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Figure 6: Four SNRs imaged in (dominantly) non-thermal X-rays (left)
and resolved in VHE γ-rays with H.E.S.S. (right). a) RXJ1713.7−3946
with 1–3 keV data from ASCA (Uchiyama, Takahashi & Aharonian 2002),
b) RXJ0852.0−4622 with ROSAT (1.3–2.4 keV) (Aschenbach 1998), c)
RCW86 with 2–4 keV data from XMM-Newton (Vink et al. 2006) d)
SN1006 with Chandra archive data (0.5–10 keV). The H.E.S.S. data
are taken from Aharonian et al. (2006b, 2007d), Aharonian & et al. (2008),
Naumann-Godo & et al. (2006). The white scale bars are 0.5◦ long.
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 Detection & imaging of young supernova remnants (SNRs) by air 
Cherenkov telescopes

 Evidence of acceleration of either electrons or protons up to TeV energies

Multi-wavelength study with high-quality spectra

 Direct comparison of gamma-ray morphologies with non-thermal X-rays 
(X-rays = synchrotron radiation from TeV electrons)
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TeV emitting SNRs

Acero et al.: An X- and Gamma-ray comparison of RX J1713.7-3946 9

Fig. 10. Radial profiles in X-rays in two energy bands and in γ-rays for the 8 sectors defined in Fig. 4. The general agreement is
good and particularly striking in sector 7 (the brightest spot of the remnant in both wavelengths). However there are also interesting
differences in sectors 5 and 6 where the bulk of the X-ray emission seems to come more from the inside of the SNR than in γ-rays.

By calculating d log Fν/d log n for the synchrotron and
Inverse Compton case (see Appendix A), we can then predict
in the flux-flux correlation comparable to Fig. 9 :

d logFsyncν

d logFICν
=

s+1
2 (1 + β) − αX

1 − (1 + β)(αγ − s−1
2 )

(1)

where αX and αγ are respectively the X and γ-ray spectral slope
in energy not photons (αi = −d logFiν/d log ν).

For a standard value of s = 2 and the observed values of αX
= 1.32 and αγ = 1.09 this gives (0.18 + 1.5 β) / (0.41 - 0.59 β).
If Bd is insensitive to density (β = 0) the predicted correlation
is opposite of what is seen: the range in X-ray flux would be
smaller than in γ-rays, because the negative feedback on νc via
Vsh plays more strongly in X-rays which are further in the cutoff
part of the spectrum. But a modest dependence of Bd on density
like β = 0.1 is enough to invert the trend because in the loss-
dominated regime the γ-ray cutoff frequency decreases with Bd
while the X-ray one is independent of Bd. In other words, the
slope of the log(FX) vs log(Fγ) correlation is very sensitive to β.
To get the observed value of 2.41 requires β = 0.28.

In view of the oversimplified character of that approach we
do not claim that this is a measurement of d log Bd/d log n but
we think it shows that such a steep correlation is reasonable in
a leptonic model. The specific model in which we have tried to
push the calculation further (Appendix B) does not give a con-
sistent answer, but it is far from unique. One way to improve on
the measurements would be to use extraction areas in which the
filling factor of the SNR is the same, like the angular sectors on
Fig.4. This would leave in the flux variations only what is due
to varying external conditions. It requires reanalyzing the HESS
data, so it is left for future work.

If we now turn to the hadronic hypothesis, the same line of
reasoning (see Appendix A) then leads to :

d logFsyncν

d logFhadrν

=

s+1
2 (1 + β) − αX

2 − (1 − β)(αγ + 1 − s)
(2)

For a standard value of s = 2 and the observed values of αX
= 1.32 and αγ = 1.09 this gives (0.18 + 1.5 β) / (1.91 + 0.09 β).

It is clear that whatever β < 1 (it is hard to imagine how Bd could
increase faster than density) this quantity is always < 1. In other
words, no magnetic field can make up for the natural n2 charac-
ter of the hadronic mechanism which predicts a fast increase of
Fhadrν with density. So at least in that (over)simplified framework
the correlation we observe is not in favor of a hadronic model.

