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Outline of the Talk

• Supernova remnants

• W44

• W51C

• Pulsar wind nebula

• Crab nebula

• Vela X

• Binaries

• LS I +61° 303

• LS 5039

One-year Fermi LAT observations of 



SNRs in GeV
‣Key issues to be addressed by Fermi LAT: 

• Searching for π0-decay signatures,

• Measuring total CR energy content per SNR, 

• Measuring CR spectrum, 

• Learning how CRs are released into ISM. 

Typical Gamma-ray Spectrum
•D = 3 kpc

•n = 100 cm–3

•Wp = 1049 erg

•We = 1047 erg

•Ep,max = Ee, max = 2.0 TeV

•Particle index = 2.0

•Constant injection over 
1.0 × 104 yr 

Interaction with 
molecular cloud 
enhances Pion-decay/
Bremsstrahlung



Fermi-LAT SNRs

IC 443:   (A. Rodriguez on behalf of Fermi LAT at 31st ICRC)
• Middle Age,  Mixed Morphology SNR, Distance 1.5 kpc
• Interactions with Molecular Clould
• EGRET, AGILE, MAGIC, VERITUS
• Fermi-LAT (0FGL J0617.4+2234: 3 months data yield  51σ)

W51C:   (Y. Uchiyama on behalf of Fermi LAT at 31st ICRC)
• Middle Age (20000 yr),  Distance 6 kpc
• Interactions with Molecular Cloud
• HESS (No spectrum)
• Fermi-LAT (0FGL J1923.0+1411: 3 months data yield  23σ)

W44:   (T. Tanaka on behalf of Fermi LAT at 31st ICRC)
• Middle Age (20000 yr),  Mixed Morphology SNR, Distance 3 kpc
• Interactions with Molecular Cloud
• EGRET
• Fermi-LAT (0FGL J1855.9+0126: 3 months data yield  39σ)

+ W28:   (H. Katagiri on behalf of Fermi LAT at this meeting)



SNR W44

in channel 3. But channel 3 is mixed with the eastern H ii region
and other ISM emission outside the remnant. The remnant is
barely noticeable in IRAC channel 4 due to confusion with un-
related emission.

G36.6!0.7.—There is a possible shell of infrared emission
bounding the SNR toward the north, as well as a dark filament in
the north and clumps in the west and southwest. There is no clear
evidence for emission from shock fronts.

3C 396 (G39.2!0.3): Infrared emission is detected from this
remnant in three forms. First, faint, filamentary emission is de-
tected in the western radio shell of this remnant, with IRAC colors
clearly distinct from normal interstellar emission. In Figure 9
(left), the western shell appears green; a cut through the western
shell near! ¼ 19h03m56:s3, " ¼ þ05$2504600 yields IRACcolors
(<0.08)/0.2/0.69/1, suggesting emission from shocked, ionized
gas.

Second, there are two very bright infrared filaments, at
! ¼ 19h04m18:s5, " ¼ þ05$2003300 and ! ¼ 19h04m17:s0, " ¼
þ05$2700700 (each %3000 long), just inside the eastern radio

shell. The filaments are clearly separated from the recently
detected pulsar wind nebula (Olbert et al. 2003) and are located
within a region of exceptionally high radio polarization. We
suspect that these bright filaments, which are highly unusual,
are part of the SNR, which is the only known structure in the inter-
stellar medium at that location. The color ratios of the filaments
are (<0.05)/0.03/0.4/1, at a location at which the 8 #m surface
brightness is 30 MJy sr!1. These colors are similar to normal
interstellar medium, so the filaments could be photodissociation
regions (e.g., compressed filaments that were shocked long ago,
rather than active shock fronts).

