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TeV gamma-ray observations

4 shell-like objects, detected in TeV 
gamma-rays 
Young historical SNRs

RX J1713.7-3946
Vela Junior
RCW 86
SN 1006

All show rather clear correlation with 
non-thermal X-ray emission
Also detection of Cas A, upper limits for 
Tycho, Kepler, …
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Protons or Electrons?

Hinton 2009

IC (Porter, Moskalenko & Strong)

p-p Bereshko & Voelk

simple p-p



SN 1006
Koyama, 1995
Bamba, 2003

Some of the relevant questions:

What is the p/e ratio in accelerated particles?

What is the acceleration rate / time?

Where does acceleration cut off? Do SNR 
accelerate CRs up to the knee – are they 
Pevatrons?

How efficiently is shock kinetic energy 
converted to CR energy?



• Mounting evidence that

• B-fields amplified in SNR shocks

1. X-ray Filaments

2. X-ray Variability

• Cosmic ray pressure is significant

1. position of CD

2. post-shock temperature

3. high B-fields

Magnetic fields in SNR shells



SN 1006
in X-rays
Chandra

J. Vink
astro-ph/060113

30-40 µG

14-24 µG

250-300 µG

97-113 µG

113-165 µG

Magnetic fields in SNR shells



If this is true ...

TeV gamma-ray emission in young 
SNRs should be hadronic

Fermi-LAT sensitivity sufficient to 
detect these sources in a hadronic 
scenario in ~1 year of data
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If this is true ...

TeV gamma-ray emission in young 
SNRs should be hadronic

Fermi-LAT sensitivity sufficient to 
detect these sources in a hadronic 
scenario in ~1 year of data

1 degree

X γ

x0.5x0.5

DISCLAIMER: unfortunately, I will not 
be able to tell you about young SNRs 
with Fermi today ...



Fermi-LAT early results ...

… on Supernova remnants and 
Pulsar Wind Nebulae



General comments

Any positional coincidence with 
an SNR must be tested vs pulsars

Clear detection of bright GeV 
gamma-ray sources coinciding 
with mid-aged SNRs interacting 
with molecular clouds 

W51C, W44 and W28

IC 443



Supernova remnant W51C 

ROSAT X-ray (color), VLA (contours)

Star-forming region W51B Koo+2002

SNR W51C

D ~ 6 kpc, Age ~ 20 kyears
Molecular cloud interaction
SNR diameter ~ 30’
Physical size rather large 
(90pc x 70 pc
+ recent H.E.S.S. discovery



Fermi View on W51C Region 
Fermi LAT counts map:  very bright (>40σ) gamma-ray source



The W51C source is extended
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Mean surface brightness (2-8 Gev) as a function of 
distance from the SNR center vs. Fermi-LAT PSF



Close-up View on W51C Region 

Color: Fermi LAT counts map (2-8 GeV)
Black: ROSAT X-ray map (0.1-2.4 keV)
Green: VLA 1.4 GHz 

X : CXOJ192318.5+140305 (neutron star?) 

X-rays:
Thermal emission by 
shock-heated plasma 
(kT=0.2 eV)

Radio:
Peaks are HII regions  
Synchrotron radiation of 
SNR W51C well matched 
to thermal X-rays



Supernova remnant W44 
Blue: VLA (324 MHz)
Green + Red: Spitzer • Middle-aged (~ 2.0 × 104 yr)

• mixed-morphology SNR 
Distance: ~ 3kpc

• Spatial extent: ~ 35’ × 26’
• Spatially coincident with 

3EG J1856+0114
Cloud-shell interactions

CO (Seta et al. 2004), 
OH maser (1720 MHz: 
Hoffman et al. 2005)
mid-IR(traces shocked 
H2; Reach et al. 2006 )



Supernova remnant W44 
Blue: VLA (324 MHz)
Green + Red: Spitzer Pulsar: PSR B1853+01 

(Wolszczan et al. 1991)
Char. age: ~ 2× 104 yr
PWN: Observed in Radio & 
X-ray (~ 2 arcmin in radio 
(Frail et al. 1996, Harrus et 
al. 1996, Petre et al. 2002)