There remains the possibility (Malkov et al. 2005) that the
density increases very fast outwards (SNR hitting a shell) to
the point where most of the γ-ray emission arises outside the
remnant (in the precursor). In that case the width of the pre-
cursor increases as E so that the spectral shape of the γ-
ray emission may be estimated by multiplying Fhadrν by E
(Zirakashvili & Aharonian 2007). This in turn changes (2) into

d logFsyncν

d logFhadrν

=

s+1
2 (1 + β) − αX

2 − (1 − β)(αγ + 2 − s)
(3)

so that for s = 2 and the observed spectral indices one expects
(0.18 + 1.5 β) / (0.91 + 1.09 β) for the slope of the log(FX) vs
log(Fγ) correlation. This is still always < 1.

5.3. Spatial comparison

The main difficulty of a leptonic model to account for the obser-
vations in RX J1713.7-3946 is that it requires a small magnetic
field (on the order of 10 µG ; AH06) to explain the rather large
γ to X-ray ratio, if the emitting volume is the same. This is in-
consistent with the magnetic field derived from the width of the
X-ray filaments (70 µG or so). A possible reason, suggested by
Lazendic et al. (2004), is that the magnetic turbulence decays be-
hind the shock faster than the electrons lose energy. This leaves
a larger volume (downstream) to IC than synchrotron, and does
not require that large a magnetic field to begin with. A definite
prediction is then that the γ-ray emission should peak inside the
X-rays.

In the comparison of the X- and γ-ray radial profiles (4.3.2)
we did see a radial shift, particularly visible in region 6 (West),
between the X- and γ-ray emission. But the shift is in the op-
posite direction, i.e. the X-ray emission peaks at smaller radius
than the γ-ray emission. The value of this shift for region 6 is

 Detection & imaging of young supernova remnants (SNRs) by modern 
air Cherenkov telescopes

 Evidence of acceleration of either electrons or protons up to TeV energies

Multi-wavelength study with high-quality spectra
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Figure 6: Four SNRs imaged in (dominantly) non-thermal X-rays (left)
and resolved in VHE γ-rays with H.E.S.S. (right). a) RXJ1713.7−3946
with 1–3 keV data from ASCA (Uchiyama, Takahashi & Aharonian 2002),
b) RXJ0852.0−4622 with ROSAT (1.3–2.4 keV) (Aschenbach 1998), c)
RCW86 with 2–4 keV data from XMM-Newton (Vink et al. 2006) d)
SN1006 with Chandra archive data (0.5–10 keV). The H.E.S.S. data
are taken from Aharonian et al. (2006b, 2007d), Aharonian & et al. (2008),
Naumann-Godo & et al. (2006). The white scale bars are 0.5◦ long.
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Role of the Fermi LAT 
 Key Issue

Origin of the gamma-ray emission 
Hadronic (π0 decays)

or 
Leptonic (inverse Compton scattering of electrons) 

could be accommodated in a leptonic model, and thus how the
peak of the IC emission can be pushed into the EGRET range.
Taking a typical Galactic radiation field (which might not be
realistic in, e.g., binary system with a massive stellar compo-
nent), either rather high magnetic fields (green solid curve) or
rather old sources have to be invoked (dash-dotted red curve).
The high magnetic field scenario would, however, lead to the
prediction of a very high X-ray flux. This prediction contradicts
the faint X-ray emission detected from this object (at the level of
10!13 erg cm!2 s!1), as well as in most other Galactic VHE !-ray
sources (where the X-ray emission is typically at the same level
or below the VHE !-ray energy flux). To explain the !-ray emis-
sion of coincident sources through leptonic IC emission, the sources
should thus be rather old to be able to accumulate enough low-
energy electrons to explain the high GeV flux in a typical Ga-
lactic radiation field. They should then, however, either be rather
bright X-ray emitters or be very old.