Finally, there is faint, diffuse emission surrounding the entire
radio shell, with some bright, extended regions just outside the
eastern periphery. The ‘‘blowout tail’’ discussed by Patnaik et al.
(1990) from radio data extends eastward from the remnant and
wraps north then back over the top of the remnant. In the in-
frared, the ‘‘tail’’ starts with a bright region at ! ¼ 19h04m26:s0,
" ¼ þ05$2705500 that is connected to an intricate set of infrared
filaments that follow the radio structure, with the infrared region

Fig. 8.—Spitzer IRAC color image of W44. The SNR appears ‘‘green’’ in the IRAC colors because channel 2 is relatively much brighter in the SNR shell than in
the surrounding ISM (including both the surrounding molecular cloud and the H ii regions to the east and northeast).
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12 C  .: Low-frequency observations of SNR W44
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Fig. 4. Image of SNR W44 at 324 MHz. The grayscale is linear ranging from 20 to 60 mJy beam−1. The rms noise level is 5.0 mJy beam−1. The
synthesized beam shown at the bottom left corner is 13′′ × 13′′ . The black plus sign indicates the position of the PSR B1853+01.

Fig. 7. (a) 324 MHz image of W44 with 25′′ resolution showing the location of the brightest filaments. (b) Spectral index map between 324 and
1442 MHz (50′′ resolution). (c) Spectral index map between 74 and 324 MHz (50′′ resolution). The 0.15 Jy beam−1 contour from the 25′′ resolution
324 MHz image is included on each panel to facilitate the comparison between spectral continuum and total power features. Only regions with flux
densities greater than 4σ were used to create the spectral index maps in (b) and (c). Both spectral index maps have the same color scale (displayed
to the right).

Middle-aged (~ 2.0 × 104 yr) & mixed-morphology SNR (radio: shell, thermal X-ray: centrally filled)
Distance: ~ 3kpc

Spatial extent: ~ 35 arcmin × 26 arcmin
Spatially coincident with 3EG J1856+0114

Bright radio source (S1GHz ~ 230 Jy)
Filamentary shell structures

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 )

Green: Spitzer IRAC channel 2 (4.5 μm) 
Reach et al. (2006)

VLA 324 MHz
Castelletti et al. (2007)



SNR W44

Seta et al. 2004



Pulsar & PWN in W44

12 C  .: Low-frequency observations of SNR W44
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Fig. 4. Image of SNR W44 at 324 MHz. The grayscale is linear ranging from 20 to 60 mJy beam−1. The rms noise level is 5.0 mJy beam−1. The
synthesized beam shown at the bottom left corner is 13′′ × 13′′ . The black plus sign indicates the position of the PSR B1853+01.

Fig. 7. (a) 324 MHz image of W44 with 25′′ resolution showing the location of the brightest filaments. (b) Spectral index map between 324 and
1442 MHz (50′′ resolution). (c) Spectral index map between 74 and 324 MHz (50′′ resolution). The 0.15 Jy beam−1 contour from the 25′′ resolution
324 MHz image is included on each panel to facilitate the comparison between spectral continuum and total power features. Only regions with flux
densities greater than 4σ were used to create the spectral index maps in (b) and (c). Both spectral index maps have the same color scale (displayed
to the right).

Black cross: location of PSR B1853+01

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 ν ∼ 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 α=−0.37 ± 0.02. (Sν ∝ ν

α) 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 α=−0.37 ± 0.02
(Sν ∝ ν

α) 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< α <−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 affected 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 different pairs of frequencies is required. As mentioned

VLA 324 MHz
Castelletti et al. (2007)

Associated pulsar: PSR B1853+01(Wolszczan et al. 1991)
Characteristic age: ~ 2.0 × 104 yr

PWN: Observed in Radio & X-ray (extends ~ 2 arcmin in radio)
(Frail et al. 1996, Harrus et al. 1996, Petre et al. 2002)



W44 Image
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Fermi-LAT Smoothed Count Map (Front Events; 2–10 GeV)

Contours: VLA 20 cm Contours: Spitzer IRAC 4.5 μm

Spatially Extended??

