo, A. A., et al. 2009, Phys. Rev. D, 80, 122004327

—. 2010a, ApJS, 188, 405328

—. 2010b, ApJ, 720, 435329

4 Giordano, Naumann-Godo et al.

E [eV]

-8
10

-6
10

-4
10

-2
10 1

2
10

4
10

6
10

8
10

10
10

12
10

14
10

15
10

)
-1

. 
s

-2
 d

N
/d

E
 (

e
V

.c
m

2
E

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

2
10

3
10

Synchrotron

IC on CMB

Bremsstrahlung

 decay0!

Sum

Radio

Suzaku

Fermi

VERITAS

Figure 4. Broadband SED model of Tycho’s SNR for the far scenario.

et al. 1998).233

Two different cases are considered in the following: in the234

first case, called the "nearby" scenario, the total energy output235

of the supernova will be fixed to a standard value of 1051 erg,236

which results in a distance of 2.78 kpc assuming the maxi-237

mally allowed value for the ambient density of 0.3 cm−3. In238

the second case, we place the remnant at a distance of 3.5 kpc239

and calculate the supernova energy and its ambient density to240

be 2×1051 erg and 0.24 cm−3 respectively. This constitutes241

the "far" scenario.242

In both cases, the synchrotron flux is constrained by the ra-243

dio and X-ray data. These data imply that a population of244

shock-accelerated electrons described by a power-law spec-245

trum with a spectral index of 2.2–2.3 and a cut-off energy of246

6-7 TeV is the origin of the observed synchrotron emission if247

we assume the downstream magnetic field to be Bd ∼ 215µG248

as inferred by X-ray measurements (Cassam-Chenaï et al.249

2007). Since the magnetic field strength is the only param-250

eter to determine the strength of the IC flux produced by the251

above mentioned population of electrons on the CMB radia-252

tion and IR photon fields, the IC flux at ∼ 1 GeV is inevitably253
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cannot be increased too much, otherwise the IC contribution258

would quickly exceed the TeV data, the ambient density needs259

to be increased and the downstream magnetic field has to be260
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scenario, the required gas density would be nH = 9.7 cm−3 (us-262

ing an effective density twice larger behind the shock, as pre-263

scribed by a Sedov model). This value exceeds the gas density264

allowed by X-ray measurements by a factor of 30 (Cassam-265
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Tycho: Origin of the emission
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HESS Significance map

Results: • B =  65 μG

• Ee,max = 6 TeV

• Γp = 2.2
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• nH =  6.5 cm-3 : 20 times too high!

• Kep = 0.2 : much too high!

Tycho: Is a leptonic model possible ? 

➠ Leptonic model severely exceeds the measured density limit
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Tycho: more about modelling

• ☞ Morlino & Caprioli 2011 arXiv: 1105.6342

Tycho’s Supernova Remnant 13
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Figure 11. Gamma-ray emission observed by Fermi-LAT and by VERITAS compared with spectral energy distribution produced by
pion decay (dot-dashed line), relativistic bremsstrahlung (dot-dot-dashed) and ICS computed for three different photon fields: CMB
(dashed), Galactic background (dotted) and IR photons produced by local warm dust (solid). The thick solid line is the sum of all the
contributions. Both Fermi-LAT and VERITAS data points include only statistical errors at 1σ. For VERITAS data the systematic error
is found to be ∼ 30% (Acciari et al. 2011), while for Fermi-LAT a visual estimate of the systematic uncertainties can be inferred by a
comparison with the data-box corresponding to a power-law with total flux above 1 GeV equal to (6.7 ± 0.5)× 10−10photons cm−2s−1

and slope s = 2.3± 0.1 as provided by Giordano et al. (2010).

sion by a factor ∼ 1.4 and ∼ 1.5, respectively (Mori 2009;
Caprioli, Blasi & Amato 2011).

There are two main reasons why the observed gamma-
rays cannot be of leptonic origin: 1) the intensities of both
ICS and relativistic bremsstrahlung emission are too low and
2) the expected shape of the leptonic emission is radically
different from the one observed.

The former point is illustrated in Fig. 11, where we com-
pare gamma emissions due to bremsstrahlung, ICS and pion
decay. The contribution due to relativistic bremsstrahlung
(dot-dot-dashed line), however, is negligible at all the wave-
lengths of interest. The ICS has been computed for three
different target photon families: CMB radiation, Galactic
background radiation and IR due to local dust emission.
The ICS on the CMB radiation (dashed line) provides a
contribution a factor 20–30 smaller than the one by pion
decay (dot-dashed line), while the ICS on the IR + opti-
cal Galactic background (dotted line) at Tycho’s position
is even smaller. For the Galactic background we used the
estimate provided by Porter & Strong (2005) for a distance
from the Galactic Center of 12 kpc and inside the Galactic

plane, which is a good approximation for Tycho’s position
(∼10 kpc away from the Galactic center).

For the ICS we have also included, for the first time as
far as we know, a third contribution due to local dust emis-
sion (solid thin line). In fact IR radiation from Tycho’s di-
rection has been detected by different satellites in the wave-
length band ranging from 10 µm to 160 µm (Ishihara et al.
2001). This emission seems to be due to two distinct popula-
tions of dust, one which we refer to as warm, with a temper-
ature T ∼ 100 K and one we refer to as cold, with T ∼ 20K.
According to Ishihara et al. (2001), the warmer component
should originate from ISM dust collisionally heated by the
hotter plasma downstream of the shock. In fact, the emis-
sion in the mid-IR band shows a shell-like structure recalling
both synchrotron and Hα emissions. On the other hand, the
far-IR emission (140-160 µm) is dominated by a rather cold
dust emission correlating with the position of the CO cloud,
which has been showed not to be in physical contact with the
SNR itself. Hence we consider only the photon background
due to the warm dust. In order to compute the local energy
density, we assume that IR photons are emitted uniformly

c© 2011 RAS, MNRAS 000, 1–16

D = 3.3 kpc
Γp = 2.2 
Ecut = 500 TeV
ECR ~12% of 
ESN = 1051 erg
B2 = 300 µG
n0 = 0.3 cm-3
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Summary of SNRs

HESS Significance map
• SNRs interacting with molecular clouds: 

– W44, W51C, IC443, W28, W49B, W30, CTB37A, ...
– Hadronic origin + reacceleration of ambient CRs in most cases

• Evolved SNRs without molecular cloud interactions
– Cygnus loop
– Blast wave region ? (X-ray) or radiative shock ? (Hα)

• Young TeV-bright SNRs:
– RX J1713.7-3946, Vela junior
– Leptonic origin ?