VHE !-ray sources may be detectable using GLAST even if
the !-ray emission is generated by IC scattering on a typical Ga-
lactic radiation field, as demonstrated for the SNR RX J1713.7!
3946, where aGLAST detection should shed light on the heavily
debated origin of the TeV emission (Funk et al. 2007b). !-rays
of leptonic origin (produced by IC) might be distinguishable
from those of hadronic origin (produced by "0 decay) through
their characteristic spectral shape, although recent claims have
been made that under certain conditions the leptonic !-ray spec-
tra might resemble those of pionic decays (Ellison et al. 2007).
Figure 11 shows that theGLAST LATwill have the sensitivity to
measure energy spectra (in 5 yr of scanning observations) for
both hadronic and leptonic emission scenarios, illustrating that
the LAT energy range is particularly well suited to distinguish
these models. Measuring the spectral shape of the !-ray emis-
sion through deep GeV observations with the GLAST LAT will

play an important role in interpreting the currently known TeV
!-ray sources.

5.2. The Nonconnection of GeV and TeV Sources

For sources where no positional coincidence has been found
for the GeVand TeV domains both instrumental and astrophysical
explanations can be invoked.

5.2.1. Instrumental Reasons for Nonconnection

The most obvious reason for a nondetection of a TeV source
with EGRET is the sensitivity mismatch. In a typical "5 hr ob-
servation H.E.S.S. has an energy flux sensitivity of about a fac-
tor of "50Y80 lower than that of EGRET for its entire lifetime
(above 1 GeV in the Galactic plane). In addition, with decreasing
detection significance an increasing number of EGRET sources
are expected to be artificial due to source confusion in the Galactic
plane and in particular due to uncertainties from the model chosen
to describe the dominant diffuse !-ray emission. TheGLAST LAT
will inevitably shed more light on all persistent EGRET sources,
since these will be rather bright !-ray sources for the LAT in-
strument. However, it should be noted that the brightest Galactic
H.E.S.S. sources (such as RX J1713.7!3946) are not going to be
very bright GLAST sources, as discussed in the previous section.
Certainly, similar to EGRET, the LAT will (at the lower end of
the energy range) suffer from uncertainties and systematic effects
due to intrinsic properties of the experimental approach, and in
particular due to the modeling of the diffuse !-ray background—
however, at a lower flux level.

Another instrumental effect that could render a correlation be-
tween GeVand TeV sources unlikely is the insensitivity of imag-
ing VHE !-ray instruments to very extended sources (radius> 1#)
without significant substructure. The EGRET data do not put
strong constraints on the source extension of a typical source in
the Galactic plane. Source extensions that can be derived from
the data are on the scale of the EGRET PSF, i.e., degree scales. The
angular resolution (and thus the maximum sensitivity) of VHE
!-ray instruments on the other hand is of the order of a few arc-
minutes. The upper limits for H.E.S.S. at the positions of EGRET
sources quoted in this study are derived under the assumption of a
pointlike source (with a typical size of the source region of less
than "0.1# rms width). The sensitivity and thus the upper limit
scales roughly linearly with the source size (Funk 2005) and for
source sizes in excess of "1#, the H.E.S.S. data become com-
pletely unconstraining due to the fact that the source size becomes
comparable with the size of the FoVand no reliable background
estimation can be performed (see Berge et al. 2007 for a descrip-
tion of the background estimation techniques used). Large-FoV
instruments (with poorer angular resolution) such as Milagro
(Atkins et al. 2000), are better suited to detect sources with in-
trinsically large sizes in VHE !-rays (with sufficiently high flux-
es). However, due to their modest ("1#) angular resolution, such
instruments suffer from problems of source confusion similar to
those of current GeVmeasurements. Indeed, several of the recently
reported Milagro source candidates are coincident with EGRET
sources (Abdo et al. 2007). Hypothesising that EGRET sources
exhibit angular sizes larger than "1#, Milagro-type instruments
might be better suited to detect large-scale emission at VHE !-ray
energies. Again, the GLAST LAT, with its superior angular resolu-
tion to EGRET, will shed more light on the issue of the intrinsic
sizes of GeV sources in the Galactic plane. The constraints on the
power-law extrapolation of EGRETsources by sensitive H.E.S.S.
upper limits as derived in the previous sections are naturally only

Fig. 11.—High-energy SED for the SNR RX J1713.7!3946. The black data
points show measurements with H.E.S.S., whereas the blue circles and red tri-
angles show simulatedGLAST data, assuming two different models ( leptonic and
hadronic) for the !-ray emission (dashed red and solid blue lines, respectively).
This simulation uses the current best estimate of the LAT performance and
illustrate that in principle theGLAST LATshould be able to detect this prominent
shell-type SNR in a 5 yr observation or faster, depending on the emission mech-
anism. This figure has been reproduced from Funk et al. (2007b).