Black cross: location of PSR B1853+01
The source corresponds to 0FGL J1855.9+0126 (BSL: Abdo et al. ApJS 2009)

Preliminary Preliminary



Spatial Extent?

Smoothed Count Map (> 1GeV)

Black Cross: Pulsar (PSR B1853+01) location

Profile along the rectangle
Contributions from the diffuse backgrounds and 

nearby sources are subtracted

Red: Observed Counts

Black:  Expected Profile for a Point Source
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SNR W51C
‣ ROSAT X-ray (color), VLA (contours)

Star-forming region W51B overlaps with SNR W51C
(W51B is likely interacting with SNR W51C)

•D ~ 6 kpc,  Age ~ 20000 yrs

•Molecular cloud interactions 

• SNR diameter ~ 30 arcmin
... may be extended for LAT at high energies

• very large: 90 pc x 70 pc

‣ Very recent HESS detection

Fiasson et al. (2009)

Supernova exploded in the vicinity of 
star-forming regions (?)  

Koo et al. (2002)

SNR W51C



W51C Image
Color: Fermi LAT counts map (2-8 GeV)
Black contours: ROSAT X-ray map (0.1-2.4 keV)
Green contours: VLA 1.4 GHz X-ray:

•Thermal emission by 
shock-heated plasma (kT=0.2 keV)
•Central region due to cloud 
evaporation?

Radio:
•Peaks are HII regions  

•Synchrotron radiation of SNR 
W51C is well matched with 
thermal X-ray emission 

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

GeV Gamma-ray:
•Origin? 

•Very large luminosity (~ 4×1035 
erg/s) using 6 kpc



Spatial Extent?
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W51C data

Fermi-LAT PSF

Preliminary

R

•Mean surface brightness (2-8 GeV) as a function of distance from the SNR center 
vs Fermi-LAT PSF (using the energy spectrum obtained with maximum likelihood technique) 

(NOTE) PSF of Fermi LAT depends heavily on energy. 
The PSF shape is obtained by taking account of energy 
distribution. 

Spatially Extended!!

Preliminary



Crab Nebula

Spectral energy distribution of the Crab nebula
Horns & Aharonian (2004) 

EGRET observations 
of synchrotron/

inverse Compton 
spectrum in the 
70 MeV–30 GeV 

energy band

Large uncertainties on the 
spectral shape for both 

components 



Crab Nebula
No cut-off seen with LAT data only for the IC component 

LAT high energy and Cherenkov spectra link up naturally 

Overlaying predictions of Atoyan & Aharonian (1996) for different nebular mean magnetic 
fields, the results obtained by the LAT and ground based telescopes are consistent with 
100 µG < B < 200 µG 

Joint fit (using LAT and Cherenkov results) could be performed with more data 

Prediction 
 by Atoyan & Aharonian (1996)
    100 µG
    200 µG
    300 µG



Vela X Region
Using 9 months of survey data with Fermi-LAT and the off-pulse events:  

TS ~80 (i.e ~9 sigma) for E > 800 MeV: significant detection 
Good positional agreement with Vela X as seen with 8.4 GHz Parkes radio data 

Fermi-LAT TS map (E > 800 MeV) 
Parkes radio map at 8.4 GHz 

Fermi-LAT contours superimposed (white) 
6° × 6°

6° × 6°
Zoom
3° × 3°

Preliminary Preliminary



Gamma-ray Binaries

LS 5039 LS I +61° 303

O star + ?
H.E.S.S. detected

Periodicity

Be star + ?
MAGIC & VERITAS detected

Periodicity

Four X-ray binaries are claimed as TeV emitters
(LS 5039, LS I +61° 303, PSR B1259–63, Cyg X-1)

+ HESS J0632+057?

Aharonian et al. (2005) Albert et al. (2006)



Periodic Behavior in TeV
Periodic VHE γ-ray emission from LS I +61◦303 3
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FIG. 1.— VHE (E > 400GeV) gamma-ray flux of LS I +61◦303 as
a function of the orbital phase for the four observed orbital cycles (4 upper
panels) and averaged for the entire observation time (lowermost panel). In the
lower most panel the previous published (Albert et al. 2006) averaged fluxes
per phasebin are shown in red too. Vertical error bars include 1σ statistical
error.