4 C               .: Low-frequency observations of SNR W44

X-rays (Frail et al. 1996; Petre et al. 2002), is clearly detected
(small white cometary feature extending to the north of the pul-
sar position indicated by the plus sign in Fig. 4). An enlargement
of the emission at 324 MHz associated with this PWN is shown
in Fig. 5. Similar to the 1.4 GHz image shown by Frail et al.
(1996), at 324 MHz the pulsar is located at the apex of an elon-
gated structure  2. 5 in extent. The two maxima observed inside
the PWN, where the intensity peaks up to 56 mJy beam−1, were
previously reported by Jones et al. (1993) as discrete sources.
The integrated flux density of the PWN at 324MHz is 0.35±0.12
Jy. Because of the relatively lower sensitivity and angular reso-
lution, combinedwith the typically flat radio spectra of all PWN,
the W44 PWN is not apparent in the 74 MHz image.
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Fig. 5. A close-up image of the pulsar wind nebula around
PSR B1853+01 at 324 MHz. The position of the pulsar is indicated
by the plus sign. The grayscale runs from 34 to 56 mJy beam−1 and the
contour levels are 0.036, 0.042, 0.049, 0.056 mJy beam−1.

4. The radio spectral index behavior
4.1. Integrated radio spectrum

We have used the new estimated total flux densities at 74 and
324 MHz together with data from the literature to determine the
mean spectral index of W44. To construct accurate spectra of
individual SNRs it is necessary that all flux densities be tied to
the same absolute flux density scale. In Table 2 we list all in-
tegrated flux density estimates for W44 between 22 and 10700
MHz. Most of the measurements over the frequency range be-
tween 408 and 10700 MHz were extrapolated to the Baars et
al. (1977) absolute flux scale for consistency. In some cases an
estimate of the correction factor was not available because the
original reference did not list the assumed flux densities of the
primary calibrators. Below 408 MHz (log   2.6), where the
systematic error of the Baars et al. scale is more than  5%,
no scaling was applied. These last values have been nevertheless
used for the spectral fitting since they do not show a large spread.

Fig. 6. Integrated radio continuum spectrum of W44 obtained from the
flux density values listed in Table 2. The filled symbols correspond to
data from the new VLA measurements at 74 and 324 MHz, while the
rest of the values were taken from the literature and, where possible,
brought onto a single flux density scale. The linear fit to all of the flux
density values yields a spectral index  = −0.37 ± 0.02. (S     ) and
is shown by the line. The dashed part of the line indicates the range of
frequencies over which no correction to bring the measured values to
the Baars et al. (1977) scale was available.

In Fig. 6 we show a plot of the spectrum for W44 in which
our new flux density determinations at 74 and 324 MHz are indi-
cated by filled circles. A single power law slope  = −0.37 ± 0.02
(S     ) adequately fits the flux densities measured over four
decades in frequency without any obvious break. This integrated
spectral index is quite flat for a typical shell type SNR, and
agrees well with earlier estimates presented by Kassim (1989a,b,
1992) who derived a spectral index between −0.4 <  < −0.3.
This result confirms Kassim (1989a)’s contention that the inte-
grated spectrum of W44 remains a power law to well below 100
MHz. This behavior is in contrast to a number of other SNRs
that exhibit a spectral turnover due to free-free absorption (e.g.
W49B and 3C391, Lacey et al. 2001; Brogan et al. 2005). The
fact that the new 74 MHz integrated flux falls nicely on the
power law confirms that our 74 MHz image is missing little, if
any emission on the largest spatial scales.

4.2. Local variations in the radio spectral index

We aim to discern whether the spectrum is a global property of
this SNR, or if it is locally a  ected by the shock-ISM interaction
and/or the presence of the pulsar in its interior. To investigate
this, we performed a detailed study of the variations in the spec-
trum as a function of frequency and position within the remnant.
For this analysis we have used the new high resolution images
at 74 and 324 MHz together with the reprocessed VLA data at
1442 MHz.

To accurately determine the spectral index distribution based
on interferometric radio images, identical beam size and shape
at the di  erent pairs of frequencies is required. As mentioned

Castalletti+, 2007



Also Extended ….

Smoothed Counts > 1 GeV

Profile along rectangle
Red: observed, black: PSF
Contribution from diffuse 
background and nearby 
sources subtracted
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Also Extended ….