• Historical SNRs: B-field amplification, CR acceleration
– Tycho: hadronic origin almost certain
– SN 1006: hadronic + leptonic origin
– Cassiopeia A: not conclusive

• Fermi-LAT SNR catalogue in the making
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Conclusions

• Categorising SNRs is possible with respect to their 
– age (young, intermediate, evolved)
– type (thermonuclear or core collapse)
– environment (molecular cloud, dense or thin ISM, bubble)

• But SNRs are essentially individual objects
– local environmental conditions dominate emission processes

SNR physics

Future of SNR Measurements

• Multiwavelength measurements are crucial for understanding SNRs 
– Radio + X-ray (electron population, density)
– Infrared (target photons for IC)
– GeV + TeV gamma-rays (IC, brems and CR acceleration)

• Fermi-LAT, HESS/CTA and HESS 2 to cover the whole gamma-range
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Backup Transparencies
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HESS Significance map• starting point: X-ray paper ☞ Cassam-Chenai et al. 2007

• authorised maximal density by X-rays: n0 = 0.84 cm-3/ Dkpc  

• n0 = 388 x Dkpc-7 x E512

• fix Ep,tot = 0.1 Eamb

• consider 2 scenarios: 

• “Nearby” in order to fix ESN = 1.0 x1051erg

• “Far” D = 3.5 kpc in order to come close to Hayato’s measurement

Tycho Discussion: general constraints 
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way that the slope of the electron spectrum, which is particularly1

sensitive to the slope of the radio data, is bounded between 2.02

and 2.2, while the cutoff energy of electrons is limited to about3

10 TeV by the X-ray data assuming a magnetic field of 30 µG.4

With the particle spectrum constrained by radio and X-ray data,5

the resulting magnetic field needs to be higher than 30 µG so6

that the IC emission does not exceed the measured VHE-flux. A7

magnetic field of 30 µG implies that assuming Bohm diffusion,8

electrons of 1 TeV are confined in a shell of the width of 10 arc-9

seconds, which is much smaller than the PSF of the HESS instru-10

ment and is therefore compatible with the radial profile shown in11

Fig. 5. However, while this simple leptonic scenario can account12

for the measured VHE γ-ray flux, it fails to reproduce the slope13

of the VHE spectrum, which is much harder than the expecta-14

tions from the IC process (see Fig. 8 top). But it should be noted15

that non-linear Fermi shock acceleration as reviewed by Malkov16

& Drury (2001) usually predicts curved cosmic ray spectra with17

different spectral shapes for protons and electrons. There is a18

hint of spectral curvature observed in the case of Tycho’s and19

Kepler’s supernova remnants in the radio regime Reynolds &20

Ellison (1992). For SN 1006 there is also an indication of the21

curvature of the electron spectrum in the GeV to TeV energy22

range Allen et al. (2008). These non-linear effects, which also23

might well introduce a spectral curvature in the VHE regime,24

are not addressed by this simple model.25

In a second dominantly hadronic model (Fig. 8, middle)26

TeV emission results from proton-proton interactions with π0-27

production and subsequent decay, whereas the X-ray emission28

is still produced by leptonic interactions. A rough representa-29

tion of the effect of spectral curvature is included by allowing30

for a slightly harder spectral index for protons than for radio-31

emitting electrons. A lower electron fraction allows us to account32

for the X-ray and radio emission with a higher field value of33

120 µG, which is consistent with magnetic field amplification at34

the shock, as indicated by the above-mentioned measurements35

of thin X-ray filaments. Assuming an average medium density36

of 0.085 cm−3 and a proton spectral index of 2.0 with a cutoff37

energy of 80 TeV (inferred from the maximum energy of TeV38

photons), this model requires a high overall fraction of about39

20%, of the supernova energy to be converted into high-energy40

protons. Here ESN = 1.4× 1051 erg was assumed, near the upper41

end of the typical range of type Ia SN explosion energies (e.g.42

Woosley et al. 2007), as the assumed density, observed radius43

and known age of SN 1006 appear to require a higher than av-44

erage explosion energy. Given that the VHE emission is concen-45

trated in polar regions of the shell, the local shock acceleration46

efficiency would then be several times higher than this fraction.47

In a third example (mixed model), hadronic and leptonic48

processes contribute almost equally to the very high-energy49

emission. The electron spectrum is similar to the aforemen-50

tioned leptonic case and the total proton energy is set to 14%51

of the mechanical supernova energy with the electron/proton ra-52

tio Kep = 3.9 × 10−3, thus leaving the magnetic field and the53

cutoff energy of protons the only free parameters. In the exam-54

ple shown in Fig. 8 (bottom panel) the magnetic field amounts55

to 45 µG and the cutoff energy of protons is 100 TeV. This ex-56

ample illustrates that in this simple one-zone case it is possible57

to reproduce all the multi-wavelength data on SN 1006 to a rea-58

sonable degree of accuracy including the slope of the VHE-data.59

While these considerations cannot exclude any of the astrophys-60

ical scenarios, they serve as a quantitative illustration of the var-61

ious alternatives.62

Values of total electron and proton energy, cutoff energy and63

magnetic field obtained in the three aforementioned cases are64

Table 3. Parameters used in the spectral energy modelling shown in
Fig. 8. Spectral indices have been fixed to 2.1 and 2.0 respectively for
electrons and protons.

Model Ecut,e Ecut,p We Wp B
[TeV] [TeV] [1047erg] [1050erg] [µG]

Leptonic 10 – 3.3 – 30
Hadronic 5 80 0.3 3.0 120

Mixed 8 100 1.4 2.0 45

summarised in Table 3. These parameters yield very similar val- 65

ues when the NE and SW regions are adjusted independently. 66

More elaborate models using e.g. a nonlinear kinetic ac- 67

celeration theory Berezhko et al. (2009) go beyond the sim- 68

ple approach developed here and lead to precise predictions 69

that could be quantitatively tested against the data. Several ef- 70

fects which were not included in the simple model above would 71

alter the total energy in accelerated particles required for the 72

hadronic component. Beyond the spectral curvature mentioned 73

previously, these include the higher compression of the target 74

matter induced by the dynamical reaction of the accelerated par- 75

ticles, and consideration of the heavier nuclei composition of the 76

accelerated hadrons instead of the pure protons assumed here. 77

Measurements in the GeV-energy range would be pivotal to dis- 78

tinguish between the different scenarios. Unfortunately, the sen- 79

sitivity of the Fermi Large Area Telescope for one year as given 80

in Atwood et al. (2009) is of a factor of the order of 10 too low 81

(depending on the model and the exact diffuse background flux) 82

to measure the predicted flux at 1 GeV as shown in Fig. 8, which 83

makes the detection of SN 1006 by Fermi LAT rather unlikely. 84

6. Conclusions 85

Very high energy γ-rays from SN 1006 have been detected by 86

HESS The measured flux above 1 TeV is of the order of 1% 87

of that detected from the Crab Nebula and therefore compati- 88

ble with the previously published upper limit Aharonian et al. 89

(2005). The bipolar morphology apparent in γ-rays is consistent 90

with the non-thermal emission regions also visible in X-rays. As 91

the VHE-shell is compatible with a scenario of thin rim emis- 92

sion, particle acceleration in the very narrow X-ray filaments, 93

which are signatures of shocks, is also likely to be at the origin 94

of the γ-ray signal. The measured flux level can be accounted 95

for by inverse Compton emission assuming a magnetic field of 96

about 30 µG. A mixed scenario including leptonic and hadronic 97

processes and taking into account the ambient matter density 98

estimated from observation also leads to a satisfactory descrip- 99

tion of the multi-wavelength spectrum, assuming a high proton- 100

acceleration efficiency. None of the models can be excluded at 101

the level of modelling presented here. 102
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• Leptonic case: 