Figure 1 presents the gamma-ray flux above 400 GeV mea-
sured from the direction of LS I +61◦303 as a function of the
orbital phase of the system for the 4 observed orbital cycles.
The probability for the distribution of measured fluxes to be a
statistical fluctuation of a constant flux (obtained from a χ2 fit
to the entire data sample) is 4.4×10−6 (χ2/dof = 108.9/51).
In all orbital cycles significant detections (S > 2σ) occurred
during the orbital phase bin 0.6–0.7. The highest measured
fluxes are dominantly found in this phase bin. Among those
nights around phase 0.65, the night MJD 54035.11 shows the
maximum flux, with statistical significance of 4.5 σ.

At the periastron passage (phase 0.23, according
to Casares et al. 2005) the flux level is always below
the MAGIC sensitivity and we derive an upper limit
with 95% confidence level of 4 × 10−12 cm−2s−1 (MJD
53997). If we take for the periastron passage the phase
value 0.3 as obtained by Grundstrom et al. (2007), we
detect a marginal signal on MJD 53999 with a flux of
F (E > 400 GeV) = 5.3 ± 2.4 × 10−12cm−2s−1. Since the
correct value for the periastron passage is yet debated we can
put strong constrains to the emission only in the case of phase
0.23.
Summing up all data between phase 0.6 and 0.7, where the

maximumflux level is observed, we determine an integral flux
above 400 GeV of

F (E > 400GeV) = (7.9±0.9stat±2.4syst)×10−12cm−2s−1.

The above quoted flux corresponds to 7% of the integral

TABLE 1
OBSERVATION TIME, ORBITAL PHASE, INTEGRAL FLUX (ABOVE

400 GEV), FLUX UPPER LIMIT AT THE 95% CONFIDENCE LEVEL (GIVEN
IN CASE FLUX SIGNIFICANCE IS ! 2σ, (ROLKE ET AL. 2005,
FOLLOWING)). NIGHTS PARTLY TAKEN UNDER MOONLIGHT

CONDITIONS ARE LABELED WITH A STAR.

Middle Time Obs. Time Phase Flux Upper limit

(MJD) (min) 10−12 10−12

(cm−2 s−1) (cm−2 s−1)