Smoothed Counts > 1 GeV

Profile along rectangle
Red: observed, black: PSF
Contribution from diffuse 
background and nearby 
sources subtracted

0 1 2 3 4 5 6

18:30:00.040:00.050:00.019:00:00.010:00.020:00.0

-5
:0
0
:0
0

-2
:3
0
:0
0
.0

2
:3
0
:0
0
.0

5
:0
0
:0
0
.0

:3
0
:0
0
.0

N
E

SW

0 1 2 3 4 5 6

18:30:00.040:00.050:00.019:00:00.010:00.020:00.0

-5
:0
0
:0
0

-2
:3
0
:0
0
.0

2
:3
0
:0
0
.0

5
:0
0
:0
0
.0

:3
0
:0
0
.0

N
E

SW



W 28 Region

Mixed-morphology  SNR 

TeV detected by HESS 
(steep spectrum)

Distance 1.8-3.3 kpc

Age: ~35000-150000yr 

South TeV source is star 
forming region



W 28 Region

Mixed-morphology  SNR 

TeV detected by HESS 
(steep spectrum)

Distance 1.8-3.3 kpc

Age: ~35000-150000yr 

South TeV source is star 
forming region



Fermi-LAT count map of W28
Green: H.E.S.S.
Black: Fermi 95% confidence region
Magenta: NANTEN (CO J=1-0) 

10 deg.

2‐10GeV



Extension 

… again, clearly extended emission

2.15-4.64GeV

PSF

diffuse-subtracted data



Origin of the GeV γ-rays

Extended emission matching the radio extent
Very large luminosity (W51: ∼4×1035 erg/s at 6 kpc)

Very faint in TeV (W51: 1% Crab, cf. 70% for RX J1713) 
Mid-aged SNR interacting with molecular cloud
Similar pictures for W51C, W44, IC 443 and W28



… what do we 
learn from this?

Completely different picture to 
TeV gamma-rays:

Young SNRs are not bright 
Fermi-LAT GeV sources

Mid-aged SNRs interacting 
with molecular clouds can be 
extremely bright

Origin?

1 degree
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Pulsar Wind Nebulae

Largest population of 
Galactic TeV sources

Dominated by IC of 
relativistic electrons

Prototypes: 

Crab Nebula

Vela-X Nebula

MSH 15-52

Funk, 2007



What do we expect?

TeV PWN might be harder to detect since IC component 
drops significantly when going to lower energies



Emission clearly detected in the off-pulsar phase

The Crab Nebula



The Crab Nebula

Synchrotron cutoff at 100 MeV (Comptel + LAT)

IC component suggests B-field 100-200 μG well below 
the equipartition field (300 μG)



The prototype: Vela X

Prototype crushed and 
evolved PWN (south of 
pulsar)

Mid-aged Pulsar, very 
energetic

X-ray emission (cocoon) 
matching the TeV emission

Blondin et al. 2001
Blondin, 2001



Ions in the relativistic wind?

When looking only at the cocoon:

Only 10-3 of energy output of 
pulsar … where is missing 
energy?

Horns et al. 2005, gamma-ray 
flux hadronic?

The prototype: Vela X

Horns et al., 2006



SED well measured - need two population of electrons

Cocoon: recently injected electrons (cooling feature)

Larger radio PWN: older electrons related to higher-spin power of pulsar

Pulsar

EGRET limits (Okkie)

Estimated GLAST sensitivity 
in 10% of the phase (off pulse) 
in 1 year

HESS

ASCA
Estimated
Cocoon
(Horns)

Radio – 
Approx Cocoon Region

Radio – 
Whole Vela X 
Region

Approx
Factor
100

Pulsar

EGRET limits (Okkie)

Estimated GLAST sensitivity 
in 10% of the phase (off pulse) 
in 1 year

HESS

ASCA
Estimated
Cocoon
(Horns)

Radio – 
Approx Cocoon Region

Radio – 
Whole Vela X 
Region

Approx
Factor
100

The prototype: Vela X



SED well measured - need two population of electrons

Cocoon: recently injected electrons (cooling feature)

Larger radio PWN: older electrons related to higher-spin power of pulsar

de Jager et al., 2008de Jager et al., 2008

The prototype: Vela X



Vela X

Off-pulse emission of the brightest persistent GeV 
source

In the original 3-month Vela publication we reported an 
upper limit

Vela OffVela all



Vela X
After 9 months of data, extended source coinciding with 
radio emission clearly detected in the off data

Fermi-LAT TS map > 800 MeV Parkes Radio at 8 GHz



de Jager et al., 2008



Summary

Fermi-LAT starts to release results on extended sources in 
the Galactic plane coinciding with SNRs and PWNe

These are amongst the hardest sources to analyse with 
the Fermi-LAT

Having GeV to TeV coverage plus radio and X-ray will 
severely constrain models of emitting particle populations

Mid-aged SNRs interacting with molecular clouds are 
bright GeV gamma-ray sources.