• 30µG + Bohm diffusion → electrons of 1 TeV confined to a 
shell of 10 arcsec (compatible with radial profile)

• Measured flux well reproduced but not the slope 

• Hadronic case:

• 120µG consistent with B field amplification at shock

• 20% of ESN needs to be converted in CR

• Mixed case:

• 14% of ESN in CR, Kep=3.9 x 10-3

Emission models in comparison
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Large area telescope (LAT)
Large area, large field of view,
good angular and energy resolution
E: 20 MeV to 300 GeV

Gamma-ray burst monitor (GBM)
Full sky coverage, BGO, CsI detector
E: few keV to 30 MeV

The FERMI Observatory
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 Energy range: 	 	 	 20 MeV to 300 GeV

 Energy resolution:
          15% – 100 MeV to 10 GeV

 Collecting area:	 	          9,500 cm2

 Field of view: 
 
 
 2.4 sr (104° cone)

 Angular resolution:
          0.6°@1GeV, 0.15°@10GeV

 Observation mode:          sky survey, rocking 35° N/S
 Orbital period:   95 minutes
 Full sky view:   3 hrs (~uniform in 55 days)

The FERMI Observatory
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• Analysis of 24-month data from 100 MeV to 100 GeV with maximum-
likelihood method based on “LAT Science Tools”

• 1888 sources in the 2FGL catalogue
• Separating sources from each other and from the background is 

challenging, especially in the Galactic ridge

1. A New Data Set 1. A New Data Set !! New  New ResultsResults

• The 2FGL catalog is based on reprocessing of the LAT event data,

going from Pass 6 to Pass 7.  Pass 7 has lower background and more

sensitivity at low energies, and therefore new Instrument Response

Functions (IRFs). Talk by Eric Charles tomorrow.

• The skymap below was generated from Pass 7 events in the 1FGL

time frame that were NOT in the Pass 6 1FGL data set.

5

Some

events

were also

removed

from the

previous

data set.

The 2FGL Catalogue
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FERMI statistics: 2FGL

HESS Significance map
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Historical SNR: Cassiopeia A

HESS Significance map

Cas A: GeV & TeV Detections

(12!, 1 yr)

Fermi-LAT spectrum:
Γ = 2.0 ± 0.1

in hadronic model:
CR: 0.4x1050 erg
ECR ~2% of ESN = 2x1051 erg
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Historical SNR: Cassiopeia A

HESS Significance map

Cas A: GeV & TeV Detections

(12!, 1 yr)

Fermi-LAT spectrum:
Γ = 2.0 ± 0.1

in hadronic model:
CR: 0.4x1050 erg
ECR ~2% of ESN = 2x1051 erg
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Figure 2. VLA 20 cm radio map of the Cas A supernova shell (Anderson
& Rudnick 1995). Shown is the region corresponding to the green square in
Figure 1. The graph shows the GeV position with error bars (conservatively
adding statistical and systematic errors in quadrature) as a cyan circle and the
position of the CCO as a yellow star. Also shown in the plot are the best-fit
positions for MAGIC (Albert et al. 2007) and VERITAS (Humensky 2008).
(A color version of this figure is available in the online journal.)

of the Galactic diffuse emission (conservatively estimated to
be 10%) amounts to ∼0.1. The integral photon flux above
500 MeV amounts to (8.7 ± 1.3) × 10−9 photons cm−2 s−1.
A likelihood-ratio test was performed to check the presence
of a spectral cutoff using a spectral function of dN/dE =
KE−Γ exp(−E/Ecut). The presence of the exponential cutoff is
not statistically significant, given the resultant likelihood ratio
of −2 ln(LPL/Lcutoff) = 2.6. We formally report the best-fit
parameters of the cutoff power-law model to make a comparison
with LAT pulsars: Γ = 1.7 ± 0.2 and Ecut = 16 ± 9 GeV.

4. DISCUSSION

The detection of gamma-ray emission from the direction of
Cas A raises the following questions: “Is there a compact source
such as a pulsar dominating the emission”? and “What is the
radiating particle population responsible for the emission?” Two
emission scenarios seem plausible: emission from the central
compact object (CCO) in Cas A or emission generated in
the SNR. Since the GeV gamma-ray source coinciding with
Cas A is a point source in the LAT, these two scenarios cannot
be distinguished on positional grounds; therefore, circumstantial
evidence has to be considered.

The point-like central X-ray source (Tananbaum 1999) is
generally thought to be the left-over of the explosion of the
massive progenitor star (Pavlov et al. 2000) and known as
a CCO given that it is radio quiet, un-pulsed in X-rays,
and has an X-ray spectrum described by blackbody with
characteristic temperatures of about 0.4 keV without indication
of a nonthermal component. A recent Chandra observation
resulted in a 3σ limit on the pulsed fraction of 16% for periods
larger than 0.68 s (Pavlov & Luna 2009). The fact that no
pulsation has been detected at any waveband for the CCO does
not rule out that the neutron star is emitting gamma rays. The
Fermi LAT has detected several neutron stars as gamma-ray-
only pulsars, pulsars not previously known from observations
in other wavebands (Abdo et al. 2008, 2009a).

We searched for gamma-ray pulsations from the source
coincident with Cas A using the full data set. We applied
the standard time-differencing technique (Atwood et al. 2006),

Figure 3. Energy spectrum of Cas A in a leptonic emission model. Shown is the
Fermi-LAT detected emission (filled circles) in comparison to the energy spectra
detected by MAGIC (black open circles; Albert et al. 2007) and VERITAS (green
open circles; Humensky 2008). The red curves show a leptonic model calculated
for B = 0.12 mG while the blue curves show one for B = 0.3 mG. Dashed
lines show the bremsstrahlung components with neff $ 26 cm−3, and dotted
lines show the IC component.
(A color version of this figure is available in the online journal.)

using a maximum frequency of 64 Hz, and a long time-
difference window of ∼12 days. We found no evidence for
pulsations which makes the neutron star scenario less likely.
A comparison of the blind search pulsars discovered so far
(Abdo et al. 2009a) and the known radio pulsars detected by the
LAT, suggests that the blind search is approximately 2–3 times
less sensitive than a standard pulsation search using the known
timing solution. This results in a 5σ limit on the pulsed flux of
∼2 × 10−7 photons cm−2 s−1 (Abdo et al. 2009b). In addition,
there is no GeV gamma-ray source in the first Fermi-LAT source
catalog that is associated with a known CCO.