GeV-TeV CONNECTION IN GALACTIC !-RAY SOURCES 1311No. 2, 2008
Non-thermal Radiation from an SNR Prelaunch Simulation (Funk+ 2008)

RX J1713.7–3946
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Figure 6: Four SNRs imaged in (dominantly) non-thermal X-rays (left)
and resolved in VHE γ-rays with H.E.S.S. (right). a) RXJ1713.7−3946
with 1–3 keV data from ASCA (Uchiyama, Takahashi & Aharonian 2002),
b) RXJ0852.0−4622 with ROSAT (1.3–2.4 keV) (Aschenbach 1998), c)
RCW86 with 2–4 keV data from XMM-Newton (Vink et al. 2006) d)
SN1006 with Chandra archive data (0.5–10 keV). The H.E.S.S. data
are taken from Aharonian et al. (2006b, 2007d), Aharonian & et al. (2008),
Naumann-Godo & et al. (2006). The white scale bars are 0.5◦ long.
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One of the well-studied TeV-bright SNRs
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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



RX J1713.7–3946
Fermi LAT spectrum:  Very hard with Γ = 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)



RX J0852.0–4622 (Vela Jr)

Vela Jr.

Vela X
Vela SNR

Vela Jr.

Puppis A

0.1 keV < E < 2.4 keV E > 1.3 keV TeV

Another TeV-bright young SNR

Discovered by ROSAT (Aschenbach 1998)

Non-thermal X-rays (Slane+ 2001)

Detected in TeV 
CANGAROO: Katagiri+ (2005)

Spatially resolved image by H.E.S.S. 
(Aharonian+ 2005, 2007)

Latest estimate of age & distance (Katsuda+ 2008):
τ = 1700–4300 yr,  D ~ 750 pc
(Further away than Vela SNR)

TeV Gamma-ray Image by H.E.S.S. 
(Aharonian+ 2007)

Contours: ROSAT (E > 1.3 keV)



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



Fermi LAT Spectrum

Fermi LAT
H.E.S.S.

Red vertical bars: statistical errors
Black caps: systematic errors

Fermi LAT + H.E.S.S. spectrum

Fermi LAT spectrum connects smoothly to the H.E.S.S. spectrum
Power-law fit to the Fermi LAT spectrum yields Γ = 1.87 ± 0.08 (stat) ± 0.17 (sys)

Hard GeV spectrum but softer than RX J1713.7–3946 (Γ = 1.5)
Systematic errors: mainly from imperfect modeling of the Galactic diffuse emission and 

uncertainties in effective area calibration



Hadronic or Leptonic

(a) Hadronic scenario 

(b) Leptonic scenario 

sp = 1.8, se = 1.8
B = 100 μG

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

se = 2.1
B = 12 μG

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

π0 decays



Vela SNR & Vela Jr.
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X-ray Filaments in NW

– 32 –

Fig. 2.— An ACIS image of the northwestern rim complex of G266.2-1.2: the emission is

shown for the energy range 1.0 through 5.0 keV. To boost the signal-to-noise, we have com-
bined datasets from both observations to produce a merged image: we have also smoothed

the image with a Gaussian of 1.5 arcseconds. Bright filamentary structure, a leading and
trailing rim and a bright leading shock are all apparent in this image and are labeled.

Chandra image (1–5 keV) of the NW rim  Pannuti+ (2010)



Summary

• Gamma-ray observation in the GeV band is important to 
disentangle emission mechanisms of non-thermal radiation 
from supernova remnants

• Fermi LAT detected gamma rays from young SNRs such as 
RX J1713.7–3946 and RX J0852.0–4622 (a.k.a. Vela Jr.), which 
are know as bright TeV gamma-ray emitters

• The Fermi LAT spectrum of RX J0852 is well described by a 
hard power law with Γ = 1.87, but softer than RX J1713 (Γ = 
1.5)

• The multi-wavelength spectrum of RX J0852 can be fit either 
by hadronic or by leptonic models, taking into account the 
statistical and systematic errors in the current Fermi-LAT 
spectrum