53993.18∗ 137 0.08 3.7± 2.3 8.5

53994.17∗ 112 0.11 0.6± 2.7 6.2

53995.17∗ 157 0.15 −2.0 ± 2.2 3.0

53997.15 229 0.23 0.3± 1.8 4.0

53998.15 211 0.26 2.0± 2.0 6.0

53999.10 133 0.30 5.3± 2.4 · · ·

54001.12 82 0.38 −3.6 ± 3.8 5.1

54002.09 188 0.41 2.4± 2.3 7.1

54003.08 144 0.45 1.8± 2.7 7.2

54004.08 158 0.49 −4.0 ± 2.5 2.5

54005.07 155 0.52 3.0± 2.5 8.1

54006.07 162 0.56 1.8± 2.7 7.2

54007.08 139 0.60 4.4± 2.8 10.2

54008.07 152 0.64 8.8± 3.1 · · ·

54009.08 147 0.68 4.4± 2.6 9.7

54013.24 7 0.83 0.8± 10.7 26.7

54022.10∗ 186 0.17 1.7± 2.0 5.8

54023.10∗ 269 0.20 −2.9 ± 1.5 1.4

54024.08∗ 20 0.24 −0.4 ± 7.0 15.2

54029.02 134 0.43 −1.1 ± 2.5 4.1

54030.01 161 0.47 −0.4 ± 2.3 4.2

54031.01 163 0.50 5.9± 2.6 · · ·

54032.01 139 0.54 3.4± 2.9 9.2

54035.11 150 0.66 12.7± 2.9 · · ·

54039.09 93 0.81 −1.4 ± 1.2 1.7

54055.97 181 0.45 4.0± 2.2 8.5

54056.96 223 0.48 −0.2 ± 2.1 4.2

54057.90 66 0.52 3.3± 3.8 11.2

54058.90 57 0.56 2.3± 3.3 9.2

54060.00 17 0.60 16.5± 6.8 · · ·

54061.96 221 0.67 5.9± 2.2 · · ·

54062.96 228 0.71 5.5± 2.1 · · ·

54063.95 56 0.75 3.6± 4.0 12.1

54065.00∗ 71 0.79 4.5± 3.8 12.4

54066.02∗ 185 0.82 1.1± 2.4 5.9

54067.04∗ 188 0.86 0.3± 2.3 5.0

54068.08∗ 77 0.90 −1.5 ± 3.6 6.1

54081.89 17 0.42 −0.3 ± 5.4 12.6

54082.85 77 0.46 2.9± 3.7 10.6

54083.88 31 0.50 4.4± 5.3 15.9

54084.85 63 0.54 1.5± 4.5 10.8

54085.95 111 0.58 2.4± 1.4 5.5

54086.95 282 0.61 8.6± 1.8 · · ·

54088.01 82 0.65 9.7± 3.6 · · ·

54088.95 83 0.69 3.4± 2.9 9.4

54089.89 29 0.73 0.4± 3.7 9.0

54090.88 176 0.76 3.6± 2.2 8.1

54091.90 140 0.80 1.9± 2.8 7.6

54092.92 92 0.84 15.6± 3.8 · · ·

54093.97 92 0.88 7.0± 3.5 · · ·

54095.01∗ 57 0.92 1.1± 1.1 4.1

54096.02∗ 49 0.96 3.6± 4.4 12.8

Crab nebula flux in the same energy range. The mean flux
for all other phase bins can be found in Table 2. This is well
in agreement with the flux measured by MAGIC in the first
campaign (Albert et al. 2006). The data we presented here
have been reanalized with an improved energy estimation.

Periodic behaviors reflect geometry & physical processes in the binary systems 

LS 5039 LS I +61° 303P = 3.9 days P = 26.5 days
H.E.S.S. (Aharonian et al., 2006) MAGIC (Albert et al., 2008)



LS I +61° 303

Periodogram Folded Light Curve

• First detection of orbital periodicity in GeV
• Period = 26.6 ± 0.5 days (consistent with know period; Gregory et al. 2002)

• Highest flux around periastron

• Spectral shape does not significantly change across the orbit



LS I +61° 303

TeV data points:
  VERITAS (black circle; phase 0.5–0.8)
  MAGIC (blue; phase 0.5–0.7) 

Phase-averaged Spectrum

Simple power law rejected

Results of fit with 
exponential cutoff 

PL fit: 

dN/dE = A E–Γ exp(–E/Ec)

Flux (> 100 MeV) = (0.82 ± 0.03 (stat) 
± 0.07  (sys)) 

× 10–6 [ph cm–2 s–2]

Γ = 2.21 ± 0.04 (stat) ± 0.06 (sys)

Ec = 6.3 ± 1.1 (stat) ± 0.4 (sys) [GeV]



LS 5039

Periodogram Folded Light Curve

• Detection of orbital periodicity 
• Period = 3.903 ± 0.005 days (consistent with know period; Casares et al. 2005)
• Highest flux around periastron

• Spectral shape changes across the orbit

Preliminary

Preliminary



Summary

• Fermi-LAT detected spatially extended emission 
from SNRs (W44, W51C, & IC 443)

• Detailed spectral study of Crab nebula between 
100 MeV and 300 GeV, covering both synchrotron 
and inverse Compton components

• Spatially extended emission from the Vela X region

• Detection of periodicity from two gamma-ray 
binaries

• Many papers have been or will soon be submitted