Furthermore, the spectrum does not support a pulsar hypoth-
esis. The energy spectra of pulsars are usually flat at energies
below 1 GeV and show exponential cutoffs in the energy range
between 1 GeV and 8 GeV (Abdo et al. 2009b). These character-
istics do not mirror the LAT spectrum which is best described by
a power-law shape with an index of Γ = 2.0±0.1 up to 50 GeV
with no significant sign of a high-energy cutoff. A formal fit
with an exponential cutoff model yields Ecut = 16 ± 9 GeV.
This is rather high for a gamma-ray pulsar; no LAT pulsars show
Ecut > 8 GeV so far (Abdo et al. 2009a).

The scenario in which the GeV gamma rays are emitted in the
shell of the SNR is therefore favored. The gamma-ray emission
could be produced by electrons accelerated at the forward shock
through relativistic bremsstrahlung or IC. Alternatively, the
GeV gamma-ray emission could be predominantly produced
by accelerated hadrons through interaction with the background
gas and subsequent π0 decay. Recent studies showed electron
acceleration to multi-TeV energies is likely to take place also
at the reverse shock in the supernova ejecta (Uchiyama &
Aharonian 2008; Helder & Vink 2008).

First, we consider the shocked circumstellar region between
the contact discontinuity and the forward shock (see Gotthelf
et al. 2001), assumed to have a constant magnetic field of B
(a free parameter), and a shocked circumstellar medium with
a constant density of nH = 10 cm−3 (Laming & Hwang
2003). Electrons are accelerated to multi-TeV energies at the
forward shock as traced by synchrotron X-ray outer filaments
(Hughes et al. 2000). Here we adopt an electron acceleration

n = 26 cm-3
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Historical SNR: Cassiopeia A

HESS Significance map

Cas A: GeV & TeV Detections

(12!, 1 yr)
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spectrum Qe(E) ∝ E−2.34 exp(−E/Em) to match the radio–
IR spectral index of α = 0.67 (Rho et al. 2003), since both
the GeV gamma-ray emission and the radio synchrotron emis-
sion sample similar electron energies. About half of the total
radio flux is attributable to this region (the so-called plateau),
while another half is to the reverse shock region (the so-called
bright ring; see below). Given the radio flux and the effec-
tive density (neff = ΣniZi(Zi + 1) # 26 cm−3), the flux of
bremsstrahlung is controlled by B. In Figure 3, we show a lep-
tonic model with B = 0.12 mG (red curves), which can broadly
explain the observed GeV flux. The maximum energy is set to be
Em = 40 TeV (Vink & Laming 2003). Shown are contributions
from bremsstrahlung (dashed) and from IC scattering (dotted)
produced by accelerated electrons that suffer synchrotron cool-
ing at high energies. The bremsstrahlung spectrum consisting
of electron–ion and electron–electron components is computed
as in Baring et al. (1999). The radiation field for the IC com-
ponent is dominated by FIR emission from the Cas A ejecta,
characterized by a temperature of 100 K and an energy density
of ∼2 eV cm−3(Mezger et al. 1986), a factor of 8 larger than the
energy density in the CMB. The IC/FIR emission exceeds IC/
CMB by a factor of 2.7 at a gamma-ray energy of 10 GeV. The
value of B = 0.12 mG is consistent with B = 0.08–0.16 mG at
the forward shock estimated by Vink & Laming (2003) based
on the width of a synchrotron X-ray filament. Note, however,
that a somewhat higher value of B # 0.3 mG was obtained by
Parizot et al. (2006) using the same filament width but including
projection effects. The total amount of electrons in this case is
We(> 10 MeV) # 1 × 1049 erg. Also shown in Figure 3 is
the case of B = 0.3 mG (blue curves), which predicts a lower
gamma-ray flux than the observed one.

In a scenario in which the gamma rays are generated by
π0 decay of accelerated hadrons, the gamma-ray spectrum can
be well matched with either the proton acceleration spectrum
Qp(p) ∝ p−2.3 (a red curve in Figure 4), or a harder proton
spectrum of Qp(p) ∝ p−2.1 with an exponential cutoff at
10 TeV that is arbitrarily introduced (blue curve). Here p denotes
momentum of accelerated protons. The gamma-ray spectrum is
calculated following Kamae et al. (2006) with a scaling factor of
1.85 for helium and heavy nuclei (Mori 2009). The total proton
content amounts to Wp(> 10 MeV c−1) # 3.8 × 1049 erg in
the case of the softer spectrum and to Wp(> 10 MeV c−1) #
3.2 × 1049 erg in the case of the harder proton spectrum with
the cutoff. In both cases, the energy content corresponds to
less than 2% of the estimated explosion kinetic energy of
Esn = 2 × 1051 erg. Therefore, the CR pressure would not
be large enough to change the hydrodynamics of Cas A. This is
consistent with Chandra X-ray measurements of the remnant’s
spatial structure (e.g., Gotthelf et al. 2001); the ratio of the
radii of forward and reverse shocks can be reproduced by
hydrodynamical models that do not include CR acceleration
(Laming & Hwang 2003).

Comparing the leptonic and hadronic models, it seems clear
that the hadronic scenario can better fit the data due to the
turnover at low energies that is not well reproduced in the lep-
tonic scenario. Given the uncertainties in the diffuse model that
have stronger effects at the low-energy end, we refrain, however,
from strong claims about the radiating particle population at this
point. Changing the diffuse model normalization by ±10% (a
conservative assumption on the uncertainty) largely affects the
energy points at and below 1 GeV. The resulting effect on the
flux point at 1 GeV is a 25% upward and 65% downward shift.

Figure 4. Same as Figure 3 but in a hadronic emission model. Shown are π0

decay spectra for two possible proton spectra. The blue line shows a harder
proton index of 2.1 with a cutoff energy of 10 TeV (Wp = 3.2 × 1049 erg for
nH = 10 cm−3). The red line shows a softer proton index of 2.3 without a cutoff.
(A color version of this figure is available in the online journal.)

A more detailed investigation of the lower energy end of the
LAT spectrum will be possible with future LAT data.

The shocked ejecta gas that emits strong radio and infrared
synchrotron light (known as the bright ring) is another potential
gamma-ray emitting region. Using Mejecta = 2 M& (Willingale
et al. 2002; Laming & Hwang 2003) composed of only oxygen,
we obtain neff = nOZO(ZO + 1) # 32 cm−3. This happens to
be similar to the value of neff in the forward shock region. Also,
the baryon density of nOAO # 7 cm−3 is close to that in the
forward shock region. Therefore, the π0 decay predictions are
essentially the same as those described above, though the energy
budget is tighter in the reverse shock. The total thermal energy
stored in the shocked ejecta would be only ∼1 × 1050 erg. On
the other hand, a combination of neff # 32 cm−3 and the large
magnetic field in the shocked ejecta (B ! 0.5 mG) inferred
by X-ray variability (Uchiyama & Aharonian 2008) makes it
difficult to attribute the gamma-ray emission to the relativistic
bremsstrahlung in the shocked ejecta.

Regardless of the origin(s) of the observed gamma rays, the
total content of CRs accelerated in Cas A can be obtained
as WCR = We + Wp # (1–4) × 1049 erg, and the magnetic
field amplified at the shock and the field in the shocked ejecta
can be constrained as B " 0.12 mG. Even though Cas A is
considered to have entered the Sedov phase, the total amount
of CRs accelerated in the remnant constitutes only a minor
fraction (#2%) of the total kinetic energy of the supernova. The
bremsstrahlung spectrum and the π0 decay spectrum have rather
different predictions below 1 GeV. The hard spectrum below
1 GeV would favor the π0 decay origin, though the current LAT
data quality does not rule out the bremsstrahlung model.

The Fermi LAT Collaboration acknowledges support from a
number of agencies and institutes for both development and the
operation of the LAT as well as scientific data analysis. These
include NASA and DOE in the United States, CEA/Irfu and
IN2P3/CNRS in France, ASI and INFN in Italy, MEXT, KEK,
and JAXA in Japan, and the K. A. Wallenberg Foundation, the
Swedish Research Council, and the National Space Board in
Sweden. Additional support from INAF in Italy and CNES in

Γp = 2.1 Ecut = 10 TeV
Γp = 2.3  no cutoff
n = 10 cm-3

Fermi-LAT spectrum:
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in hadronic model:
CR: 0.4x1050 erg
ECR ~2% of ESN = 2x1051 erg
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Figure 2. VLA 20 cm radio map of the Cas A supernova shell (Anderson
& Rudnick 1995). Shown is the region corresponding to the green square in
Figure 1. The graph shows the GeV position with error bars (conservatively
adding statistical and systematic errors in quadrature) as a cyan circle and the
position of the CCO as a yellow star. Also shown in the plot are the best-fit
positions for MAGIC (Albert et al. 2007) and VERITAS (Humensky 2008).
(A color version of this figure is available in the online journal.)

of the Galactic diffuse emission (conservatively estimated to
be 10%) amounts to ∼0.1. The integral photon flux above
500 MeV amounts to (8.7 ± 1.3) × 10−9 photons cm−2 s−1.
A likelihood-ratio test was performed to check the presence
of a spectral cutoff using a spectral function of dN/dE =
KE−Γ exp(−E/Ecut). The presence of the exponential cutoff is
not statistically significant, given the resultant likelihood ratio
of −2 ln(LPL/Lcutoff) = 2.6. We formally report the best-fit
parameters of the cutoff power-law model to make a comparison
with LAT pulsars: Γ = 1.7 ± 0.2 and Ecut = 16 ± 9 GeV.

4. DISCUSSION

The detection of gamma-ray emission from the direction of
Cas A raises the following questions: “Is there a compact source
such as a pulsar dominating the emission”? and “What is the
radiating particle population responsible for the emission?” Two
emission scenarios seem plausible: emission from the central
compact object (CCO) in Cas A or emission generated in
the SNR. Since the GeV gamma-ray source coinciding with
Cas A is a point source in the LAT, these two scenarios cannot
be distinguished on positional grounds; therefore, circumstantial
evidence has to be considered.

The point-like central X-ray source (Tananbaum 1999) is
generally thought to be the left-over of the explosion of the
massive progenitor star (Pavlov et al. 2000) and known as
a CCO given that it is radio quiet, un-pulsed in X-rays,
and has an X-ray spectrum described by blackbody with
characteristic temperatures of about 0.4 keV without indication
of a nonthermal component. A recent Chandra observation
resulted in a 3σ limit on the pulsed fraction of 16% for periods
larger than 0.68 s (Pavlov & Luna 2009). The fact that no
pulsation has been detected at any waveband for the CCO does
not rule out that the neutron star is emitting gamma rays. The
Fermi LAT has detected several neutron stars as gamma-ray-
only pulsars, pulsars not previously known from observations
in other wavebands (Abdo et al. 2008, 2009a).

We searched for gamma-ray pulsations from the source
coincident with Cas A using the full data set. We applied
the standard time-differencing technique (Atwood et al. 2006),

Figure 3. Energy spectrum of Cas A in a leptonic emission model. Shown is the
Fermi-LAT detected emission (filled circles) in comparison to the energy spectra
detected by MAGIC (black open circles; Albert et al. 2007) and VERITAS (green
open circles; Humensky 2008). The red curves show a leptonic model calculated
for B = 0.12 mG while the blue curves show one for B = 0.3 mG. Dashed
lines show the bremsstrahlung components with neff $ 26 cm−3, and dotted
lines show the IC component.
(A color version of this figure is available in the online journal.)

using a maximum frequency of 64 Hz, and a long time-
difference window of ∼12 days. We found no evidence for
pulsations which makes the neutron star scenario less likely.
A comparison of the blind search pulsars discovered so far
(Abdo et al. 2009a) and the known radio pulsars detected by the
LAT, suggests that the blind search is approximately 2–3 times
less sensitive than a standard pulsation search using the known
timing solution. This results in a 5σ limit on the pulsed flux of
∼2 × 10−7 photons cm−2 s−1 (Abdo et al. 2009b). In addition,
there is no GeV gamma-ray source in the first Fermi-LAT source
catalog that is associated with a known CCO.

Furthermore, the spectrum does not support a pulsar hypoth-
esis. The energy spectra of pulsars are usually flat at energies
below 1 GeV and show exponential cutoffs in the energy range
between 1 GeV and 8 GeV (Abdo et al. 2009b). These character-
istics do not mirror the LAT spectrum which is best described by
a power-law shape with an index of Γ = 2.0±0.1 up to 50 GeV
with no significant sign of a high-energy cutoff. A formal fit
with an exponential cutoff model yields Ecut = 16 ± 9 GeV.
This is rather high for a gamma-ray pulsar; no LAT pulsars show
Ecut > 8 GeV so far (Abdo et al. 2009a).

The scenario in which the GeV gamma rays are emitted in the
shell of the SNR is therefore favored. The gamma-ray emission
could be produced by electrons accelerated at the forward shock
through relativistic bremsstrahlung or IC. Alternatively, the
GeV gamma-ray emission could be predominantly produced
by accelerated hadrons through interaction with the background
gas and subsequent π0 decay. Recent studies showed electron
acceleration to multi-TeV energies is likely to take place also
at the reverse shock in the supernova ejecta (Uchiyama &
Aharonian 2008; Helder & Vink 2008).

First, we consider the shocked circumstellar region between
the contact discontinuity and the forward shock (see Gotthelf
et al. 2001), assumed to have a constant magnetic field of B
(a free parameter), and a shocked circumstellar medium with
a constant density of nH = 10 cm−3 (Laming & Hwang
2003). Electrons are accelerated to multi-TeV energies at the
forward shock as traced by synchrotron X-ray outer filaments
(Hughes et al. 2000). Here we adopt an electron acceleration

n = 26 cm-3
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Tycho’s Supernova Remnant 9

of our free parameters are somewhat related to the need
of modeling the injection of particles into the acceleration
mechanism.

With both model and environmental parameters fixed,
we find that the Tycho’s FS is converting into CRs about
the 6 per cent of its bulk pressure (Fig. 2), which in turn im-
plies a downstream magnetic field B2 ! 300µG. Our shock
dynamics is only mildly modified by the presence of accel-
erated particles: apart from magnetic field amplification, all
of the signature typical of NLDSA, like the formation of
an upstream precursor where the incoming fluid is slowed
down (and in turn the concavity in the spectrum due to
the fact that CRs with different momenta probe different
regions of the precursor) are not very marked. For instance,
the total and the subshock compression ratios turn out to be
Rtot = 1/U2 ! 4.2, and Rsub = U1/U2 ! 3.9, respectively.
This result also justifies a posteriori the treatment of the
SNR evolution as governed by the gas pressure only (§2.1)
rather than by the whole gas + CRs fluid.

Let us now compare the theoretical prediction for the
ratio between the positions of CD and FS with the value in-
ferred from the X-ray observations by Warren et al. (2005)
which returned RCD/Rsh = 0.93 ± 2%. In our model
we find RCD/Rsh = 0.87. This value has however to be
taken with a grain of salt, since it may be enhanced by
Rayleigh-Taylor instabilities at the CD. For instance, purely
gaseous 1D hydrodynamical simulations predict a signifi-
cantly smaller value for this ratio, and namely RCD/Rsh =
0.77 (Wang & Chevalier 2001). In the same work the au-
thors also performed a 2D simulation and showed that the
Rayleigh-Taylor instability at the CD allows fingers of ejecta
to protrude well beyond the average CD radius, also infer-
ring the maximum extent of these fingers in about the 87 per
cent of the FS radius. Following this line of thought, we can
estimate in about a 5 per cent the boost in the CD/FS po-
sition ratio due to instabilities operating at the CD. When
we multiply our prediction by 1.05, we get a CD/FS ra-
tio of about 0.91, consistently with the value estimated by
Warren et al. (2005).

Some authors (e.g. Ellison, Decourchelle & Ballet 2005)
have proposed that young SNRs can accelerate CRs effi-
ciently also at the reverse shock (RS). This idea is supported
by the fact that the RS moves with respect to the unshocked
ejecta with a velocity comparable to that of the FS. The
RS speed can in fact be estimated from the usual analytical
model by Truelove & Mc Kee (1999), and for Tycho it turns
out to be ∼ 0.86 Vsh. On the other hand, an efficient DSA
requires also a sizable magnetic field, say of order of few µG,
to efficiently scatter particles. The simple dilution by flux-
freezing of the typical magnetic field on the surface of the
progenitor would imply ∼nG or lower magnetic field, there-
fore a very efficient magnetic field amplification at the RS
would be required to make DSA work. On the other hand,
Warren et al. (2005) showed that the inferred distance be-
tween the CD and RS is compatible with hydrodynamical
model excluding efficient CR acceleration at the RS.

Anyway, in case of non negligible acceleration at the RS,
we would expect an enhancement of the synchrotron emis-
sion only from the position of the RS towards the inside of
the remnant. According to the measurement of Warren et al.
(2005) the RS is located at 0.7Rsh. From Fig. 7 we do not
notice any clear excess in this region with respect to our pre-
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Figure 7. Surface brightness of the radio emission at 1.5 GHz
as a function of the radius (data as in Fig. 1). The thin solid
line represents the projected radial profile computed from our
model, while the thick solid line corresponds to the same profile
convoluted with a Gaussian with a PSF of 15 arcsec.

diction. We will discuss in §4.1 how also our analysis is able
to account for the observed radio profile without requiring
acceleration of electrons at the RS.

4 MULTI-WAVELENGTH SPECTRUM

In Fig. 6 we show our best fitting of the photon spectrum
produced by the superposition of all the radiative processes
outlined above, comparing it with the existing data. The
overall agreement is quite good, therefore we want to analyze
now in greater detail the emission in each single band.

4.1 Radio emission

As depicted in Fig. 6, the total radio emission is nicely ac-
counted for by our model, which returns a photon spectral
index of 0.606 in the considered energy range (10 to 1500
MHz).

Nevertheless, as already noticed by Reynolds & Ellison
(1992), Tycho’s radio emission shows evidence for a cur-
vature in the spectrum, which turns out to be slightly
steeper (flatter) than E−0.6 below (above) 100 MHz. In fact,
Kothes et al. (2006) find a spectral index α = 0.65 for the
radio spectrum fitted to all flux densities and α = 0.61 in
the range 408 to 1420 MHz. Reynolds & Ellison (1992) as-
cribed this effect to the curvature of the electron spectrum
due to non-linear effects induced by the CR precursor and
stressed the fact that, in the energy range involved in the ra-
dio emission, electron and proton energy spectra are not ex-
actly parallel because protons are non-relativistic and DSA
is momentum dependent.

In our model we did not find any steepening in the low-
est energy region of the electron spectrum, and the reason is
the following. The emission in the 1−100 MHz band, where
the curvature is observed, is produced by electrons with en-
ergy close to the injection energy. The typical synchrotron
frequency is in fact:

νsyn ! 4eBγ2

3mec
= 24

B
100µG

γ
102

MHz , (15)
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Figure 2. Time evolution of shock radius Rsh, shock velocity
Vsh, magnetic field immediately behind the shock B2 and CR
acceleration efficiency ξcr = Pcr/ρ0V 2

sh.

numerical solution of about 3 per cent typically, and of 7 per
cent at most.

The circumstellar medium is taken as homogeneous
with proton number density n0 = 0.3 cm−3 and tempera-
ture T0 = 104 K. Following the conclusion of Tian & Leahy
(2011), we assume that the remnant expands into the uni-
form interstellar medium (ISM) without interacting with
any MC. With these parameters, the reference value for the
beginning of the Sedov-Taylor stage is TST = 463yr, there-
fore Tycho is experiencing the transition between the ejecta-
dominated and the adiabatic stage. FS radius and velocity
can be hence simply written as (Truelove & Mc Kee 1999):

Rsh(t) = 4.06

(

t
TST

)4/7

pc , (1)

Vsh(t) = 4875

(

t
TST

)

−3/7

km s−1 . (2)

The time evolution of some relevant physical quantities
is depicted in Fig. 2. The last point corresponds to an age
of 439 yr and hence to our estimate for the present shock
velocity, Vsh ! 4990 km s−1, and shock radius, Rsh = 3.94
pc.

The radial structure of density and temperature pro-
files is then calculated by assuming that the downstream
(from the CD to the FS), being subsonic, is roughly in pres-
sure equilibrium. This recipe leads to a discrepancy of less
than 10 per cent with respect to exact profile calculated by
Chevalier (1983). More precisely, since ργ(t) ∝ pgas(t) ∝
V 2
sh(t), the adiabatic decompression of a fluid element with

density ρ0 shocked at time t0 can be calculated as

ρ(t)
ρ0

= L(t0, t)
3 =

[

Vsh(t)
Vsh(t0)

] 2

γ

, (3)

where γ is the effective adiabatic index of the CR+plasma
fluid. In general we have 4/3 ! γ ! 5/3, but in our case
γ = 5/3 is a very reasonable choice, justified by the fact that
the CR acceleration efficiency we find is never much larger
than ∼ 10 per cent. The quantity L(t0, t) ! 1 introduced
above represents the adiabatic energy loss CRs and magnetic
fields undergo in the period t−t0, and it is consistently taken

Te!Tp,sh#100

Tp!Tp,sh

np!np,sh
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Figure 3. Density (solid line) and temperature (dashed line) of
the shocked ISM in the region between the CD (vertical solid line)
and the FS, computed at the present age of the remnant, t = 439
yr, and normalized to the values immediately behind the shock.
The dot-dashed line shows the electron temperature computed
including the heating due to Coulomb collisions.

into account in modelling the emission from fluid elements
shocked at earlier times.

In a similar way, this simple recipe allows us to track
also the downstream temperature profile and therefore to
work out the bremsstrahlung emission due to thermal elec-
trons, which in general have a temperature Te different from
the protons’ one, Tp. We assume Te = Tp me/mp immedi-
ately after the shock and calculate the heating of electrons
downstream as due to Coulomb collisions against hotter pro-
tons. In Fig. 3 we plot the value of electron and proton
temperatures between the CD and the FS at the present
epoch, normalized to the proton temperature immediately
behind the shock, Tp,sh = 5× 108 K. The figure shows that
Coulomb collisions rapidly enhance the electron tempera-
ture up to few per cent of Tp,sh, and also that the maximum
value is reached close to the CD, where we have Te ! 2×107

K. We would like to stress that Coulomb collisions provide
the minimum heating rate for electrons; others plasma pro-
cesses could in principle equilibrate protons and electrons
even more rapidly. On the other hand, as we will see in
§4.2, the thermal electron bremsstrahlung predicted by as-
suming Coulomb heating only is compatible with the non
detection of X-ray thermal emission (Cassam-Chenäı et al.
2007). We therefore argue that it is very unlikely for other
electron-proton equilibration mechanisms much faster than
Coulomb collisions to be at work.

2.2 Particle acceleration

On top of this SNR evolution, the spectrum of acceler-
ated particles is calculated according to the semi-analytic
kinetic formalism put forward in Caprioli, Amato & Blasi
(2010b) and references therein (especially Amato & Blasi
(2005, 2006)), which solves self-consistently the equations
for conservation of mass, momentum and energy along with
the diffusion-convection equation describing the transport
of non-thermal particles for quasi-parallel, non-relativistic
shocks. In particular, we impose the CR distribution func-

c© 2011 RAS, MNRAS 000, 1–16

Hydrodynamic model for SNR 
evolution and non-linear DSA

Computed radio profile in good 
agreement with measured
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Tycho: more about modelisation

HESS Significance map

• ☞ Morlino & Caprioli 2011 arXiv: 1105.634210 Morlino and Caprioli
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Figure 6. Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission, thermal electron
bremsstrahlung and pion decay as calculated within our model (see text for details). The experimental data are, respectivley: radio
from Reynolds & Ellison (1992); X-rays from Suzaku (courtesy of Toru Tamagawa) , GeV gamma-rays from Fermi-LAT (Giordano et al.
2010; Naumann-Godo et al. 2011) and TeV gamma-rays from VERITAS (Acciari et al. 2011). Both Fermi-LAT and VERITAS data
include only statistical error at 1 σ.

from which, taking the typical injection Lorentz factor
γe,inj ∼ 10−100 and a downstream magnetic field strength of
∼ 100 − 300µG, we obtain νsyn ∼ 1− 100 MHz. The shape
of the electron spectrum in this energy range is therefore
quite uncertain, and our simple parametrization of particle
injection via thermal leakage may indeed be too simplistic.
A comparison between thermal leakage model and more re-
fined Monte Carlo approaches to particle injection, able to
retain the smooth transition in the supra-thermal energy
range, seems however to confirm that a proper account for
particle injection should quite naturally predict a spectral
steepening in the 10–100 MeV energy range (see fig. 1 of
Caprioli et al. 2010).

Therefore, the detection of a curvature in the low-energy
radio emission from young SNRs (Reynolds & Ellison 1992)
may not be necessary related to the presence of a CR precur-
sor in the upstream, but rather be a crucial tool for probing
electron injection. It is also worth stressing that this possibil-
ity is given by the fact that the magnetic field is strongly am-
plified: for a standard interstellar field, in fact, the same ra-
dio emission would come from higher-energy electrons, and
more precisely in the GeV range.

Besides the volume-integrated emission, another pre-
cious information can be inferred from the remnant mor-
phology: the radial profile of both radio and X-ray emissions
provides in fact a strong evidence that the magnetic field in-
side the SNR is considerably amplified. In order to compare

the observed radial profiles, we need to compute the emission
projected along the line of sight. As already noticed, Tycho
is clearly shell-like both in radio and X-ray bands: even if the
northeastern region shows an enhancement of the emission,
especially in the radio band, the spherical symmetry can be
indeed considered a reasonable approximation. Under this
assumption the local emissivity is a function of the radius
only and the projected emission is thus simply due to the
integration along the line of sight l:

jp(ν, ρ) = 2

∫

√
r2
sh

−ρ2

max
[

0,
√

r2
CD

−ρ2
]

j
(

ν, r =
√

ρ2 + l2
)

dl . (16)

the integration limits take into account that the emission is
expected to come only from the shocked ISM located be-
tween the CD and the FS.

In order to be compared with the actual data, the pro-
jected emission has to be convolved with the instrumental
point spread function, which we assume to be Gaussian.
We use the radio map in Fig. 1, which has been obtained
with the VLA on January 2007 at the frequency of 1.5
GHz, (data from the NRAO/VLA Archive) and in Fig. 7
we compare our results with these data. The step line shows
the measured surface brightness obtained by integrating the
emission along the azimuthal angle, between 0 and 2π. The
thin solid line shows the projected emission computed using
Eq. (16), while the thick line is the emission after the con-
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Towards a FERMI SNR catalogue

HESS Significance map

• After 3 years of data-taking FERMI sensitivity in the Galactic plane 
has improved sufficiently to allow the detection of SNRs

• Green catalogue of radio SNRs offers a good starting point to 
search for correlations in Fermi-LAT data

• Analysis pipeline for this analysis is currently set-up using: 
– 36 month data
– 12 deg ROI
– Pass7_V6 source
– energy threshold: 1 GeV, 500 MeV, ...
– catalogue containing TS>10 as input model for neighbouring 

sources
– SNR modelled as extended disk (extension given by radio), 2D 

Gaussian and soon radio template fits-file
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Towards a FERMI SNR catalogue

HESS Significance map

• Analysis results w.r.t. individual SNRs include:
– smoothed counts map
– integral flux, photon index
– spectrum points
– TS
– TS map
– residual TS map
– localisation coordinates, error ellipse
– extension TS
– radial and azimuthal profile

Donnerstag, 12. Januar 2012



Melitta Naumann-Godo                                                                                              Seminar at LPNHE                                                                                                       12/01/2012

Preliminary results on SNR extension

HESS Significance map

• Significance of the SNR extension vs. detection significance
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Preliminary results on SNR extension

HESS Significance map

• SNR extension in gamma-rays vs. extension in radio
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2FGL statistics: extended sources

HESS Significance map
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SNRs interacting with MC: W41

HESS Significance map

Spectral analyses - Annular region

Spectra for r ∈ [0.1◦; 0.3◦]

Index: 2.70± 0.08stat

Flux: φ(1 TeV) = (1.8± 0.1stat)× 10−12 cm−2.s−1.TeV−1

NO INDICATION FOR CUTOFF

Jérémie Méhault (LUPM - Montpellier) W41 as seen by HESS and Fermi May th  6 / 13

HESS-Fermi morphological comparison

VLA 20cm radio map.
Gray ring: GeV extension.

Yellow ring: TeV extended component.
Positions with errors marked with crosses.

TeV extended emission:
l = 23.26± 0.01◦,
b = −0.31± 0.01◦,
σint = 0.20± 0.01◦

GeV emission:
l = 23.18± 0.07◦,
b = −0.21± 0.07◦,
σint = 0.16± 0.07◦

⇒ Intrinsic extensions:
compatible

GOOD MATCHING BETWEEN
GEV AND TEV EMISSIONS

Jérémie Méhault (LUPM - Montpellier) W41 as seen by HESS and Fermi May th  9 / 13

HESS-Fermi spectral comparison

COMPACT TEV EMISSION NOT SEEN BY Fermi-LAT

Jérémie Méhault (LUPM - Montpellier) W41 as seen by HESS and Fermi May th  12 / 13

Conclusion
TeV Extended emission:

! Good matching with GeV emission
! Compatible intrinsic sizes
! γ-ray spectra like interacting SNRs
! W41 possibly in interaction with a cloud
" Interacting SNR scenario ?

But TeV morphology does not match 13CO density

" PWN scenario ?
But GeV spectrum not typical and PSR younger than SNR?

TeV Compact source:
! Not seen by Fermi-LAT
! Coincident with Chandra compact nebula and pulsar candidate
! No pulsations found in GeV, X-ray and radio data
" Young PWN scenario ?

But PSR younger than SNR?

Thanks for your attention

Jérémie Méhault (LUPM - Montpellier) W41 as seen by HESS and Fermi May th  13 / 13Donnerstag, 12. Januar 2012
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Cygnus X and CR acceleration

HESS Significance map

 

 

Figure 3: 170 

Photon count residual map in the 10-100 GeV band (A) smoothed with a !=0.25° Gaussian, 171 

overlaid with the 10-5.6 W m-2 sr-1 contour of the 8 "m intensity (B) displayed as in Figure 1. The 172 

solid circles mark # Cygni and the stellar clusters of Figure 1. The dashed circles give the 173 

interstellar diffusion lengths of 10, 102, and 103 GeV particles after 5000 years. Their origin from 174 

the rim of # Cygni is purely illustrative. The typical LAT angular resolution above 10 GeV is 175 

indicated. 176 

177 

Cocoon emission seems to be diffuse rather than a combination of individual 
point sources.
Lack of significant spectral variations supports this.
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Cygnus X and CR acceleration

HESS Significance map

 

 

Figure 4: 178 

Energy spectrum of the cocoon emission in Cygnus X. The 1! errors are statistical. 2! upper limits 179 

are given below 1 GeV. The Milagro flux (open circle), integrated over 78.7°<l<81.7° and -180 

0.4°<b<2.6°, is corrected for the extrapolation of the TeV J2032+4130 source at energies > 10 TeV. 181 

The curves show the expectations from the local CR spectrum pervading the ionized gas (blue) for 182 

neff= 10  cm-3 (solid) and 2 cm-3 (dashed), upscattering the stellar light from Cyg OB2 (upper dotted) 183 

and NGC 6910 (lower dotted), and upscattering the interstellar radiation present in the cavity and 184 

PDRs for an electron cutoff energy of 3 TeV (dashed) and 10 TeV (dot-dashed). The red curve 185 

shows the total IC emission for the two energy cutoffs. 186 

187 

 ionised gas n=10 cm-3

--- ionised gas n=2 cm-3

 total IC
... IC from Cyg OB2 (upper)
... IC from NGC 6910 (lower)

IC emission (upscattering of intense stellar light) too faint and too soft
CR acceleration by shockwave of Cyg X ?
CR acceleration by stellar winds in superbubble ?
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γ-Cygni and VER J2019+407

HESS Significance map

VER J2019+407 and !Cygni!
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DSA of Cosmic Rays in SNRs

HESS Significance map

Caprioli 2011 (see also poster 131)

VERY SURPRISING TO SEE THAT THE

REQUIRED ACCELERATION EFFIC ARE

HIGH BUT THE SPECTRA ARE STEEP

POSSIBLE SIGNATURE OF FINITE POSSIBLE SIGNATURE OF FINITE 

SPEED OF THE SCATTERING SPEED OF THE SCATTERING 

CENTERS !!!???CENTERS !!!???
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DSA of Cosmic Rays in SNRs

HESS Significance map

SUMMARY

! REQUIRED POWER " NON LINEAR THEORY OF ACCELERATION

! MAGNETIC FIELD AMPLIFICATION " MOST LIKELY CR INDUCED

! EFFICIENT ACCELERATION SEEN IN SIZE OF X-RAY FILAMENTS,

ABSENCE OF X-RAYS FROM PRECURSOR, EMAX @ KNEE, 

ANOMALOUS BALMER LINE WIDTHS

! ANISOTROPY SUGGESTS !"1/3 " INJECTION SLOPE 2.3-2.4 

! GAMMA RAYS ALSO SUGGEST STEEP INJECTION " PROBABLY

ACTION OF SCATTERING CENTERS SPEED, BUT ALSO NEUTRALS

! TYCHO PROBABLY THE FIRST UNAMBIGUOUS HADRONIC SOURCE

! IN GENERAL EFFICIENT ACCELERATION DOES NOT IMPLY GAMMA

! AS A BY-PRODUCT OF SNR PARADIGM " TRANSITION TO EXTRA

GALACTIC CR AT 1018 eV, NOT @ ANKLE
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